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Figure 1. Left: energy spectrum of HE CRs obtained from air-shower measurements (Figure from [6]).
Right: proton spectrum measured by CALET, where the not “pure” PL behavior of the CR spectrum
before the knee is evident (Figure from [9]).

1.1. Status of the Field before the LHAASO Results
One of the main channels for investigating the nature of galactic CRs and their fea-

tures is the nonthermal HE (E > 100 MeV) g-ray emissions, produced either by electrons,
mainly through Bremsstrahlung and inverse Compton (IC) processes, and by protons
via pion decay from p-p and p-g interactions. The difference between the two main
types of processes, leptonic or hadronic, forms the base of CR acceleration phenom-
ena. The g-raydetection of the so-called “pion bump” at about 100 MeV (due to p0

rest mass) is one of the direct proofs that confirm the presence of energized CRs in a
source, and until recently, a detection of ultra-high energy (UHE, E > 100 TeV, this
energy threshold for the UHE definition is valid in the g-ray context. If we consider
the particle context, the UHE range begins above E > 1017�18 eV. g-ray photons was consid-
ered unquestionable evidence of freshly accelerated CRs. Indeed, at these energies, electron
IC should be limited by the Klein–Nishina regime (In the relativistic regime, hni > mec2,
the Compton scattering is inelastic and characterized by sKN , derived by the quantum
electrodynamics, and not by sT) and UHE g-ray should only be explained through the
decay of neutral pions produced by collisions of PeV protons (CRs) with target protons (for
recent reviews see [10,11]). According to this view, the term “PeVatrons” has been coined
to indicate galactic CR accelerators (sources emitting g-ray at E > 100 TeV).

In the standard paradigm, supernova remnants (SNRs) are the main contributors to
galactic CRs [8]. We know that they energize CRs at the low g-ray energies (MeV-GeV)
thanks to their detection around the “pion-bump” energies by AGILE and Fermi-LAT [12,13],
likely even through re-acceleration [14], but in no SNRs were detected g-ray photons with
E > 100 TeV. According to theoretical models, the reason for this is that SNRs can accelerate
CRs at these energies only in the first 100 years of their life, and all the known SNRs are
older [15,16]. The only way we can detect their UHE emission is in the case CRs are trapped
in near giant molecular clouds (GMCs), emitting UHE photons for t > 100 yrs [11,17,18].

The lack of SNRs at UHE supports the possibility that other sources can accelerate CRs,
and this possibility has been widely investigated. In 2011, the Fermi-LAT satellite observed
extended g-ray emissions associated with the superbubble surrounding the Cygnus OB2
region, then called “Cygnus Cocoon”, for the first time confirming the hypothesis proposed
by [19], that star forming regions are able to accelerate particles. Deeper analysis of this
region, and further very-high energy (VHE, 100 GeV < E < 100 TeV) detections from
other massive star clusters (MSCs), supported this possibility (see Sections 2.2 and 3.10 for
more details).

Later, the detection of several pulsar wind nebulae (PWNe) at E > 56 TeV with
different instruments [20–23], and in particular of the Crab Nebula at E > 150 TeV [20,23],
opened the possibility that the PWNe, leptonic accelerators “by definition”, could also
accelerate hadrons and, consequently, CRs. Moreover, UHE g-ray detection from the
Crab Nebula made it evident that leptons are able to emit beyond the Klein–Nishina
limit. Several works have shown that leptonic emission through IC can predominate at
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4. 1LHAASO J1902+0648 is a pointlike source with a
significance of TS= 46.2 only detected by WCDA. The
unidentified GeV source 4FGL J1902.5+0654 is 0°.12
from this 1LHAASO source.

5. 1LHAASO J1924+1609 is an extended source with
r39≈ 1°.3 detected by WCDA and KM2A simultaneously.
Although 3HWC J1923+169, found in a point search by
the HAWC group, is 0°.86 from the center of the WCDA
component, we announce 1LHAASO J1924+1609 as a
new TeV source due to its large extended size. Within the
0°.5 region around the centroid of the WCDA component,
there are three unidentified pointlike GeV sources, i.e.,
4FGL J1924.3+1601c, 4FGL J1925.4+1616 and 4FGL
J1924.3+1628. Note that the positional offset between the
WCDA component and the KM2A component is about
0°.69 with an uncertainty 0°.66 (at 95% confidence level).
The pulsar PSR J1921+1544 ( = ´ -E 1.31 10 erg s34 1,
τc= 2320.0 kyr, d= 9.04 kpc) is 0°.1 from the position of
the KM2A component.

6. 1LHAASO J1931+1653 is a pointlike source with a
significance of TS = 51.8, only detected by KM2A. The
unidentified GeV source 4FGL J1931.1+1656 is 0°.05
from this 1LHAASO source.

7. 1LHAASO J2027+3657 is an extended source with
r39≈ 0°.23 only detected by KM2A. It is resolved from
the previously published LHAASO source LHASSO
J2018+3651, which is one of the brightest sources

observed by LHAASO. The pointlike GeV source 4FGL
J2026.5+3718c is located within a 0°.5 region around this
1LHAASO source.

8. 1LHAASO J2047+4434 is an extended TeV source with
TS= 62.4, only detected by KM2A. A weak WCDA
component with TS≈ 20 is found but is not included in
this catalog. The unidentified pointlike GeV source 4FGL
J02049.3+4440c is 0°.32 from this 1LHAASO source.

Sixteen of the new TeV sources have pulsar or PWN/SNR
associations. Each source is briefly described as follows:

1. 1LHAASO J0216+4237u is a pointlike source located
at high Galactic latitude b≈− 17°. Interestingly, 0°.32
from this source, an energetic millisecond pulsar PSR
J0216+4238 ( = ´ -E 2.44 10 erg s35 1, τc= 476Myr,
d= 3.15 kpc, p0= 2.3 ms) is located. The large position
offset reduces the possibility of an association between
1LHAASO J0216+4237u and PSR J0216+4238. As
mentioned above, we favor a physical association
between 1LHAASO J0216+4237u, 1LHAASO J0206
+4302u, and 1LHAASO J0212+4254u. More details
will be discussed in a forthcoming report.

2. 1HAASO J0249+6022 is an extended source with
r39≈ 0°.71 for the WCDA component and with
r39≈ 0°.38 for the KM2A component. We find that the
KM2A component overlaps the extended region of the

Figure 8. LHAASO significance map within the region 10° � l � 115°, ∣ ∣ b 12 . Top panel: WCDA (1 TeV < E < 25 TeV) significance map. Middle panel:
KM2A (E > 25 TeV) significance map. Bottom panel: KM2A (E > 100 TeV) significance map. In this figure and in the following figure, the LHAASO source are
represented by gray crosses and white labels. The LHAASO sources for which the WCDA component has higher significance are plotted in the top panel. The
LHAASO sources for which the KM2A component has higher significance are plotted in the middle panel. Meanwhile, UHE sources are shown again in the bottom
panel.
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WCDA component, with a positional offset of ∼0°.45.
The WCDA component at energies 1−20 TeV could
plausibly include the emission of two TeV sources,
resulting in the large position offset compared to the
KM2A component. In our searching radius, we just find
one pulsar counterpart (PSR J0248+6021, d= 2.0 kpc

= ´ -E 2.13 10 erg s35 1, τc= 62.4 kyr, p0= 217.1 ms)
0°.16 from the position of the KM2A component. The
1LHAASO source is likely to correspond to an
astrophysical system associated with PSR J0248+6021,
such as a composite SNR.

3. 1LHAASO J0359+5406 is an extended source with
a size of ≈0°.3 detected by WCDA and KM2A
simultaneously. Two energetic pulsars, PSR B0355+54
(d= 1 kpc, = ´ -E 4.45 10 erg s34 1, τc= 564 kyr, p0=
156.4 ms) and PSR J0359+5414 (d is unknown,

= ´ -E 1.32 10 erg s36 1, τc= 75.2 kyr, p0= 79.4 ms),
are 0°.12 and 0°.16 away, respectively, from the position
of the KM2A component. The X-ray observations have
revealed the presence of a ∼30″ compact nebula and a
fainter tail of emission visible up to ~ ¢6 southwest of
PSR B0355+54 (Klingler et al. 2016), and of ∼30″
diffuse X-ray emission extended roughly along the SE-
NE direction around PSR J0359+5414 (Zyuzin et al.
2018). Thus, this 1LHAASO source is likely to be a TeV
PWN powered by PSR B0355+54 or PSR J0359+5414.
On the other hand, it could be a TeV halo associated with
the middle-aged pulsar PSR B0355+54. It is worth

noting that the HAWC collaboration also reported their
detection at the same time (Albert et al. 2023).

4. 1LHAASO J0428+5531 is an extended source detected
by WCDA and KM2A detectors simultaneously. The
WCDA component is with r39≈ 1°.18. We can find that
the shell-type SNR G150.3+04.5, with a size of
3°.0× 2°.5 (Gao & Han 2014), is 0°.26 from the center
of the WCDA component. In the GeV band, an extended
source 4FGL J0426.5+5522e modeled as a 1°.515 disk is
also associated with SNR G150.3+04.5 (Ajello et al.
2017). The WCDA component of 1LHAASO J0428
+5531 is possibly of SNR origin due to the comparable
location and extension size in the multiwavelength
observation. The extended KM2A component
(r39≈ 0°.23) is ≈0°.97 from the central position of the
WCDA component and ≈0°.1 away from the radio west
shell of SNR G150.3+04.5 (with a size of ¢ ´ ¢64. 1 18. 8,
also named SNR G150.8+03.8 in Gerbrandt et al. 2014).
A pointlike GeV source 4FGL J0426.5+5434, which is
possibly a pulsar candidate due to the curved SED and
the cutoff energy at a few GeV, is 0°.06 from the position
of KM2A component. Whether the KM2A component of
1LHAASO J0428+5531 is associated with the SNR
G150.8+03.8 needs more study due to the obvious offset
of the position and the extension size.

5. 1LHAASO J0534+3533 is a pointlike source detected by
WCDA and KM2A in this work, which is near the
centroid position of the shell-type SNR G172.8+01.5,
0°.3 away. However, the radio shell size of SNR G172.8

Figure 9. LHAASO significance map within region 115° � l � 220°, ∣ ∣ b 12 . Top panel: WCDA (1 TeV < E < 25 TeV) TeV significance map. Middle panel:
KM2A (E > 25 TeV) significance map. Bottom panel: KM2A (E > 100 TeV) significance map.
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The First LHAASO Catalog of Gamma-Ray Sources
Cao, Z., Aharonian, F., An, Q., et al.¥ 2024, ¥apjs, 271, 1, 25. doi:10.3847/1538-4365/acfd29

Large High Altitude Air Shower Observatory (LHAASO) がPWNの典型であるCrab Nebula 
からPeVのガンマ線を検出したことに端を発する。LHAASOは中国四川省に建設さ
れた宇宙ガンマ線観測装置で，2019年から観測を開始している。主⼒観測装置で
あるWCDA（⽔チェレンコフ検出器）およびKM2A（空気シャワーアレイ）は広い
視野と天候に左右されない運⽤を特徴とし，数10TeV以上のガンマ線に対しで世
界最⾼感度を誇る。

48sources (>4σ, >100TeV) 天の川はPeV sourceに溢れている。
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Figure 1. Left: energy spectrum of HE CRs obtained from air-shower measurements (Figure from [6]).
Right: proton spectrum measured by CALET, where the not “pure” PL behavior of the CR spectrum
before the knee is evident (Figure from [9]).

1.1. Status of the Field before the LHAASO Results
One of the main channels for investigating the nature of galactic CRs and their fea-

tures is the nonthermal HE (E > 100 MeV) g-ray emissions, produced either by electrons,
mainly through Bremsstrahlung and inverse Compton (IC) processes, and by protons
via pion decay from p-p and p-g interactions. The difference between the two main
types of processes, leptonic or hadronic, forms the base of CR acceleration phenom-
ena. The g-raydetection of the so-called “pion bump” at about 100 MeV (due to p0

rest mass) is one of the direct proofs that confirm the presence of energized CRs in a
source, and until recently, a detection of ultra-high energy (UHE, E > 100 TeV, this
energy threshold for the UHE definition is valid in the g-ray context. If we consider
the particle context, the UHE range begins above E > 1017�18 eV. g-ray photons was consid-
ered unquestionable evidence of freshly accelerated CRs. Indeed, at these energies, electron
IC should be limited by the Klein–Nishina regime (In the relativistic regime, hni > mec2,
the Compton scattering is inelastic and characterized by sKN , derived by the quantum
electrodynamics, and not by sT) and UHE g-ray should only be explained through the
decay of neutral pions produced by collisions of PeV protons (CRs) with target protons (for
recent reviews see [10,11]). According to this view, the term “PeVatrons” has been coined
to indicate galactic CR accelerators (sources emitting g-ray at E > 100 TeV).

In the standard paradigm, supernova remnants (SNRs) are the main contributors to
galactic CRs [8]. We know that they energize CRs at the low g-ray energies (MeV-GeV)
thanks to their detection around the “pion-bump” energies by AGILE and Fermi-LAT [12,13],
likely even through re-acceleration [14], but in no SNRs were detected g-ray photons with
E > 100 TeV. According to theoretical models, the reason for this is that SNRs can accelerate
CRs at these energies only in the first 100 years of their life, and all the known SNRs are
older [15,16]. The only way we can detect their UHE emission is in the case CRs are trapped
in near giant molecular clouds (GMCs), emitting UHE photons for t > 100 yrs [11,17,18].

The lack of SNRs at UHE supports the possibility that other sources can accelerate CRs,
and this possibility has been widely investigated. In 2011, the Fermi-LAT satellite observed
extended g-ray emissions associated with the superbubble surrounding the Cygnus OB2
region, then called “Cygnus Cocoon”, for the first time confirming the hypothesis proposed
by [19], that star forming regions are able to accelerate particles. Deeper analysis of this
region, and further very-high energy (VHE, 100 GeV < E < 100 TeV) detections from
other massive star clusters (MSCs), supported this possibility (see Sections 2.2 and 3.10 for
more details).

Later, the detection of several pulsar wind nebulae (PWNe) at E > 56 TeV with
different instruments [20–23], and in particular of the Crab Nebula at E > 150 TeV [20,23],
opened the possibility that the PWNe, leptonic accelerators “by definition”, could also
accelerate hadrons and, consequently, CRs. Moreover, UHE g-ray detection from the
Crab Nebula made it evident that leptons are able to emit beyond the Klein–Nishina
limit. Several works have shown that leptonic emission through IC can predominate at
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2.4. TeV Halos
The discovery of TeV halos surrounding pulsars can be attributed to the extended TeV

emission detected around the Geminga and Monogem (B0654+14) pulsars by MILAGRO [116]
and HAWC [117]. The extension of these g-ray sources is about 2�, indicating that CR
propagation near these pulsars is more constrained with respect to that in the ISM [118].
TeV halos can represent a local environment for studying CR propagation with small-
scale diffusion models [119]. Their emission is due to a slow diffusion of the electrons
in the ISM around the pulsars (several hundred times smaller than the galactic diffusion
coefficient [45]). Although we do not know the nature of the environment that implies a
slowing down of the diffusion, we know that the g-ray emission is due to the IC scattering
of electrons accelerated by the pulsar in the galactic and cosmological radiation fields [119].
The discovery of this new class of objects is also important because they could allow
the discovery of a population of “invisible” pulsars that have no beamed radio or HE
beamed emissions. Moreover, the spectral study of TeV halos is an alternative method for
constraining the injection of PWNe electrons because their spectrum only depends on the
electron spectral cutoff.

Figure 5. The LHAASO candidate PeVatron with a PWN as a potential TeV candidate in the PWN
parameter space, according to the model in [26]. All the sources could be PWN, without violating
PWN physics, apart from LHAASO J2032+4127, which is likely associated with the Cygnus Cocoon
[Figure from [26]].

The large extension (⇠1 degree) of many of the LHAASO sources and their correlations
with pulsars increased the interest around this new class of sources (see Figure 19). The
only firm TeV halo detected by LHAASO is LHAASO J0621+3755 [45], which is not treated
in this review because of its low UHE g-ray significance (<5 s at 100 TeV). It is one of
the currently known TeV halos, together with the Geminga halo, Monogem halo, and
HESS J1831-098 [119]. The main problem related to TeV halo detection is the possibility
of confusing them with extended SNRs [118]. In order to verify the TeV halo origin of a
source, beyond the co-location of the bulk of its emission with a pulsar, this pulsar needs to
have a spin-down luminosity sufficient to generate a halo and needs to be enough old to
allow electrons to diffuse in the ISM (bow-shock nebula [70]). Furthermore, the extension
of the halo has to be larger than the possible PWN X-ray emission, otherwise the emission

PWN: 潜在能⼒はある
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* α balances data fidelity and entropy:

* **Large α** → smoother solutions * **Small α** → better data fit, noisier

Ways to choose α:

* **Evidence maximization** (type-II maximum likelihood) * **L-curve method** *

**Cross-validation** on synthetic datasets

—

Recommended Reading

* Gull & Skilling (1984): *Maximum Entropy Method in Image Reconstruction* *

Narayan & Nityananda (1986): *Maximum Entropy Imaging in Astronomy* * Press et

al., *Numerical Recipes*, chapter on MEM * Skilling (1989): *Classic MEM theory*

—

Would you like a code example (Python/NumPy) implementing this update scheme for

a simple 2D toy model, or help setting this up with real sky images (e.g., FITS data)?

8.9 改めて review 2025
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a simple 2D toy model, or help setting this up with real sky images (e.g., FITS data)?

8.9 改めて review 2025

pulsar windがつくる synchrotoron放射で光るバブルが Pulsar Wind Newbula (PWN).基本構造:

pulsar wind｜termination shock｜nebular｜contat disc.｜SNR ejecta/Interstellar matter

termination shock の位置 rshは、外圧
Lsd = ℑΩΩ̇ ≈ Lw = 4πr2shcPext (8.9.1)

具体的には
rsh =
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Lw

4πcPext
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(
Lw
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)1/2( Pext
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)−1/2

(8.9.2)

see e.g. Habble movie : http://www.stsci.edu/pubinfo/Latest.htmlエネルギー収支
Lw = Lsyn + PextV̇ = Lsyn + Pext

(
4π

3
r2NvN

)
(8.9.3)

PWNの膨張率 V̇ は、PWNのサイズ rN と膨張速度 vN で推定できる。具体的には rN =

1.75 pc (3 arcmin at 2 kpc)、vN = 2000 km/s とすると
PextV̇ = 1.2× 1038

(
Pext

5× 10−9dyn/cm2

)(
vN

2000km/s

)(
rN

3arcmin at 2 kpc

)2

(8.9.4)
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* **Large α** → smoother solutions * **Small α** → better data fit, noisier
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* **Evidence maximization** (type-II maximum likelihood) * **L-curve method** *
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—

Recommended Reading

* Gull & Skilling (1984): *Maximum Entropy Method in Image Reconstruction* *

Narayan & Nityananda (1986): *Maximum Entropy Imaging in Astronomy* * Press et

al., *Numerical Recipes*, chapter on MEM * Skilling (1989): *Classic MEM theory*

—

Would you like a code example (Python/NumPy) implementing this update scheme for

a simple 2D toy model, or help setting this up with real sky images (e.g., FITS data)?

8.9 改めて review 2025

pulsar windがつくる synchrotoron放射で光るバブルが Pulsar Wind Newbula (PWN).基本構造:

pulsar wind｜termination shock｜nebular｜contat disc.｜SNR ejecta/Interstellar matter

termination shock の位置 rshは、外圧
Lsd = ℑΩΩ̇ ≈ Lw = 4πr2shcPext (8.9.1)

具体的には
rsh =

(
Lw

4πcPext

)1/2

∼ 0.16pc

(
Lw

4.5× 1038erg/sec

)1/2( Pext

5× 10−9dyn/cm2

)−1/2

(8.9.2)

see e.g. Habble movie : http://www.stsci.edu/pubinfo/Latest.htmlエネルギー収支
Lw = Lsyn + PextV̇ = Lsyn + Pext

(
4π

3
r2NvN

)
(8.9.3)

PWNの膨張率 V̇ は、PWNのサイズ rN と膨張速度 vN で推定できる。具体的には rN =

1.75 pc (3 arcmin at 2 kpc)、vN = 2000 km/s とすると
PextV̇ = 1.2× 1038

(
Pext

5× 10−9dyn/cm2

)(
vN

2000km/s

)(
rN

3arcmin at 2 kpc

)2

(8.9.4)

一方、Crab の場合 Lsp = 4.5× 1038erg/sであり、シンクロトロン放射はこの 1割くらい。
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KC model とσ問題

Pulsar wind の性質でpost-shock flow の性質が変わる
という主張

8.9. 改めてREVIEW 2025 関連図書
8.9.2 Nebula flow

Pulsar windの性質 (kinetic energy dominantか electromagnetic dominantか)がNebula

flow に反映する。Termination shock の直前での評価：
Lw = 4πr2shc(γwn1mc2 +

B2
1

4π
) neb12.1; (8.9.5)

= 4πr2shcγwn1mc2(1 + σ) (8.9.6)

where

σ =
B2

1/4π

γwn1mc2
(8.9.7)

kinetic dominant の場合、nebula flowは subsonicで、概ね等圧になり、且つ、coolingは効かないので、
nkT ∝ n =const., 連続の式 nvr2 =const. から、v ∝ 1/r2 になる。磁束保存から、rvBϕ =const.で、Bϕ ∝ 1/r磁場は等分配になるまで増加する。非常に乱暴にみると

σ =
B1/4π

γwn1mc2
≈ B1/4π

γNnNmc2
≈ B1/4π

2B2
eq/4π

(8.9.8)

先の保存則
cr2shn1 = vNr

2
NnN ,with n2 = 3n1 ≈ nN (8.9.9)

rshcB1 = rNvNBeq, (8.9.10)

を用いると
rN
rsh

=
1√
18σ

,
vN
c

= 6σ (8.9.11)

vN =2000kms だと σ = 1.1× 10−3になる。σが小さいほど、減速がつよく、Nebulaは rshに対して大きくなる。
EM dominant の場合、nebula flowは force-free expantionで、概ね等速で、Bϕ ∝ 1/rになる。

vN ≈ c, rvBϕ =const., Bϕ ∝ 1/r vr2n const. n ∝ 1/r2

EM dominat は維持されたまま、force-free磁場で vN ≈ cで高速の膨張をする。
flow に関する議論
• nebulaは confineされて数千 km/sで膨張している (観測事実)

• post shock flowは減速している。
• nebula flow が何事もなく subsonic flow なら σ ≈ 10−3
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The solution to equation (5.11a) which satifies i; = 1 at z = 1 is 
given by 2w = y + R — D, where 

R = (y + ri2)112 ; D = fir]2 - y + 

We evaluated equations (5.11) numerically to obtain v(z), 
whose behavior is so simple that it need not be plotted. The 
quantity v diminishes from 1 at z = 1 to i; = 0.76 at z = 5, and 
it decreases more slowly thereafter. At z = 30, v is 0.722, very 
close to its asymptotic value of 1/^/2. 

In summary, when a is large, the four speed in the postshock 
flow decreases monotonically from to ^/(cr/2), the flow 
remains relativistic, and the magnetic field strength is almost 
exactly proportional to 1/r. This behavior is forced by the 
requirement that the flow carry a large toroidal magnetic flux 
outward. 

2rr 
R 

3\ 1/2 
(5.1 Id) 

d) Small-G Limit 
When a < 1, the postshock flow speed will be nonrelativistic 

everywhere, and we may set y and y2 approximately equal to 
unity. Then equations (5.7) reduce to a cubic 

r - • 1 + A = 0, 1 + A 
t = (vz2)113 

(5.12a) 

(5.12b) 

whose single real solution may again be obtained by standard 
techniques : 

1 G3 

V~2(l+A)x2’ 
G = 1 + {1 + x2 + [(1 + x2)2 - l]1'2}1'3 

+ {1 + x2 - [(1 + x2)2 - I]1'2}1'3 , 

' 2 A3 11/2 . 
27 (1 + A)2J ; 

(5.12c) 

(5.12d) 

(5.12e) 

when x 1, G3/x2 approaches 27/x2, and when x is large, 
G3/x2 approaches 2. 

Figures 3 and 4 were obtained by combining equation (4.11), 

which determines u2 as a function of cr, with the solutions to 
equations (5.12), which yield the z dependence of w beyond the 
shock. The quantities at z = 1 in Figures 3 and 4 are the 
Rankine-Hugoniot solutions. The left-hand portion of Figure 3 
surveys the dependence of the flow four speed u(z) upon the 
magnetization parameter cr. When (7=1, the flow speed u(z) is 
weakly dependent on z, in qualitative agreement with the 
large-cr behaviour described by equations (5.11) above. In the 
opposite extreme case shown, a = 0.01, u(z), which is approx- 
imately 3 just downstream of the shock, decreases first as 1/z2 

before approaching its asymptotic value of o. When 
cr < 0.1, the plasma pressure exceeds the magnetic pressure 
behind the shock, and the initial expansion is nearly hydrody- 
namical in nature. If the flow were hydrodynamic, the density 
and pressure would be approximately constant, and u would be 
proportional to 1/z2 downstream of the shock. Such quasi- 
hydrodynamic behavior persists until the magnetic pressure 
approaches equipartition, after which the flow approaches the 
constant velocity state characteristic of magnetically dominat- 
ed flows. 

The right-hand side of Figure 3 plots the magnetic field 
strength in the nebula, normalized to its strength in the wind 
upstream of the shock. When o = 1, the shock frame field 
behind the shock is only slightly larger than that upstream, and 
decreases as 1/z thereafter. When (7 = 0.01, the magnetic field is 
amplified by a factor 3 across the shock, increases even more 
downstream—roughly as z—eventually reaches a maximum at 
a characteristic normalized distance z, to be estimated below, 
and only then approaches its final 1/z dependence. The quan- 
tity z may be located by equating the x 1 and x > 1 approx- 
imations to equations (5.12c)-(5.12e), whereupon 

z = r a3 

_(1 + A) 
*(3(7) -1/2 (5.13) 

where we substituted the small-(7 approximation, A ~ ^7 1, 
to arrive at the second expression on the right-hand side of 
equation (5.13). 

By expanding equations (5.12c)-(5.12e), it is easy to show 
that v(z) is approximately 

v(z) æ 1 
1 + A (5.14) 

Fig. 3.—Postshock speed and magnetic field. The left-hand graph plots the four velocity, and the right-hand graph, the magnetic field normalized to its upstream 
strength, against z = r/rs, for values of a in the range 10“ 2 to 1. The values at z = 1 emerge from solutions of the Rankine-Hugoniot relations. High-cr flows have u 
nearly constant and the magnetic field nearly proportional to 1/r. Low-<r flows have a quasi-hydrodynamic region within z <(3cr)-1/2; beyond z, the spatial 
dependencies of u and B/B1 resemble those of the highly magnetized large a-flows. 
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8.9. 改めてREVIEW 2025 関連図書
8.9.2 Nebula flow

Pulsar windの性質 (kinetic energy dominantか electromagnetic dominantか)がNebula

flow に反映する。Termination shock の直前での評価：
Lw = 4πr2shc(γwn1mc2 +

B2
1

4π
) neb12.1; (8.9.5)

= 4πr2shcγwn1mc2(1 + σ) (8.9.6)

where

σ =
B2

1/4π

γwn1mc2
(8.9.7)

kinetic dominant の場合、nebula flowは subsonicで、概ね等圧になり、且つ、coolingは効かないので、
nkT ∝ n =const., 連続の式 nvr2 =const. から、v ∝ 1/r2 になる。磁束保存から、rvBϕ =const.で、Bϕ ∝ r磁場は等分配になるまで増加する。非常に乱暴にみると

σ =
B1/4π

γwn1mc2
≈ B1/4π

γNnNmc2
≈ B1/4π

2B2
eq/4π

(8.9.8)

先の保存則
cr2shn1 = vNr

2
NnN ,with n2 = 3n1 ≈ nN (8.9.9)

rshcB1 = rNvNBeq, (8.9.10)

を用いると
rN
rsh

=
1√
18σ

,
vN
c

= 6σ (8.9.11)

vN =2000kms だと σ = 1.1× 10−3になる。σが小さいほど、減速がつよく、Nebulaは rshに対して大きくなる。
EM dominant の場合、nebula flowは force-free expantionで、概ね等速で、Bϕ ∝ 1/rになる。

vN ≈ c, rvBϕ =const., Bϕ ∝ 1/r vr2n const. n ∝ 1/r2

EM dominat は維持されたまま、force-free磁場で vN ≈ cで高速の膨張をする。
flow に関する議論
• nebulaは confineされて数千 km/sで膨張している (観測事実)

• post shock flowは減速している。
• nebula flow が何事もなく subsonic flow なら σ ≈ 10−3
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8.9.2 Nebula flow

Pulsar windの性質 (kinetic energy dominantか electromagnetic dominantか)がNebula

flow に反映する。Termination shock の直前での評価：
Lw = 4πr2shc(γwn1mc2 +

B2
1

4π
) neb12.1; (8.9.5)

= 4πr2shcγwn1mc2(1 + σ) (8.9.6)

where

σ =
B2

1/4π

γwn1mc2
(8.9.7)

kinetic dominant の場合、nebula flowは subsonicで、概ね等圧になり、且つ、coolingは効かないので、
nkT ∝ n =const., 連続の式 nvr2 =const. から、v ∝ 1/r2 になる。磁束保存から、rvBϕ =const.で、Bϕ ∝ r磁場は等分配になるまで増加する。非常に乱暴にみると

σ =
B1/4π

γwn1mc2
≈ B1/4π

γNnNmc2
≈ B1/4π

2B2
eq/4π

(8.9.8)

先の保存則
cr2shn1 = vNr

2
NnN ,with n2 = 3n1 ≈ nN (8.9.9)

rshcB1 = rNvNBeq, (8.9.10)

を用いると
rN
rsh

=
1√
18σ

,
vN
c

= 6σ (8.9.11)

vN =2000kms だと σ = 1.1× 10−3になる。σが小さいほど、減速がつよく、Nebulaは rshに対して大きくなる。
EM dominant の場合、nebula flowは force-free expantionで、概ね等速で、Bϕ ∝ 1/rになる。

vN ≈ c, rvBϕ =const., Bϕ ∝ 1/r vr2n const. n ∝ 1/r2

EM dominat は維持されたまま、force-free磁場で vN ≈ cで高速の膨張をする。
flow に関する議論
• nebulaは confineされて数千 km/sで膨張している (観測事実)

• post shock flowは減速している。
• nebula flow が何事もなく subsonic flow なら σ ≈ 10−3
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8.9. 改めてREVIEW 2025 関連図書
一方、Lsp = 4.5× 1038erg/sであり、シンクロトロン放射はこの 1割くらいで、上で使った数値は consistent。

8.9.2 Nebula flow

Pulsar windの性質 (kinetic energy dominantか electromagnetic dominantか)がNebula

flow に反映する。Termination shock の直前でのエネルギー配分の評価：
Lw = 4πr2shc(γwn1mc2 +

B2
1

4π
) neb12.1; (8.9.5)

= 4πr2shcγwn1mc2(1 + σ) (8.9.6)

where 磁化率
σ =

B2
1/4π

γwn1mc2
(8.9.7)

を導入。
kinetic dominant の場合、nebula flowは subsonicで、概ね等圧になり、且つ、coolingは効かないので、

nkT ∝ n =const., 連続の式 nvr2 =const. から、v ∝ 1/r2 になる。磁束保存から、rvBϕ =const.で、Bϕ ∝ r磁場は等分配になるまで増加する。非常に乱暴にみると
σ =

B2
1/4π

γwn1mc2
≈ B2

1/4π

γNnNmc2
≈ B2

1/4π

2B2
eq/4π

(8.9.8)

先の保存則
cr2shn1 = vNr

2
NnN ,with n2 = 3n1 ≈ nN (8.9.9)

rshcB1 = rNvNBeq, (8.9.10)

を用いると
rN
rsh

=
1√
18σ

,
vN
c

= 6σ (8.9.11)

vN =2000kms だと σ = 1.1× 10−3になる。σが小さいほど、減速がつよく、Nebulaは rshに対して大きくなる。
EM dominant の場合、nebula flowは force-free expantionで、概ね等速で、Bϕ ∝ 1/rになる。

vN ≈ c, rvBϕ =const., Bϕ ∝ 1/r vr2n const. n ∝ 1/r2

EM dominat は維持されたまま、force-free磁場で vN ≈ cで高速の膨張をする。
flow に関する議論
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8.9. 改めてREVIEW 2025 関連図書
8.9.2 Nebula flow

Pulsar windの性質 (kinetic energy dominantか electromagnetic dominantか)がNebula

flow に反映する。Termination shock の直前での評価：
Lw = 4πr2shc(γwn1mc2 +

B2
1

4π
) neb12.1; (8.9.5)

= 4πr2shcγwn1mc2(1 + σ) (8.9.6)

where

σ =
B2

1/4π

γwn1mc2
(8.9.7)

kinetic dominant の場合、nebula flowは subsonicで、概ね等圧になり、且つ、coolingは効かないので、
nkT ∝ n =const., 連続の式 nvr2 =const. から、v ∝ 1/r2 になる。磁束保存から、rvBϕ =const.で、Bϕ ∝ r磁場は等分配になるまで増加する。非常に乱暴にみると

σ =
B1/4π

γwn1mc2
≈ B1/4π

γNnNmc2
≈ B1/4π

2B2
eq/4π

(8.9.8)

先の保存則
cr2shn1 = vNr

2
NnN ,with n2 = 3n1 ≈ nN (8.9.9)

rshcB1 = rNvNBeq, (8.9.10)

を用いると
rN
rsh

=
1√
18σ

,
vN
c

= 6σ (8.9.11)

vN =2000kms だと σ = 1.1× 10−3になる。σが小さいほど、減速がつよく、Nebulaは rshに対して大きくなる。
EM dominant の場合、nebula flowは force-free expantionで、概ね等速で、Bϕ ∝ 1/rになる。

vN ≈ c, rvBϕ =const., Bϕ ∝ 1/r vr2n const. n ∝ 1/r2

EM dominat は維持されたまま、force-free磁場で vN ≈ cで高速の膨張をする。
flow に関する議論
• nebulaは confineされて数千 km/sで膨張している (観測事実)

• post shock flowは減速している。
• nebula flow が何事もなく subsonic flow なら σ ≈ 10−3
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The solution to equation (5.11a) which satifies i; = 1 at z = 1 is 
given by 2w = y + R — D, where 

R = (y + ri2)112 ; D = fir]2 - y + 

We evaluated equations (5.11) numerically to obtain v(z), 
whose behavior is so simple that it need not be plotted. The 
quantity v diminishes from 1 at z = 1 to i; = 0.76 at z = 5, and 
it decreases more slowly thereafter. At z = 30, v is 0.722, very 
close to its asymptotic value of 1/^/2. 

In summary, when a is large, the four speed in the postshock 
flow decreases monotonically from to ^/(cr/2), the flow 
remains relativistic, and the magnetic field strength is almost 
exactly proportional to 1/r. This behavior is forced by the 
requirement that the flow carry a large toroidal magnetic flux 
outward. 

2rr 
R 

3\ 1/2 
(5.1 Id) 

d) Small-G Limit 
When a < 1, the postshock flow speed will be nonrelativistic 

everywhere, and we may set y and y2 approximately equal to 
unity. Then equations (5.7) reduce to a cubic 

r - • 1 + A = 0, 1 + A 
t = (vz2)113 

(5.12a) 

(5.12b) 

whose single real solution may again be obtained by standard 
techniques : 

1 G3 

V~2(l+A)x2’ 
G = 1 + {1 + x2 + [(1 + x2)2 - l]1'2}1'3 

+ {1 + x2 - [(1 + x2)2 - I]1'2}1'3 , 

' 2 A3 11/2 . 
27 (1 + A)2J ; 

(5.12c) 

(5.12d) 

(5.12e) 

when x 1, G3/x2 approaches 27/x2, and when x is large, 
G3/x2 approaches 2. 

Figures 3 and 4 were obtained by combining equation (4.11), 

which determines u2 as a function of cr, with the solutions to 
equations (5.12), which yield the z dependence of w beyond the 
shock. The quantities at z = 1 in Figures 3 and 4 are the 
Rankine-Hugoniot solutions. The left-hand portion of Figure 3 
surveys the dependence of the flow four speed u(z) upon the 
magnetization parameter cr. When (7=1, the flow speed u(z) is 
weakly dependent on z, in qualitative agreement with the 
large-cr behaviour described by equations (5.11) above. In the 
opposite extreme case shown, a = 0.01, u(z), which is approx- 
imately 3 just downstream of the shock, decreases first as 1/z2 

before approaching its asymptotic value of o. When 
cr < 0.1, the plasma pressure exceeds the magnetic pressure 
behind the shock, and the initial expansion is nearly hydrody- 
namical in nature. If the flow were hydrodynamic, the density 
and pressure would be approximately constant, and u would be 
proportional to 1/z2 downstream of the shock. Such quasi- 
hydrodynamic behavior persists until the magnetic pressure 
approaches equipartition, after which the flow approaches the 
constant velocity state characteristic of magnetically dominat- 
ed flows. 

The right-hand side of Figure 3 plots the magnetic field 
strength in the nebula, normalized to its strength in the wind 
upstream of the shock. When o = 1, the shock frame field 
behind the shock is only slightly larger than that upstream, and 
decreases as 1/z thereafter. When (7 = 0.01, the magnetic field is 
amplified by a factor 3 across the shock, increases even more 
downstream—roughly as z—eventually reaches a maximum at 
a characteristic normalized distance z, to be estimated below, 
and only then approaches its final 1/z dependence. The quan- 
tity z may be located by equating the x 1 and x > 1 approx- 
imations to equations (5.12c)-(5.12e), whereupon 

z = r a3 

_(1 + A) 
*(3(7) -1/2 (5.13) 

where we substituted the small-(7 approximation, A ~ ^7 1, 
to arrive at the second expression on the right-hand side of 
equation (5.13). 

By expanding equations (5.12c)-(5.12e), it is easy to show 
that v(z) is approximately 

v(z) æ 1 
1 + A (5.14) 

Fig. 3.—Postshock speed and magnetic field. The left-hand graph plots the four velocity, and the right-hand graph, the magnetic field normalized to its upstream 
strength, against z = r/rs, for values of a in the range 10“ 2 to 1. The values at z = 1 emerge from solutions of the Rankine-Hugoniot relations. High-cr flows have u 
nearly constant and the magnetic field nearly proportional to 1/r. Low-<r flows have a quasi-hydrodynamic region within z <(3cr)-1/2; beyond z, the spatial 
dependencies of u and B/B1 resemble those of the highly magnetized large a-flows. 
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8.9.2 Nebula flow

Pulsar windの性質 (kinetic energy dominantか electromagnetic dominantか)がNebula

flow に反映する。Termination shock の直前での評価：
Lw = 4πr2shc(γwn1mc2 +

B2
1

4π
) neb12.1; (8.9.5)

= 4πr2shcγwn1mc2(1 + σ) (8.9.6)

where

σ =
B2

1/4π

γwn1mc2
(8.9.7)

kinetic dominant の場合、nebula flowは subsonicで、概ね等圧になり、且つ、coolingは効かないので、
nkT ∝ n =const., 連続の式 nvr2 =const. から、v ∝ 1/r2 になる。磁束保存から、rvBϕ =const.で、Bϕ ∝ r磁場は等分配になるまで増加する。非常に乱暴にみると

σ =
B1/4π
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γNnNmc2
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2B2
eq/4π

(8.9.8)

先の保存則
cr2shn1 = vNr

2
NnN ,with n2 = 3n1 ≈ nN (8.9.9)

rshcB1 = rNvNBeq, (8.9.10)

を用いると
rN
rsh

=
1√
18σ

,
vN
c

= 6σ (8.9.11)

vN =2000kms だと σ = 1.1× 10−3になる。σが小さいほど、減速がつよく、Nebulaは rshに対して大きくなる。
EM dominant の場合、nebula flowは force-free expantionで、概ね等速で、Bϕ ∝ 1/rになる。

vN ≈ c, rvBϕ =const., Bϕ ∝ 1/r vr2n const. n ∝ 1/r2

EM dominat は維持されたまま、force-free磁場で vN ≈ cで高速の膨張をする。
flow に関する議論
• nebulaは confineされて数千 km/sで膨張している (観測事実)

• post shock flowは減速している。
• nebula flow が何事もなく subsonic flow なら σ ≈ 10−3
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であるが、これにNebula flowで使った関係式を入れると kinetic dominant windのときは
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と表せる。ここで、B2
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( γw
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)( rN
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)(
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になり、KC model でNebula の明るさが説目出来ていたことを確認できる。光り方に関する議論
• 散逸のない subsonic flowでは σが小さいほど nebula は明るく、σ = 10−3程度で観測と合う。
• EM dominat windだとすると、termination shock / post shock flow で熱化が起こっている必要がある。
• 実際には緯度依存性があり、赤道付近でリング構造、極付近で jetの構造があり、しかも、赤道付近では inner ring と outer ring の二重構造を示す。
• 電波でひかっている成分は別にある。
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3D MHD simulation (Porth et al. 2014 など) による検討では、
(乱流が起こっているが) nebula flow とシンクロトロン光
度を両⽴できるモデルはまだない。(Amato 2024)
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光り⽅に関する議論

EM dominant flowのままだと光らない

– 4 –

Fig. 1.— Broad-band spectrum of the Crab Nebula, reprinted from (from Zanin 2017). The

infrared points shown are contaminated by dust emission. We highlighted some features of the

spectrum; numbers indicate scaling of ⌫F⌫ with frequency. See text for details.

6. There is also a claim of a mild spectral bump at above ⇠ 1 MeV (van der Meulen et al. 1998),

though this may be due to the low statistics of the early COMPTEL data set (Kuiper, priv.

comm.; also §2.2).

7. There is an exponential cut-o↵ around 100 MeV (Abdo et al. 2010).

8. A new component appears above 1 GeV, peaking at around 100 GeV (Abdo et al. 2010;

Aharonian et al. 2006)

2.2. The COMPTEL break and a bump

There are possibly important features in the high energy Crab Nebula spectrum that seem to

be not given enough attention previously. First, there is a softening at ⇠ 130 keV, with a break

with �↵ = 0.43 (Meyer et al. 2010). It is not clear if this feature is actually physically present.

In Kuiper et al. (2001) (their Fig. A.1) there seems to be a factor of 1.5 � 2 jump between the

continuation of ⇠ 100 keV spectrum and COMPTEL points above 1 MeV. This could be due to

cross-detector uncertainty (Lucien Kuiper, priv. comm.). Yet a distinct di↵erence in spectral slopes

Lyutikov et al. 2018
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種粒⼦から乱流加速?



Complex Filaments Aligned with the Directions of the Nebula’s Magnetic Field
(Credit: X-ray: NASA/CXC/Univ. of Hong Kong/S. Zhang et al.; Radio: ATNF/CSIRO/ATCA; 
H-alpha: UK STFC/Royal Observatory Edinburgh; Image Processing: NASA/CXC/SAO/N. 
Wolk

電波放射粒⼦がないところもある



散逸のないnebula flow 

磁場の散逸、乱流？ かもしれない

⾚道付近のstriped wind は必ず熱化する。
8.9. 改めてREVIEW 2025 関連図書

8.9.4 乱流の発生
striped windにおける磁場の対消滅、熱化は必ず起こる。EM dominant windのLorentz

factorは
γ =

(
eBLRL/mec

2
)1/3

= 4× 103 for Crab (8.9.15)

でこの粒子が衝撃は下流に入った時の gyro-radiusはRLより小さい：
γmc2

eBN
=

7× 109

B1mG
cm > 2πRL = 1.0× 109 cm for Crab (8.9.16)

で stripe は消滅するから。乱流に注目: Shibata et al. (2003)はChandra imageから、Nakamura and Shibata(2007)変更度から、energy density で測って 60%ほどが乱流にあることが指摘されている。さらに、Nebula ないでの乱流部分布が IXPEによって議論できるようになった。乱流化によってEMwindでも減速できる
(8.9.5) で磁場がトロイダルな磁場と乱流磁場に別れるモデル：Tanaka et al. (2022,

Eq.5)
d

dt

[
r2γu

(
w + b̄2 ∗ 2

3
(δB)2

)]
= −r2γ

Λrad

c
(8.9.17)

パラメータ τconvの時間スケールでトロイダル磁場が乱流化するモデル。乱流化で−∇(δb)2で減速できるし、減速すると (密度減少が止まり)磁場とプラズマはエネルギー等分配の方向に進んで nebula flow は光ってくれる。
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EMdominant wind の wind Lorentz factor
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散逸のないnebula flow 

磁場の散逸、乱流？ かもしれない

乱流も起こっている

1492 Y. Nakamura and S. Shibata

and n, so that maps of the Stokes parameters are given by

Iω(Y , Z ) =
∫ +∞

−∞

dIω(X , Y , Z , n)
dX

dX ,

Qω(Y , Z ) =
∫ +∞

−∞

dQω(X , Y , Z , n)
dX

dX ,

Uω(Y , Z ) =
∫ +∞

−∞

dUω(X , Y , Z , n)
dX

dX . (5)

We construct grid points on the plane of the sky (Yi, Zj) for polar-
ization maps, and on the line of sight Xk for integration (5) with
increments of " s. The Stokes parameters for the whole nebula are
obtained from

It =
∑

i

∑

j

I (Yi , Z j ),

Qt =
∑

i

∑

j

Q(Yi , Z j ),

Ut =
∑

i

∑

j

U (Yi , Z j ),

(6)

with which the mean degree of polarization P̄ and position angle
(PA) χ̄ are obtained from P̄ =

√
Qt

2 + Ut
2/It and χ̄ = (1/2)

tan−1 (Ut/Qt).

2.3 Crab Nebula model

We start our calculation with a simple disc model with a pure toroidal
magnetic field (Paper I). The disc represents the post-shock flow with
an inner radius Rs located at the shock and with a constant semi-
opening angle θ0. The flow is based on KC: the radial flow velocity
V(R), where R = (X2 + Y2 + Z2)1/2, is given by KC. The post-shock
flow is characterized by the σ parameter, which is the ratio of the
Poynting flux to the kinetic energy flux just before the shock. The
nebula flow suffers adiabatic and synchrotron losses. In Paper I, we
calculated the evolution of the distribution function. The parame-
ters K and p in (1) are determined as functions of R so as to fit
the distribution function obtained in Paper I at each point in the
nebula. The magnetic field distribution BKC(R) is also given by
the KC model. We use the following parameter set: σ = 0.003,
the wind luminosity Lw = 5 × 1038 erg s−1, the wind Lorentz factor
γ w = 3 × 106, the shock distance Rs = 3 × 1017 cm, the power-law
index at the shock ps = 3, and the thickness of the disc θ0 = ±10◦.
The inclination angle of the axis of the disc to the observer is i =
28◦ (Weisskopf et al. 2000).

2.4 The case of a disordered toroidal field

It was suggested in Paper I that the nebula field is not ‘pure toroidal’
but may be dominated by disordered fields. The scalelength of the
randomness (turbulent spectrum) is not known; it could be micro-
scopic or just below the resolution of observations. In this section,
let us consider the case of a disordered magnetic field.

In general, the magnetic field can be decomposed into the mean
field B′

0 and the random field B′
1. The degree of randomness can be

characterized by

b =
〈

B′
1

2〉

B ′
0

2 +
〈

B′
1

2〉 , (7)

where ⟨⟩ indicates the spatial average at a scale below the observa-
tional resolution, and the primes indicate that b is evaluated in the

flow frame (⟨B′
1

2⟩ is still a function of position). The synchrotron
radiation for such cases was studied by Korchakov & Syrovat-skii
(1962) (hereafter KS). From (3), including the relativistic motion of
the flow, we have the observed Stokes parameters:
⎛

⎜⎜⎝

dIω/ds

dQω/ds

dUω/ds

dVω/ds

⎞

⎟⎟⎠ = D2

⎛

⎜⎜⎜⎝

j ′
tot

− cos 2(χ0 − ξ0) j ′
pol

− sin 2(χ0 − ξ0) j ′
pol

0

⎞

⎟⎟⎟⎠
, (8)

where

j ′
tot = p + 7/3

p + 1
((ω′, p)

1
"s

∫ s+"s

s

×

⎛

⎝B ′

√

1 −
(

n′ · B′

B ′

)2
⎞

⎠

p+1
2

ds ′, (9)

j ′
pol = ((ω′, p)

1
"s

∫ s+"s

s

×

⎛

⎝B ′

√

1 −
(

n′ · B′

B ′

)2
⎞

⎠

p+1
2

cos 2χ ds ′, (10)

B ′ =
√

|B′|2 =
√

B ′
0

2 + 2B′
0 · B′

1 + B ′
1

2, (11)

cos 2χ = 2

(
B′

0 × n′

|B′
0 × n′|

· B′ × n′

|B′ × n′|

)2

− 1. (12)

The volume emissivities (8) are obtained for each grid cell and
are integrated numerically according to (5). Macroscopic quantities
such as V and B0 are assumed to be constant in a given grid cell, but
gradually change cell by cell. In each cell, averaging for the random
field (9) and (10) is performed using the Monte Carlo method. KS
use the special coordinate in which U vanishes. By using this coor-
dinate, only Q has physical meaning, and Monte Carlo integration
is done only one time; the factor cos 2 χ appears in (10), but the
factor sin 2χ does not, where χ is defined by (12) and represents
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different in each grid cell because the flow velocities are different
from cell to cell. Suitable transformations are applied for each cell.
For each cell, the orthogonal coordinates are constructed from the
unit vectors V̂ ≡ V/|V | in the x-direction, n′ × V̂ in the y-direction,
and V̂ × (n′ × V̂) in the z-direction. The observed position angle ξ

is measured from the projected z-axis on the sky, i.e.

tan ξ = − B ′
z

B ′
y

cos α′ + B ′
x

B ′
y

sin α′, (4)

where B′
x, B′

y, B′
z are the magnetic field components in the flow frame.

The offset angle χ0 is defined by the equation χ0 ≡ −cos−1 (Ẑ · ẑ′′),
where ẑ′′ = −sin αV̂ + cos αẑ and Ẑ is the unit vector of the
north direction on the sky. In Paper I, we used the transforma-
tion of the volume emissivity with the factor $fD3, but this is

Figure 2. Polarization properties of the pulsar disc nebula for Case KC, observed at 5.2 keV. (a) Intensity map. The unit length is the shock radius, and the unit
of intensity is 0.016 erg s−1 cm−2 str−1 eV−1. (b) Map of the degree of polarization drawn only for the regions where the intensity is strong enough, regarding
calculation errors. (c) Position angle map (E-vector). (d) Polarization degree as a function of the azimuthal angle along an ellipse with a semimajor axis of
2.5 Rs and semiminor axis of 1.5 Rs. The labels ‘SW’, ‘NE’ and ‘SW’ below the horizontal axis indicate south-west, north-east and south-west, respectively.

incorrect: the factor D2 should be used. Fig. 2 (bottom) of Pa-
per I should be replaced by Fig. 2(a) of the present paper. How-
ever, no difference is apparent between them – the lip shape
persists.

2.2 Construction of the polarization map

If the nebula is optically thin, it is straightforward to obtain the
observed Stokes parameters, simply by integrating (3) along
the line of sight. We use the observer’s frame (X, Y, Z), such that the
observer is located at X = +∞, the YZ-plane defines the sky with
north in the Z-direction, and the nebula centre (pulsar) is located at
the origin. The volume emissivities of (3) are functions of X, Y, Z
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(v) The pitch angle of the particles directed toward the observer
is obtained.

(vi) Regarding the distribution function at (x, y, z), the emissivity
in the flow frame is calculated (we use the monochromatic approx-
imation).

(vii) Finally, the emissivity is converted to the volume emissivity
jω(n) at (X, Y , Z) in the observer’s frame by multiplying by the
Doppler factor C.

4 R E S U LT S

One may expect a ring-like structure in the reproduced image, such
as observed with Chandra (see the top panel of Fig. 2), because we
have assumed that the flow is restricted within a disc. The expected
radius of the ring will be ∼1/3

√
σ (about 6 shock radii for σ =

0.003), at which point the nebula brightens as a result of the amplified
magnetic field. However, what we have is not ring-like but is rather
a ‘lip-shaped’ image, shown in the bottom panel of Fig. 2. At the
north-east and south-west corners of the expected ellipse (ring),
the pitch angles of the particles directed toward us are small, and
therefore the surface brightness is reduced. This effect, combined
with the central cavity, yields an image which is ‘lip-shaped’. The

Figure 2. The Chandra image (top) and a reproduced image (bottom),
where we assume a post-shock flow with σ = 0.003 by Kennel & Coro-
niti (1984a) but the flow is assumed to be restricted within an equatorial
region. For the bottom image, the grey-scale is in units of 0.016 erg s−1

cm−2 sr eV.
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Figure 3. Surface brightness along the semimajor axis of the torus in the
north-east direction. The upper panel shows the calculation with different
values of σ , whereas the lower panel is measured from the Chandra ob-
servation (Mori 2002). The distance is in units of the shock radius (which
is supposed to be about 13–14 arcsec) for the model, and in arcsec for the
observation. The brightness is in units of 106 erg s−1 cm−2 sr−1 eV−1 for
the model and in count s−1 arcsec−2 for the observation.

smallness of pitch angle actually has two effects. One effect is that
the single-particle emissivity is proportional to sin2θ , which is small.
The other effect is due to the number of contributing particles: for a
given observation frequency, the energy of the particles radiating at
the frequency is higher for smaller pitch angles, so that the number
of particles contributing to the frequency is smaller because of the
negative slope of the distribution function.

Another important point to consider is the intensity ratio between
the front and back sides of the ring. We obtain a value of 1.3, but the
observed value is ∼5 (Pelling et al. 1987; Willingale et al. 2001).
The weak contrast is caused by deceleration of the nebula flow (i.e.
the smallness of σ ). Mori et al. (in preparation) suggest that the ratio
is about 3 with Chandra. This value is still incompatible with the
KC picture. As long as the intensity contrast is attributed to Doppler
boosting, such a weak contrast is unavoidable in the frame work of
the KC model.

How surface brightness changes with distance from the shock
depends on σ . Mori (2002) also measured the surface brightness
along the semimajor axis of the torus, from which Doppler boosting
should not affect the brightness. This result (bottom panel of Fig. 3)
is compared with the present model (top panel of Fig. 3), for which
we provide curves of varying σ . The present model does not re-
produce the first peak in the observation, which corresponds to the
inner ring. However, it is notable that the brightness distribution of
the inner ring is similar to that for the σ = 0.1 model. The location of
synchrotron burn-off is reproduced by the σ = 0.01 model. Finally,
we point out that the surface brightness decreases much faster with
distance in the observation than in the model.

As indicated by the ‘lip-shaped’ image, the absolute value of the
surface brightness is much less than observed along the semimajor
axis. Because the reproduced image includes only the disc com-
ponent, to which we restricted ourselves (rather than assuming the
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spherical KC model), the X-ray luminosity of the reproduced image
is also smaller than the observation. For the image in Fig. 2, we use
parameters given by KC: Lw = 5 × 1038 erg s−1, Rs = 3 × 1017 cm,
γ w = 3 × 106 and p = 3. In this case, we have νLν ∼ 1036 erg s−1

at 1 keV.

5 D I S C U S S I O N

Applying the KC model, we reconstruct an X-ray image which is
found to be inconsistent with the Chandra image. Owing to a pure
toroidal field and uniform pitch angle distribution, the reproduced
image is not ring-like, but is ‘lip-shaped’. Furthermore, the sur-
face brightness contrast between the front and back sides of the
ring is much less than the observed. The weak contrast is simply
caused by the smallness of σ , by which the post-shock flow slows
down quickly after the shock. The assumptions of the toroidal field
and the smallness of σ are thus found to be incompatible with the
observation.

If we assume isotropic emission in the proper frame, such as is ex-
pected in a turbulent field, then the ring-like structure is reproduced
as shown in Fig. 4. As would be expected, we find that such a tur-
bulent component must be at least comparable to the mean toroidal
field in order to reproduce the ring image. Although another solution
could be to adopt a contrived pitch angle distribution, we think this
is unlikely. The image in Fig. 4 is produced in the following way:
(1) assume the magnetic field is random so that the emissivity is
isotropic in the proper frame; (2) set the flow velocity to be 0.2c by
hand, ignoring the flow dynamics; and (3) let the distribution func-
tion and the field strength follow the KC model. Thus, the random
field and the fast flow are essential in reproducing the image.

With this practice, we suggest that the nebula field is far from
pure toroidal, but is rather disordered. Such a disordered field can
be produced by magnetic reconnection or by some instability of the
toroidal flux tubes. If there is dissipation of the magnetic field, the
flow dynamics is importantly changed, as is the flow speed. Even
if the value of σ , which is defined in the wind, is not small, dis-
sipation in the nebula flow causes deceleration and brightening. In
this sense, σ is effectively small so that the luminosity of the neb-
ula will be explained as the KC model. However, such a simple
heating may not always be good for explaining the surface bright-
ness contrast because of the deceleration. Recently, Komissarov &

Figure 4. An image reproduced with assumptions of a turbulent field and
a high speed flow. See text for details.

Lyubarsky (2003) provided an MHD simulation for the Crab nebula,
suggesting a complicated flow pattern and a high-speed flow such
that the brightness contrast can be reproduced. Three-dimensional
motions associated with magnetic energy conversion in the nebula
will change the picture of the nebula considerably. Numerical simu-
lations for the nebular flow is of particluar importance in the future
study. As noted, the present image-production scheme will be easily
extended to combine with such mumerical results.

A model explaining the Chandra observation may be constructed
if we assume a larger σ and a subsequent magnetic energy conver-
sion into heat and plasma kinetic energy, such as magnetic recon-
nection, in the nebula flow. Suppose σ is rather large; then the post-
shock flow must be faster. The inner ring is formed at the shock. The
brightness distribution will be similar to that of σ = 0.1 in Fig. 3. As
the flow proceeds outward, the magnetic energy conversion takes
place (accelerating and heating the flow). This causes the second
brightening. Subsequently, the synchrotron burn-off provides the
outer boundary of the torus. The Doppler effect will cause a higher
brightness contrast. We note that the smallness of σ is not obvious
if non-ideal-MHD is introduced in the nebula flow.

The above hypothesis explains the disc formation. Obliqueness
of the pulsar causes a series of current sheets with an interval of the
light cylinder radius (∼108 cm) in the equatorial region. If the current
sheets dissipate in the nebula, the synchrotron emission brightening
is restricted to the equatorial region, where reconnection takes place.
The appearance of pulsar nebulae should depend on the obliqueness
of individual pulsars. High obliqueness results in a thick disc and a
high efficiency of synchrotron luminosity, whereas near-alignment
causes faint nebulae.

The possibility of a dissipative process in the nebula may be
examined more rigorously with spatially-resolved spectra, for which
we will compare the model and the observation in a subsequent
paper.
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Table 1. Overview of simulations. Designation 2D* means 2D axisym-
metric simulations with enforced equatorial symmetry, where only the
Northern hemisphere is simulated and the condition [Bφ] = 2Bφ is im-
posed at the equator. Designation 2D** is the same as 2D* but with
the boundary condition [Bφ ] = 0. The column labelled "x shows the
resolution in the post-shock nebula flow in the units of 1016 cm.

ID α σ 0 Dim. "x σ̄ σ̄s tend

A3D 45◦ 0.01 3D 1.95 0.0021 0.0063 106
B3D 45◦ 1 3D 1.95 0.12 0.22 74
B3Dhr 45◦ 1 3D 0.89 0.12 0.22 54
C3D 45◦ 3 3D 1.95 0.19 0.31 74
D3D 10◦ 3 3D 1.95 1.47 2.38 54
A2D 45◦ 0.01 2D 1.95 0.0021 0.0063 848
B2D 45◦ 1 2D 1.95 0.12 0.22 800
C2D 45◦ 3 2D 1.95 0.19 0.31 138
D2D 10◦ 3 2D 1.95 1.47 2.38 63

B2Dhr 45◦ 1 2D 0.98 0.12 0.22 121
B2Dvhr 45◦ 1 2D 0.49 0.12 0.22 106
B2Duhr 45◦ 1 2D 0.24 0.12 0.22 74
B2Dehr 45◦ 1 2D 0.12 0.12 0.22 32
B2Deq 45◦ 1 2D* 1.95 0.12 0.22 112
B2Dhreq 45◦ 1 2D* 0.98 0.12 0.22 106
B2Dvhreq 45◦ 1 2D* 0.49 0.12 0.22 74
B2DhreqS 45◦ 1 2D** 0.98 0.12 0.22 106

Figure 1. The ratio of electromagnetic and kinetic luminosities injected
into the PWN against the magnetization parameter σ 0 of the pulsar wind
for various angles of obliqueness α. The circles mark the locations where
the luminosity ratio assumes half of the value corresponding to σ 0 = ∞.
For α < 45◦, the saturation regime is obtained already for moderate values
of σ 0 ≃ 1. This is why our dynamical simulations can provide reasonable
models for the much higher magnetization, σ 0 > 103, predicted in the theory
of pulsar magnetospheres.

as follows. For polar angles θ < π/2 − α polarity reversals of the
magnetic field are not present (unstriped region) and the initial
magnetization profile σ̄0(θ ) is obtained (with χα = 1). Starting at
θ ≥ π/2 − α the striped region of the flow emerges, giving rise
to a drop in χα(θ ) and a decreasing effective magnetization that
ultimately vanishes on the equator [with χα(π/2) = 0].

Fig. 1 shows the ratio of the wind total electromagnetic luminos-
ity

Lm = 2πr2
∫ π

0
sin θ fm(r, θ ) dθ (16)

to its total kinetic luminosity

Lk = 2πr2
∫ π

0 sin θ fk(r, θ ) dθ (17)

as a function of σ 0 for various values of the magnetic inclination
angle. In the simulations, we use σ 0 = 0.01, 1, 3 and α = 10◦, 45◦.
As one can see in Fig. 1, the ratio Lm/Lk saturates for σ 0 ≫ 1,
with the asymptotic value being determined by the extent of the
striped-wind zone. In fact, for all models, except those with very
small α, this ratio is already very close to the asymptotic value
when σ 0 = 3. This is why we expect our models with σ 0 = 3 not
to be very different from those with much higher σ 0, which are
predicted in the theory of pulsar magnetospheres. One sees that in
the high-σ limit, the obliqueness α has a much larger impact on
the overall wind magnetization than σ 0. Usually, the parameter α

is not very well constrained observationally. However, in the case
of the Crab pulsar, Harding et al. (2008) found α ≃ 45◦ by fitting
the high-energy spectrum and the pulse profile. Therefore, we adopt
this value for our reference case.

The magnetization of the plasma injected into the PWN is also
influenced by the termination shock. As Bφβn = const. across the
shock, the Poynting flux changes according to the shock compres-
sion by the factor η = βn, 1/βn, 2, where β ≡ v/c. For a cold, highly
relativistic wind, the jump conditions for an oblique shock (see ap-
pendix of Komissarov & Lyutikov 2011) imply the compression

η(σ ) = 6(1 + σ )
(

1 + 2σ +
√

1 + 16σ + 16σ 2
)−1

(18)

and we obtain a profile for the generalized local magnetization

σs ≡ fm

ftot − fm
= σ (θ )η(σ (θ ))

1 + σ (θ )(1 − η(σ (θ )))
, (19)

where the denominator includes kinetic and thermal energy. The
total downstream magnetic and kinetic plus thermal luminosities,
Lm, s, Lk + t, s, can be derived in the same way as in equations (12),
(16) and (17). The effective downstream magnetization σ̄s ≡
Lm,s/Lk+t,s differs from the upstream value σ̄ ≡ Lm/Lk by a factor,
which varies between one and three. For reference, the values of σ̄

and σ̄s in our simulations are listed in Table 1.
The wind’s magnetic field is purely azimuthal and changes direc-

tion at the equatorial plane. Its strength, as measured in the pulsar
frame, is found via

Bφ(r, θ ) = ±
√

4πfm(r, θ )/vr, (20)

where vr ≃ c is the radial wind velocity.
The Lorentz factor of the Crab’s pulsar wind, as well as its angular

dependence, is not known but is expected to be very high, in the
range ) = 102–106. Our 3D code simply cannot cope with such
high values. For this reason, we adopt the much lower value ) = 10
for all its streamlines, like in the previous axisymmetric studies (e.g.
Komissarov & Lyubarsky 2004; Camus et al. 2009).

The wind rest mass density can be found via

ρ(r, θ ) = fk(r, θ )/()2c2vr). (21)

In spite of the apparent dramatic mismatch between the real and
simulated wind Lorentz factors, we do not expect this to make
a significant impact on the PWN dynamics. Indeed, according to
equation (21), the kinetic energy flux depends only on the prod-
uct )2ρ. Moreover, the magnetization σ = B2/(4π)2ρc2) depends
only on the term )2ρ too. Hence, our models can be scaled to more
realistic values of the wind Lorentz factor without changing the
dynamical properties of the wind (ram pressure and magnetization)
when the wind density is scaled according to ρ ∝ )−2. At the same
time, the position of the termination shock (TS) is determined by the
ram pressure balance and will be the same as in our simulations. In
order to verify this conclusion, we have performed low-resolution
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Figure 7. Magnetic dissipation in 2D and 3D simulations. The top panels show the ratio of the total magnetic and kinetic energies, whereas the bottom ones
the ratio of total magnetic and thermal energies. The data from the 2D runs {A2D, B2D, C2D, D2D} are shown in the left-hand panels while the 3D results
for the runs with the equivalent setups {A3D, B3D, C3D, D3D} are in the right-hand panels. The solid horizontal lines of the lower panels show the values
expected in the case when the randomization of magnetic field is not accompanied by its dissipation.

Figure 8. Magnetic dissipation regions in 3D and 2D simulations. The images show the distribution of log10em/et for the models with α = 45◦ and σ 0 = 1 at
t = 70 yr. From left to right: the yz slice for the run B3D, the data for B2D and B2Duhr (the B2Duhr run has eight times higher resolution inside the nebula
compared to B2D). The magenta line in plots for the 2D runs shows the locus of points where the magnetic flux changes its sign and the black contour shows
the termination shock. In the 2D cases, a strong polar jet develops, which is shielded from the rest of nebula by its backflow.

magnetic dissipation is stronger in 3D. For example, the 3D models
with α = 45◦ and σ 0 ≥ 1 reach Em/Et ≃ 0.01 by the time of
∼80 yr, whereas the corresponding 2D models seem to saturate
at Em/Et ≃ 0.03 (see Fig. 7). Incidentally, the combined data on

the synchrotron and inverse-Compton emission of the Crab nebula
also lead to Em/Et ≃ 0.03 within its ‘one-zone model’. This is in
conflict with the much higher mean value expected on theoretical
grounds for the plasma injected into the nebula by the pulsar wind
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乱流化によって EM dominant wind でも衝撃波
下流で flowの減速がおこる (Tanaka et al. 2022)

8.9. 改めてREVIEW 2025 関連図書
一方、Lsp = 4.5× 1038erg/sであり、シンクロトロン放射はこの 1割くらいで、上で使った数値は consistent。

8.9.2 Nebula flow

Pulsar windの性質 (kinetic energy dominantか electromagnetic dominantか)がNebula

flow に反映する。Termination shock の直前でのエネルギー配分の評価：
Lw = 4πr2shc(γwn1mc2 +

B2
1

4π
) neb12.1; (8.9.5)

= 4πr2shcγwn1mc2(1 + σ) (8.9.6)

where 磁化率
σ =

B2
1/4π

γwn1mc2
(8.9.7)

を導入。
kinetic dominant の場合、nebula flowは subsonicで、概ね等圧になり、且つ、coolingは効かないので、

nkT ∝ n =const., 連続の式 nvr2 =const. から、v ∝ 1/r2 になる。磁束保存から、rvBϕ =const.で、Bϕ ∝ r磁場は等分配になるまで増加する。非常に乱暴にみると
σ =

B2
1/4π

γwn1mc2
≈ B2

1/4π

γNnNmc2
≈ B2

1/4π

2B2
eq/4π

(8.9.8)

先の保存則
cr2shn1 = vNr

2
NnN ,with n2 = 3n1 ≈ nN (8.9.9)

rshcB1 = rNvNBeq, (8.9.10)

を用いると
rN
rsh

=
1√
18σ

,
vN
c

= 6σ (8.9.11)

vN =2000kms だと σ = 1.1× 10−3になる。σが小さいほど、減速がつよく、Nebulaは rshに対して大きくなる。
EM dominant の場合、nebula flowは force-free expantionで、概ね等速で、Bϕ ∝ 1/rになる。

vN ≈ c, rvBϕ =const., Bϕ ∝ 1/r vr2n const. n ∝ 1/r2

EM dominat は維持されたまま、force-free磁場で vN ≈ cで高速の膨張をする。
flow に関する議論
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8.9. 改めてREVIEW 2025 関連図書
8.9.4 乱流の発生
striped windにおける磁場の対消滅、熱化は必ず起こる。EM dominant windのLorentz

factorは
γ =

(
eBLRL/mec

2
)1/3

= 4× 103 for Crab (8.9.15)

でこの粒子が衝撃は下流に入った時の gyro-radiusはRLより小さい：
γmc2

eBN
=

7× 109

B1mG
cm > 2πRL = 1.0× 109 cm for Crab (8.9.16)

で stripe は消滅するから。乱流に注目: Shibata et al. (2003)はChandra imageから、Nakamura and Shibata(2007)変更度から、energy density で測って 60%ほどが乱流にあることが指摘されている。さらに、Nebula ないでの乱流部分布が IXPEによって議論できるようになった。乱流化によってEMwindでも減速できる
(8.9.5) で磁場がトロイダルな磁場と乱流磁場に別れるモデル：Tanaka et al. (2022,

Eq.5)
d

dt

[
r2γu

(
w + b̄2 ∗ 2

3
(δB)2

)]
= −r2γ

Λrad

c
(8.9.17)

パラメータ τconvの時間スケールでトロイダル磁場が乱流化するモデル。乱流化で−∇(δb)2で減速できるし、減速すると (密度減少が止まり)磁場とプラズマはエネルギー等分配の方向に進んで nebula flow は光ってくれる。
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パラメータ τconvの時間スケールでトロイダル磁場が乱流化するモデル。乱流化で−∇(δb)2で減速できるし、減速すると (密度減少が止まり)磁場とプラズマはエネルギー等分配の方向に進んで nebula flow は光ってくれる。今後の課題としていかが挙げられれよう。
• τconv は一定で固定は非現実的
• 乱流の発生機構がわからない
• プラズマの乱流 δv が入っていない
• 距離 緯度 の依存性も観測と合わせたい　二重リング、jetなど

– 例えば、outer ring の南北コントラストからは v ∼ 0.2c くらい (doppler boostとして)

– inner ring では doppler boost が見えない
– inner ring は clumpy

552 neb.12
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given σ w. In Section 3.2, we will see that κw and τ diss slightly change
the velocity profile through the cooling effect. In other words, these
two parameters change lr, syn and ηsyn (see also the discussion in
Section 4.2). We also study dependence of the nebular flow profiles
on rTS in Section 3.3 as an interesting topic.

We take κw = 104 and rTS = 0.1 pc as fiducial values from the past
studies (e.g. Kennel & Coroniti 1984a,b). We vary τ diss from 10 yr
(fast dissipation) to ∞ (no dissipation). For the wind magnetization
parameter σ w, we study three representative cases of σ w = 0.1, 10,
and 103 and also σ w = 0.003, which corresponds to KC model. Note
that the cases of σ w = 1 do not show a special behaviour, and we
do not study the cases of σ w ≥ 104 for which the strong shock jump
condition is not available (see equation A10). The values of τ conv

are derived for each combination of (σ w, κw, rTS, τ diss) in order to
reproduce β(rPWN)c = 1500 km s−1.

3.1 Flow dynamics

Fig. 1 compares the flow dynamics for different dissipation time-
scales τ diss. All three magnetization cases of σ w = 0.1 (red solid),
10 (blue dashed), 103 (green dotted) are overplotted. The thin and
thick lines correspond to the fast (τ diss =10 yr) and no (τ diss = ∞)
dissipation models, respectively. rTS = 0.1 pc and κw = 104 are
common in all these plots. For reference, we plot the profiles of
KC model including the synchrotron cooling effect (σ w = 0.003,
κw = 104, rTS = 0.1 pc, and τ diss = τ conf = ∞). Note that the
horizontal axes are not the distance from the pulsar r but from
the termination shock &r ≡ r − rTS. The used parameters are
summarized in Table 1.

The thin and thick lines are overlapped for the radial velocity
u(r) (top panel), the total enthalpy density ϵ(r) (fourth panel), and
the toroidal magnetic field b̄2(r) (sixth panel) profiles of the nebular
flow. These lines demonstrate that τ diss is not important for the flow
velocity profile. The derived conversion time-scales τ conv are also
almost independent of τ diss, and we conclude that the flow dynamics
is controlled mainly by τ conv and not by τ diss for a given σ w.

The difference between the thin and thick lines is apparent for
the profiles of the magnetization σ (r) (second panel), the enthalpy
density w (fifth panel), and the turbulent magnetic field δb2 (bottom
panel). These differences caused by τ diss affect the radiative prop-
erties, which will be discussed in the next Section 3.2. Note that we
do not need to reduce σ (r) in order to decelerate the flow (the thick
lines in the second panel of Fig. 1).

For the cases of a high-σ w wind (σ w = 10 and 103), the velocity
is still relativistic behind the termination shock u(rTS) ≈ √

σw > 1
(equation A11), and as is evident from the third panel of Fig. 1,
the conversion term ξ conv plays a role for gradual deceleration to
a non-relativistic velocity by the flow getting to &r ∼ 0.2 pc. Af-
ter conversion of the toroidal to turbulent magnetic field, the flow
behaves as the hydrodynamic post-shock flow of u ∝ r−2 because
the turbulent magnetic field behaves as the relativistic gas (see Sec-
tion 2.3). We also studied a low-σ w wind of σ w = 0.1, which is
still a much larger magnetization than KC model of σ w = 0.003.
For the case of a low-σ w wind, we require a finite ξ conv but " 1 to
decelerate the flow to 1500 km s−1.

For another measure of the velocity profiles, we tabulated the
advection time-scale tadv in Table 1. tadv is almost independent of
σ w, i.e. the velocity profiles at &r " 0.1 pc do not contribute to
tadv. Although, tadv is a bit smaller than the age of the Crab Nebula
(tage ∼ kyr) for all the cases including KC model, three-dimensional
turbulent flow structures beyond &r # 1 pc would resolve this
discrepancy in practice (e.g. Porth et al. 2014b).

Figure 1. The nebular flow profiles that satisfy vPWN = 1500 km s−1 are
plotted. The horizontal axis is the distance from the termination shock
&r = r − rTS. The adopted parameters are summarized in Table 1. τ diss is
10 yr for the thin and ∞ for the thick lines, and σw is 103 (red solid lines), 10
(blue dashed lines), and 0.1 (green dotted lines). For reference, KC model
with the cooling effect is plotted in the black dot-dashed line.

MNRAS 478, 4622–4633 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/478/4/4622/5001888 by guest on 12 O
ctober 2022

The Crab Nebula with tangled magnetic field 4627

Table 1. Summary of the parameters and the boundary values for Figs 1–4.

Adopted Derived
σw κw rTS(pc) τ diss(yr) τ conv(yr) tadv(kyr) ηsyn

Fig. 1
103 104 0.1 10 0.228 0.434 0.0260
10 – – 10 0.308 0.433 0.0259
0.1 – – 10 6.51 0.435 0.0370
103 – – ∞ 0.223 0.435 <10−3

10 – – ∞ 0.301 0.434 <10−3

0.1 – – ∞ 7.56 0.404 0.167

Fig. 2
103 104 0.1 100 0.264 0.397 0.184
10 104 – – 0.357 0.397 0.184
0.1 104 – – 7.72 0.407 0.185
103 102 – – 0.544 0.209 0.704
10 102 – – 0.752 0.209 0.705
0.1 102 – – 14.0 0.230 0.775

Fig. 3
103 104 0.1 300 0.264 0.381 0.186
10 – 0.1 – 0.358 0.380 0.186
0.1 – 0.1 – 8.29 0.379 0.241
103 – 10−3 – 0.441 0.380 0.185
10 – 10−3 – 0.643 0.380 0.185
0.1 – 10−3 – 14.3 0.409 0.376

Case A of Fig. 4
103 104 0.1 103 0.238 0.411 0.0701
10 – – – 0.322 0.411 0.0755
0.1 – – – 7.94 0.389 0.208

Case B of Fig. 4
103 104 0.1 103 0.0751 0.412 0.0707
10 – – – 0.200 0.411 0.0755
0.1 – – – 7.84 0.389 0.208

KC model
0.003 104 0.1 ∞ ∞ 0.637 0.359

The fourth panel of Fig. 1 shows the profiles of the total en-
thalpy density ϵ(r). The synchrotron cooling hardly changes ϵ(r),
and the total energy flux L(r) is almost conserved because ηsyn ≪
1. From equation (15), the Lorentz contraction and the Doppler
effect lower ϵ(r) at the region of u(r) ≫ 1 for the high-σ w cases.
ϵ(rPWN) is the same for all the models including KC model because
vPWN = 1500 km s−1 is common for all of them. The total pressure
at rPWN will also be almost same for all the models. The pressure
balance condition between the nebular flow and the outer supernova
ejecta is not affected by τ diss and would be satisfied for the high-σ w

cases.
For the high-σ w cases, the enthalpy density w slightly increases

with r even without magnetic dissipation (the thick red solid and
thick blue dashed lines in the fifth panel of Fig. 1). Because the
post-shock flow is hot, equation (6) without the right-hand side
terms gives w ∼ 4p ∝ n4/3 ∝ (ur2)−4/3. w increases with r when u
decreases faster than ∝ r−2. The flow is heavily decelerated when
ξ conv > 1, and then the flow is adiabatically heated up rather than
cooled by the synchrotron radiation. Plasma heating by magnetic
dissipation is much more effective for the high-σ w cases as seen
in the differences between the thin and thick lines. Even for the
low-σ w case, w slightly increases by magnetic dissipation at 'r "
0.3 pc.

The sixth and bottom panels of Fig. 1 show the profiles of b̄2(r)
and δb2(r), respectively. When the right-hand side of equation (7)
is neglected, the profiles of b̄2 are described by the conservation

Figure 2. The resultant flow profiles as a function of 'r. Adopted parame-
ters are summarized in Table 1 and combinations of (σw, κw) are different for
each line, where the thin and thick lines are κw = 102 and 104, respectively.

of the magnetic flux b̄ ∝ (ur)−1. For the high-σ w cases, because of
the magnetic flux conservation, b̄2 increases with r at 'r < 0.1 pc.
Beyond 'r > 0.1 pc, b̄2 decreases rapidly with r by conversion of
b̄2 to δb2.

δb2 is initially zero and increases with r by conversion from b̄2.
The profiles of δb2 is same as the relativistically hot plasma δb2 ∝
(ur2)−4/3 when we neglect the right-hand side of equation (8). We
see such a behaviour from the thick red solid and thick blue dashed
lines in the bottom panel of Fig. 1 at 'r > 0.2 pc, i.e. δb2 = const.
for u ∝ r−2.

3.2 Implications for radiation

Although, our model of the synchrotron cooling is too simple to
account for the observed spectral features (see Section 4.2 for de-
tails), it is still enough to understand effects of the synchrotron
cooling on the flow dynamics. In Fig. 2, we set τ diss = 100 yr and
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high σでも減速

外圧レベル

明るさ



課題：
τ conv は⼀定で固定è
乱流の発⽣機構をいれて、乱流発⽣の依存性を
⼊れる
プラズマの乱流δvも⼊れる。
距離 緯度の依存性も観測と合わせたい ⼆重リ
ング、jetなど
例えば、outer ring の南北コントラストからは
v 〜 0.2c くらい(doppler boostとして)
inner ring では doppler boost が⾒えない
inner ring はclumpy
など

だんだん細かくなっていく



A New Project!



理論的モデルを作って観測と⽐較するのは限界? è観測
を虚⼼坦懐に⾒て、何が⾔えるかを探す現象論的モデル
もやってみる価値があるのでは。

きっかけ、
nebula flow peed の謎

15年くらい前、、、、

empirical に
"The Crab Nebula"model
を作ってみよう！



速度場の導出⽅法
•軸対称のディスクを仮定
•北⻄側が明るく、南東側が
暗いのは Doppler Boost に因
ると仮定

I0（R)： ドップラー効果を
受けていない輝度分布

I（R)： 任意の⽅向の輝度分布

β//＝１−（I0 / I)1/(3+α)

輝度分布



結果(Chandra data)

• スタンダード
モデル（Kennel 
and Coroniti 
σ=0.003）であ
わない 

V r
/ c

半径衝撃波

NE-SW不⼀致

nebula flow は加速しているè全く新しいシナリオ？



## Nebula Geometry
rneq 8.3    nebula_outer_boundary_at_equator 42|
rnpol 10.2    nebula_outer_boundary_at_poles
rsheq 0.8    shock_position_at_equator
rshpol 0.10   shock_position_at_poles
psiddeg 80.0    disc_boundary_in_colatitude
psijdeg 5.0    jet_boundary_in_colatitude
rp 15.0   stagnation_radius_of_the_stream_function
## flow speed model for disc, intermediate, and jet
##           disc     middle    jet
v_shock 0.10     0.30     0.20
v_infty 0.30     0.30     0.05
v_delta 2.0      2.0      2.0
## density parameters
xn1          1.0   preshock_density_at_the_equator
xn2          1.0   preshock_density_at_the_equator
rref 1.0   reference_distance_for_preshock_density
pn 3.0   power_index_for_particle_energy_dist.
## emissivity parameters
j_disc0      1400.0   disc_emissivity_base_line
j_in_ring 33000.0  inner_ring_emissivity
j_out_ring 12000.0   outer_ring_emissivity
j_med0        500.0   emissivity_of_the_inermediate_region
j_jet0       3000.0   jet_emissivity
r_in 1.0  inner_ring_radius
r_out1        1.8  inner_radius_of_the_outer_ring
r_out2        3.0  outer_radius_of_the_outer_ring
del_region 0.010  transition_thickness_among_the_regions
del_in_ring 0.3  half_width_of_the_inner_ring
del_out_ring 0.4  skin_thickness_of_the_outer_ring
## magnetic field
fTF 0.4  fraction_of_the_turbulent_field

視線⽅向

傘の出し⽅はいろいろある：偏光が有⽤だろう

軸対象のvolume emissivity ＋velocity field model を
Chandra Image から作る(第⼀近似) はかなりできる。



Halo中緯度

ディスク内部

ディスク合計j_disc0 =3900 ディスク内部の⼀様成分        
j_disc1 = 300 ディスク内部での微増成分       
j_halo0 =1100 ハローの⼀様成分        
r2      = 3.4 ディスクの外半径(cut-off)
j_inring= 140  Inner Ring 加算 1.0 < r < 1.2
j_outring= 50 Outer Ring  加算 2.0 < r < 2.8

⻑軸⽅向の再現
これをもとに
doppler boostを
⼊れた全⽅位の
fitting で速度場
が決められる

偏光マップ計算もできる



さて、どういった作戦が取れるか？

使えるデータ

empirical に
"The Crab Nebula" model
を作ってみようへの
協⼒者募集



n Chandra images は nebula flow の理解に最適だろう。
n spatially resolved spectrum は cooling と加速の診断につか
える。Chandra  NuSTAR

n IC (TeV) は空間分解は無理だけど平均磁場は抑えられる。
n偏光度map は乱流磁場の割合を与える、偏光⽅向は平均
磁場の⽅向

n軸対象のような簡単なモデルに対する補正⼿段：
l         optical filament (3D position can be known by doppler 

shift);
l 異常な消偏光：消偏光の⾮軸対象成分 (filament, 

bay etc);
l 構造へのヒント(optical & X-ray)(discs, jets, wisps, 

knots, bay etc);
n理論的補助

l         軸対象;
l flow paterns (shocks, discs, jets, turbulent);
l 保存則を満たす(number, momentum, energy)



n Chandra images は nebula flow の理解に最適だろう。
n spatially resolved spectrum は cooling と加速の診断につか
える。Chandra  NuSTAR

n IC (TeV) は空間分解は無理だけど平均磁場は抑えられる。
n偏光度map は乱流磁場の割合を与える、偏光⽅向は平均
磁場の⽅向

n軸対象のような簡単なモデルに対する補正⼿段：
l         optical filament (3D position can be known by doppler 

shift);
l 異常な消偏光：消偏光の⾮軸対象成分 (filament, 

bay etc);
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l         軸対象;
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MARX (Wise et al. 1997) and the PSU ACIS Monte Carlo
CCD simulator (Townsley et al. 2002), respectively. Since
LYNX takes into account the possible overlap of the resulting
charge clouds within each CCD exposure frame, spectra af-
fected by pileup can be simulated for both point sources and
diffuse sources. We simulated the observed Crab spectrum for
several different values of true surface brightness and for true
photon indices of 1.5, 2.0, and 2.5. The results are superposed

on the data in Figure 2 (left). The expected reduction of ap-
parent photon index in regions of higher surface brightness
is evident. However, it is also clear that the variations in
observed photon indices greatly exceed those expected from
pileup, and there are certainly real spectral variations across
the Crab Nebula as described by Weisskopf et al. (2000).
We used the LYNX simulation results to correct the data

points in Figure 2 (left) for the photon index and surface

Fig. 1.—Left: Chandra ACIS-S combined image of the 2nd–8th observations. The center of the white circle (R ¼ 5000) is located at the pulsar position. The
‘‘hole’’ at the pulsar position is caused by severe event pileup resulting in the rejection of most events at this position. Narrow lines through the pulsar are
instrumental artifacts due to trailing events. Right: Photon index map of the Crab Nebula after correction for pileup effects. White regions around the eastern,
western, and southern edges were excluded from analysis because of the dominance of trailing events and scattered photons. The pulsar position is also white, since
no photon index could be derived there because of severe pileup.

Fig. 2.—Left: Plot of apparent photon index against observed surface brightness derived from 2 B5 ; 2 B5 square regions. Results of pileup simulations for incident
photon index of 1.5, 2.0, and 2.5 are superimposed (red lines), which show that pileup results in smaller photon index in regions of higher surface brightness.
Right: Same as on the left, but corrected for pileup effects.
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brightness errors induced by the pileup effects. For each data
point, we interpolated the simulated data points to the ob-
served surface brightness and photon index and calculated
the corresponding true surface brightness and photon index.
Figure 2 (right) presents a correlation plot of the corrected data
points. This simulation was intended to give corrections on the
data points in Figure 2 (left) and was not adjusted to correct
the whole nebula spectrum in order to match to the canonical
spectral parameters. However, we used the corrected photon
indices and surface brightnesses of each data point in Figure 2
(right) to calculate a corrected spectrum for the whole nebula
and we present the results in Table 2 (corrected values). The
photon index and the normalization factor of the corrected
spectrum agree well with the canonical values within the
errors, which strongly supports the success of our pileup
corrections. Hereafter, we use the terms ‘‘photon index’’ and
‘‘surface brightness’’ to mean these corrected values.

We should note a limitation of our simulation. Our cor-
rections are based on modeling of a uniform diffuse source.
We apply them to each 2 B5 ; 2 B5 square region under the
reasonable assumption that the surface brightness within each
region is uniform. Therefore, application of this technique to
small complicated structures like the inner ring or the rela-
tivistically expanding wisps requires more complex modeling,
which is beyond the scope of this work. The systematic er-
rors of the photon index mainly come from this assumption.
Judging from the results of the simulation shown in Figure 2
(left) and typical surface brightness fluctuations of !10%
within an analysis region, the systematic errors in photon in-
dex are !0.05 and dominate the statistical errors.

Figure 1 (right) shows a map of the photon index. The
structure in the torus is more symmetrical about the pulsar in
the photon index map than in the broadband image (Fig. 1
(left)). While Doppler boosting and relativistic aberration
brighten the northwestern portion of the torus (Pelling et al.
1987) in the Figure 1 (left) image, by contrast there is rela-
tively little variation of the photon index within the torus. The
hardest structures in the nebula, with photon indices as low as
1.8, are the inner ring and portions of the torus, including the
circular structures seen at each extremity of the torus dis-
covered in the first Chandra observation (Weisskopf et al.
2000). However, these regions contain small complex struc-
tures and the hardest photon index should be reexamined
using a data set free from pileup. The entire torus is quite hard
(!"1:9) compared with the outer portions of the nebula.
The southern jet is also relatively hard (!" 2:0), whereas
the northern counterjet is significantly softer (!" 2:25). The
bright region around the counterjet to the northwest of the
torus, hereafter called the ‘‘umbrella’’ because of its shape,
has even softer emission (!" 2:5). Photon indices as large as
3.0 are found in the outer peripheral portions of the nebula.

3. RESULTS

We studied the spatial variation of the photon index over
the nebula. As a first step, we divided the nebula into four
prominent regions: the torus, the umbrella, the jet, and the
peripheral region. We took the torus region as an ellipse
bounding the far side of the torus. We also added two circles
at each extremity of the ellipse to include the circular
structures in the torus region. The rest of the bright nebula
was taken as the umbrella region. The jet region covers only
the southern jet. The peripheral region includes the faint
emission surrounding the torus and umbrella regions except
for the jet. Figure 3 shows that those four regions occupy
separate regions in the plot of photon index against surface
brightness, with the umbrella region significantly overlapping
the torus and periphery. The color coding is shown in the
inset figure.

The data points of the region within the torus (red ) form a
band with a nearly constant photon index of "1.9 over a wide
range of surface brightness (more than a factor of 4). Although
the spectral index increases slightly for surface brightness

TABLE 2

Spectral Parameters for Whole Nebula

Parameter Uncorrected Value Corrected Value Canonical Value

NH (1022 cm#2) ....................... 0.27 0.32 (Bxed) 0.33–0.36a

Photon index ........................... 1.92 2.10 2.10 $ 0.03b

Normalizationc ........................ 6.57 9.65 9.7 $ 0.5d

a Kuiper et al. (2001).
b Toor & Seward (1974).
c In units of photons cm#2 s#1 keV#1 at 1 keV.
d Willingale et al. (2001).

Fig. 3.—Plot of photon index against surface brightness, as Fig. 2 (right).
The data points of the torus, the jet, the umbrella-shaped northwest region, and
the faint peripheral region are color-coded as red, blue, yellow, and green,
respectively. The inset shows the definitions of the four regions. The black
contours represent surface brightness. The red dashed circle encloses data
points with unusually small photon index compared to others (see x 4.3). The
corresponding positions in the nebula are shown in black in the inset, also
enclosed by a red dashed circle.
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Figure 7. Plots showing the break energy and ∆Γ map of Γ2-Γ1 for FPMB during pulse off. Left panel contours are the NuSTAR intensity levels and the cross marks
the pulsar location. Right panel contours are from Chandra.

factor of 10, the interstellar dust extinction has little effect above
3 keV (Sewardet al. 2006). Indeed the fact that the break energy
and ∆Γ trace out features of the remnant strongly indicates that
it must be intrinsic to the source.

3.5. Spatial Extent of the Nebula

The size of the Crab remnant shrinks as a function of energy
due to the radiative lifetimes of outward-propagating electrons
being shorter for high energy than low-energy particles. This ef-
fect is often referred to as “synchrotron burn-off.” To investigate
the radial extent of the Crab as a function of energy we decon-
volved the NuSTAR maps using a maximum likelihood method.
The deconvolution procedure is sensitive to artifacts, such as
detector gaps and the variation in S/N with position in the map.
The stronger the source relative to background the better the
deconvolution results. The PSF is relatively constant near the
optical axis (the difference in the HPD between off-axis angles
of 1′ and 2′ is less than 1′′), but becomes azimuthally distorted

at large off-axis angles. This, however, does not become notice-
able until about 3′ off-axis, where the difference between the
major and minor axis of the PSF is ∼2%. To minimize these ef-
fects we selected a subset of the observations in Table 1 marked
with “b” at off-axis angles less than 2′ and well away from the
detector gaps. At these off-axis angles we can design an average
PSF weighted by time and combine the images to yield a more
robust result than individually deconvolving short segments.

To remove the contamination of the pulsar we only use
photons falling in phase bins 10–12 and deconvolve the Crab in
the following energy bands: 3–5, 5–6, 6–8, 8–12, 12–20, 20–35,
and 35–78 keV. Prior to combining the images, we vignetting
correct them with the effective area taken at the area-weighted
average energy.

Deconvolution with a maximum likelihood method is iterative
and if not performed with care can introduce artifacts due to over
deconvolution. During the deconvolution process we checked
the relative size between the selected iteration steps (20, 30,
40, and 50) within each energy band, and saw that the size
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UHE gamma rays from the Crab Nebula 3221

Figure 4. Computed synchrotron and IC emission components produced
by two populations of electrons: a power law with an exponential cut-off
energy distribution in the B = 125 µG magnetic field, and a relativistic
Maxwellian in the B = 125, 500 and 1000 µG fields. For the origins of the
data points shown, see Figs 1 and 2.

The synchrotron spectrum of the Crab Nebula extends to energies
beyond 100 MeV and requires electrons with energy up to several
PeV. This emission component is conventionally associated with the
wind electrons, but the gamma-ray spectrum in the 1–100 MeV band
is not smooth. It shows a structure that can be better reproduced by
two different populations of UHE electrons described by a power-
law distribution with an exponential cut-off (Ecut = 500 TeV) and
by a hard energy distribution peaking at higher energies (Aharonian
& Atoyan 1998). The two considered electron populations could
be accelerated in different regions through different acceleration
processes. The superposition of emission of these two components
is demonstrated in Fig. 4. Similarly to Aharonian & Atoyan (1998),
we approximated this additional component with an ultrarelativistic
Maxwellian distribution, although we note that this is just a formal
approximation, and it does not imply any underlying assumptions
regarding the nature of this component – see, however, Atoyan
& Nagapetyan (1987). For example, Sironi & Spitkovsky (2014)
have shown that a hard distribution of non-thermal particles can be
formed by magnetic reconnection in highly magnetized environ-
ments. Lyutikov et al. (2019) suggested that an electron component
accelerated by magnetic field reconnection operating in the bulk
of the nebula (see Komissarov 2013) might be responsible for the
dominant radio and soft gamma-ray emission detected from the
Crab Nebula. Magnetic reconnection is considered as a feasible
mechanism to power the Crab Nebula flares (Cerutti et al. 2012,
2013; Lyutikov et al. 2018), so the particles producing the steady
MeV and flaring GeV synchrotron emission may have a common
origin (see the discussion in Lyutikov et al. 2019). As shown below,
the counterpart IC emission may provide important information to
test this possibility.

Fig. 4 shows the synthetic spectra computed for three different
strengths of the magnetic field in the region where the hard high-
energy distribution is localized: B2 = 125, 500 and 1000 µG. As
can be seen, with a suitable choice of the temperature parameter
(ET = 260, 130 and 90 TeV, respectively), we can obtain identical
synchrotron spectra. In contrast, the IC spectra show important
differences (see Fig. 4).

First of all, if the MeV spectral feature is real, one should expect
a significantly smaller flux at 300 TeV. The expected difference is
comparable with the Tibet ASγ error, so at present we cannot make
any quantitative statement. However, the future measurements from
LHAASO should allow us to distinguish between these two cases

(shown with black and grey lines in Fig. 4). To illustrate, we show in
Fig. 4 the LHAASO sensitivity expected for 1 yr of exposure (Bai
et al. 2019). We also note that important new information can also
be obtained in the MeV energy band, for example, with the Gamma-
Ray and AntiMatter Survey (GRAMS; Aramaki et al. 2020) or e-
ASTROGAM (de Angelis et al. 2018). If these observations confirm
the two-component composition of the Crab Nebula spectrum,
then we can attempt to define the magnetic field strength in the
Maxwellian region. Although, from Fig. 4, it might look as though
the LHAASO sensitivity is not good enough for such measurements,
we note that the sensitivity shown corresponds to a 1-yr exposure. If
the instrument operates for long enough (e.g. 10 yr), its performance
may appear to be sufficient to obtain a meaningful constraint on the
magnetic field strength in this hypothetical Maxwellian region.

3.2 On the magnetization of the pulsar wind

Presently, the MHD treatment provides the most fruitful approach
for studying the properties of PWNe (Kennel & Coroniti 1984;
Bogovalov & Khangoulian 2002a; Komissarov & Lyubarsky 2004;
Bogovalov et al. 2005; Volpi et al. 2008; Camus et al. 2009;
Bucciantini 2014; Porth, Komissarov & Keppens 2014; Barkov,
Lyutikov & Khangulyan 2019).

The MHD framework provides important insights into non-
thermal physical processes in PWNe. In particular, this concerns the
dynamics of the magnetic field, particle transport and their radiation.
Although the simplest one-dimensional (1D) analytical models have
helped to advance the studies of PWNe, the most realistic results are
achieved with numerical three-dimensional (3D) MHD simulations
(see Porth et al. 2014; Barkov et al. 2019).

The MHD models have limitations among which the phenomeno-
logical treatment of particle acceleration is essential. Although it is
proved that relativistic outflows on different astrophysical scales are
characterized by particle acceleration and radiation, PWNe demon-
strate an unprecedented high efficiency of non-thermal processes.
Despite the systematic study of PWNe, it is still not fully understood
what makes PWNe such efficient high-energy sources.

One of the key parameters in MHD models applied to PWNe is the
magnetization of the pulsar wind, σ , which determines the fraction
of the pulsar spin-down losses that are carried by the Poynting flux.
This parameter determines the magnetic field at the pulsar wind TS.
The downstream magnetic field at the TS is

B ≃ h(σ )

√
Lsd

cR2
ts

≃ 400h(σ )
(

Rts

0.1 pc

)−1

µG, (6)

where the function h accounts for the the Rankie–Hugoniot condi-
tions at the TS and the strength of the magnetic field in the unshocked
pulsar wind: h ≃ 1 for 1 > σ ≥ 0.1, and h(σ ) ≃ 3σ 1/2 for σ < 0.1.
In the case of the Crab Nebula, the radius of the termination shock is
constrained robustly, Rts ! 0.1 pc, with the observations in the X-
ray band (Weisskopf et al. 2000), the magnetic field at the TS should
exceed 100 µG, unless the wind magnetization is very small, σ ≤
10−2, or the magnetic field dissipates at the TS (Lyubarsky 2003;
Sironi & Spitkovsky 2011).

As shown in Fig. 3, the strength of the magnetic field in the
region responsible for acceleration of the wind electrons should not
exceed 125 µG. Equation (6) shows that such a modest magnetic
field requires very weak magnetization of the pulsar wind, σ ≤
10−2. Although 1D MHD models of the Crab Nebula, do require
such a weakly magnetized pulsar wind, currently it is considered
an artefact of the ideal 1D approximation. Indeed, the rigid flow
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and n, so that maps of the Stokes parameters are given by

Iω(Y , Z ) =
∫ +∞

−∞

dIω(X , Y , Z , n)
dX

dX ,

Qω(Y , Z ) =
∫ +∞

−∞

dQω(X , Y , Z , n)
dX

dX ,

Uω(Y , Z ) =
∫ +∞

−∞

dUω(X , Y , Z , n)
dX

dX . (5)

We construct grid points on the plane of the sky (Yi, Zj) for polar-
ization maps, and on the line of sight Xk for integration (5) with
increments of " s. The Stokes parameters for the whole nebula are
obtained from

It =
∑

i

∑

j

I (Yi , Z j ),

Qt =
∑

i

∑

j

Q(Yi , Z j ),

Ut =
∑

i

∑

j

U (Yi , Z j ),

(6)

with which the mean degree of polarization P̄ and position angle
(PA) χ̄ are obtained from P̄ =

√
Qt

2 + Ut
2/It and χ̄ = (1/2)

tan−1 (Ut/Qt).

2.3 Crab Nebula model

We start our calculation with a simple disc model with a pure toroidal
magnetic field (Paper I). The disc represents the post-shock flow with
an inner radius Rs located at the shock and with a constant semi-
opening angle θ0. The flow is based on KC: the radial flow velocity
V(R), where R = (X2 + Y2 + Z2)1/2, is given by KC. The post-shock
flow is characterized by the σ parameter, which is the ratio of the
Poynting flux to the kinetic energy flux just before the shock. The
nebula flow suffers adiabatic and synchrotron losses. In Paper I, we
calculated the evolution of the distribution function. The parame-
ters K and p in (1) are determined as functions of R so as to fit
the distribution function obtained in Paper I at each point in the
nebula. The magnetic field distribution BKC(R) is also given by
the KC model. We use the following parameter set: σ = 0.003,
the wind luminosity Lw = 5 × 1038 erg s−1, the wind Lorentz factor
γ w = 3 × 106, the shock distance Rs = 3 × 1017 cm, the power-law
index at the shock ps = 3, and the thickness of the disc θ0 = ±10◦.
The inclination angle of the axis of the disc to the observer is i =
28◦ (Weisskopf et al. 2000).

2.4 The case of a disordered toroidal field

It was suggested in Paper I that the nebula field is not ‘pure toroidal’
but may be dominated by disordered fields. The scalelength of the
randomness (turbulent spectrum) is not known; it could be micro-
scopic or just below the resolution of observations. In this section,
let us consider the case of a disordered magnetic field.

In general, the magnetic field can be decomposed into the mean
field B′

0 and the random field B′
1. The degree of randomness can be

characterized by

b =
〈

B′
1

2〉

B ′
0

2 +
〈

B′
1

2〉 , (7)

where ⟨⟩ indicates the spatial average at a scale below the observa-
tional resolution, and the primes indicate that b is evaluated in the

flow frame (⟨B′
1

2⟩ is still a function of position). The synchrotron
radiation for such cases was studied by Korchakov & Syrovat-skii
(1962) (hereafter KS). From (3), including the relativistic motion of
the flow, we have the observed Stokes parameters:
⎛

⎜⎜⎝

dIω/ds

dQω/ds

dUω/ds

dVω/ds

⎞

⎟⎟⎠ = D2

⎛

⎜⎜⎜⎝

j ′
tot

− cos 2(χ0 − ξ0) j ′
pol

− sin 2(χ0 − ξ0) j ′
pol

0

⎞

⎟⎟⎟⎠
, (8)

where

j ′
tot = p + 7/3

p + 1
((ω′, p)

1
"s

∫ s+"s

s

×

⎛

⎝B ′

√

1 −
(

n′ · B′

B ′

)2
⎞

⎠

p+1
2

ds ′, (9)

j ′
pol = ((ω′, p)

1
"s

∫ s+"s

s

×

⎛

⎝B ′

√

1 −
(

n′ · B′

B ′

)2
⎞

⎠

p+1
2

cos 2χ ds ′, (10)

B ′ =
√

|B′|2 =
√

B ′
0

2 + 2B′
0 · B′

1 + B ′
1

2, (11)

cos 2χ = 2

(
B′

0 × n′

|B′
0 × n′|

· B′ × n′

|B′ × n′|

)2

− 1. (12)

The volume emissivities (8) are obtained for each grid cell and
are integrated numerically according to (5). Macroscopic quantities
such as V and B0 are assumed to be constant in a given grid cell, but
gradually change cell by cell. In each cell, averaging for the random
field (9) and (10) is performed using the Monte Carlo method. KS
use the special coordinate in which U vanishes. By using this coor-
dinate, only Q has physical meaning, and Monte Carlo integration
is done only one time; the factor cos 2 χ appears in (10), but the
factor sin 2χ does not, where χ is defined by (12) and represents
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 実データとシミュレーションの⽐較 
 202301版のモデルに基づくシミュレーションと実データで，同じ解析（Stokesパラメタの⾜し 
 合わせと，それに基づく偏光度・⽅位⾓の評価）を⾏った。（基本的に従来と同様） 

 ●  ピクセルサイズは2.6”x2.6”。5ピクセルx5ピクセルでsliding box binning 
 ●  偏光度マップは，「MDPが1以下かつ偏光有意度3σ以上」または「MDPが0.2以下」の 

 ピクセルを表⽰ 
 ●  実データはpolarization leakage補正を⾏った（古いChandraイメージを使⽤） 
 ●  （新）偏光⽅位⾓から得られる磁場の向きを⽰す線（⻑さは偏光度に⽐例）を偏光度 

 マップに重ね書き（線と線の間隔がsliding boxのサイズを表す） 
 マップの⽐較 
 下図は上段が重みつきカウントマップ，下段が偏光度マップ。左がシミュレーションで右が実 
 データ。×印はパルサー位置（トーラス中⼼），楕円はNg&Romani 2004のX線トーラス，⻑い 
 斜めの線は⻑軸・短軸，紫の円はIXPEのPSF （直径26”の円︔half power diameter相当）を⽰ 
 す。実データについて以下が分かる。 

 ●  磁場の向きがトーラスの向きからややずれている（東⻄⽅向に傾いている） 
 ●  トーラスの外側に、南・北ともに「偏光度が⾼く（>40%），⽅位⾓が⼤きい（磁場が 

 東⻄⽅向により傾いている）領域がある 
 ●  トーラスの⻄側に（幾何学的効果以外が原因の）「低偏光度領域」があり，上記「⾼偏 

 光度領域」も含めてトーラス部にまで影響を与えている 
spatially revolved data by IXPE and a model (Mizuno et al. 2023)

model

model

IXPE

IXPE



n Chandra images は nebula flow の理解に最適だろう。
n spatially resolved spectrum は cooling と加速の診断につか
える。Chandra  NuSTAR

n IC (TeV) は空間分解は無理だけど平均磁場は抑えられる。
n偏光度map は乱流磁場の割合を与える、偏光⽅向は平均
磁場の⽅向

n軸対象のような簡単なモデルに対する補正⼿段：
l         optical filament (3D position can be known by doppler 

shift);
l 異常な消偏光：消偏光の⾮軸対象成分 (filament, 

bay etc);
l 構造へのヒント(optical & X-ray)(discs, jets, wisps, 

knots, bay etc);
n理論的補助

l         軸対象;
l flow speed map, volume emissivity からdensity & 

magnetic field B0 + δBの分布を分離);
l 保存則を満たす(number, momentum, energy)



inner ring
熱化・乱流発⽣
減速
斜衝撃波 wisps

outer ring
flow 再加速
乱流加速

B0 + δBの分布を分離

別の性質の流れ

striped wind でない
部分



軸対象を使えない部分の事前の検討

• フィラメントによる乱れ
• Bay の構造
• 対象軸の捩れ

⾮軸対象との戦い



brightness errors induced by the pileup effects. For each data
point, we interpolated the simulated data points to the ob-
served surface brightness and photon index and calculated
the corresponding true surface brightness and photon index.
Figure 2 (right) presents a correlation plot of the corrected data
points. This simulation was intended to give corrections on the
data points in Figure 2 (left) and was not adjusted to correct
the whole nebula spectrum in order to match to the canonical
spectral parameters. However, we used the corrected photon
indices and surface brightnesses of each data point in Figure 2
(right) to calculate a corrected spectrum for the whole nebula
and we present the results in Table 2 (corrected values). The
photon index and the normalization factor of the corrected
spectrum agree well with the canonical values within the
errors, which strongly supports the success of our pileup
corrections. Hereafter, we use the terms ‘‘photon index’’ and
‘‘surface brightness’’ to mean these corrected values.

We should note a limitation of our simulation. Our cor-
rections are based on modeling of a uniform diffuse source.
We apply them to each 2 B5 ; 2 B5 square region under the
reasonable assumption that the surface brightness within each
region is uniform. Therefore, application of this technique to
small complicated structures like the inner ring or the rela-
tivistically expanding wisps requires more complex modeling,
which is beyond the scope of this work. The systematic er-
rors of the photon index mainly come from this assumption.
Judging from the results of the simulation shown in Figure 2
(left) and typical surface brightness fluctuations of !10%
within an analysis region, the systematic errors in photon in-
dex are !0.05 and dominate the statistical errors.

Figure 1 (right) shows a map of the photon index. The
structure in the torus is more symmetrical about the pulsar in
the photon index map than in the broadband image (Fig. 1
(left)). While Doppler boosting and relativistic aberration
brighten the northwestern portion of the torus (Pelling et al.
1987) in the Figure 1 (left) image, by contrast there is rela-
tively little variation of the photon index within the torus. The
hardest structures in the nebula, with photon indices as low as
1.8, are the inner ring and portions of the torus, including the
circular structures seen at each extremity of the torus dis-
covered in the first Chandra observation (Weisskopf et al.
2000). However, these regions contain small complex struc-
tures and the hardest photon index should be reexamined
using a data set free from pileup. The entire torus is quite hard
(!"1:9) compared with the outer portions of the nebula.
The southern jet is also relatively hard (!" 2:0), whereas
the northern counterjet is significantly softer (!" 2:25). The
bright region around the counterjet to the northwest of the
torus, hereafter called the ‘‘umbrella’’ because of its shape,
has even softer emission (!" 2:5). Photon indices as large as
3.0 are found in the outer peripheral portions of the nebula.

3. RESULTS

We studied the spatial variation of the photon index over
the nebula. As a first step, we divided the nebula into four
prominent regions: the torus, the umbrella, the jet, and the
peripheral region. We took the torus region as an ellipse
bounding the far side of the torus. We also added two circles
at each extremity of the ellipse to include the circular
structures in the torus region. The rest of the bright nebula
was taken as the umbrella region. The jet region covers only
the southern jet. The peripheral region includes the faint
emission surrounding the torus and umbrella regions except
for the jet. Figure 3 shows that those four regions occupy
separate regions in the plot of photon index against surface
brightness, with the umbrella region significantly overlapping
the torus and periphery. The color coding is shown in the
inset figure.

The data points of the region within the torus (red ) form a
band with a nearly constant photon index of "1.9 over a wide
range of surface brightness (more than a factor of 4). Although
the spectral index increases slightly for surface brightness

TABLE 2

Spectral Parameters for Whole Nebula

Parameter Uncorrected Value Corrected Value Canonical Value

NH (1022 cm#2) ....................... 0.27 0.32 (Bxed) 0.33–0.36a

Photon index ........................... 1.92 2.10 2.10 $ 0.03b

Normalizationc ........................ 6.57 9.65 9.7 $ 0.5d

a Kuiper et al. (2001).
b Toor & Seward (1974).
c In units of photons cm#2 s#1 keV#1 at 1 keV.
d Willingale et al. (2001).

Fig. 3.—Plot of photon index against surface brightness, as Fig. 2 (right).
The data points of the torus, the jet, the umbrella-shaped northwest region, and
the faint peripheral region are color-coded as red, blue, yellow, and green,
respectively. The inset shows the definitions of the four regions. The black
contours represent surface brightness. The red dashed circle encloses data
points with unusually small photon index compared to others (see x 4.3). The
corresponding positions in the nebula are shown in black in the inset, also
enclosed by a red dashed circle.
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Figure 7. Plots showing the break energy and ∆Γ map of Γ2-Γ1 for FPMB during pulse off. Left panel contours are the NuSTAR intensity levels and the cross marks
the pulsar location. Right panel contours are from Chandra.

factor of 10, the interstellar dust extinction has little effect above
3 keV (Sewardet al. 2006). Indeed the fact that the break energy
and ∆Γ trace out features of the remnant strongly indicates that
it must be intrinsic to the source.

3.5. Spatial Extent of the Nebula

The size of the Crab remnant shrinks as a function of energy
due to the radiative lifetimes of outward-propagating electrons
being shorter for high energy than low-energy particles. This ef-
fect is often referred to as “synchrotron burn-off.” To investigate
the radial extent of the Crab as a function of energy we decon-
volved the NuSTAR maps using a maximum likelihood method.
The deconvolution procedure is sensitive to artifacts, such as
detector gaps and the variation in S/N with position in the map.
The stronger the source relative to background the better the
deconvolution results. The PSF is relatively constant near the
optical axis (the difference in the HPD between off-axis angles
of 1′ and 2′ is less than 1′′), but becomes azimuthally distorted

at large off-axis angles. This, however, does not become notice-
able until about 3′ off-axis, where the difference between the
major and minor axis of the PSF is ∼2%. To minimize these ef-
fects we selected a subset of the observations in Table 1 marked
with “b” at off-axis angles less than 2′ and well away from the
detector gaps. At these off-axis angles we can design an average
PSF weighted by time and combine the images to yield a more
robust result than individually deconvolving short segments.

To remove the contamination of the pulsar we only use
photons falling in phase bins 10–12 and deconvolve the Crab in
the following energy bands: 3–5, 5–6, 6–8, 8–12, 12–20, 20–35,
and 35–78 keV. Prior to combining the images, we vignetting
correct them with the effective area taken at the area-weighted
average energy.

Deconvolution with a maximum likelihood method is iterative
and if not performed with care can introduce artifacts due to over
deconvolution. During the deconvolution process we checked
the relative size between the selected iteration steps (20, 30,
40, and 50) within each energy band, and saw that the size

8
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Figure 4: Polarised Structure of the Crab nebula. Left panel: Total intensity map of the Crab 
PWN+PSR complex in the [2-8] keV energy band, overlaid with the reconstructed polarisation 
direction (magnetic field). Right panel: map of the polarised fraction (PD/100) cut above 5σ 
confidence level. The gray dashed line is the nebular axis inferred from X-ray intensity maps 
(30). Overlayed are the Sky directions for ease of reference. 
  

the position of the filament causing absorption on the Chandra image

circle. Figure 5 presents two spectra extracted from one of
the small photon index regions and its neighboring region.
The spectra are identical above ~2 keV, and the comparison
of the spectra clearly reveals that the small apparent photon
index is actually caused by a deficit of soft emission due to
increased absorption in this region. Refitting the spectra from
those regions with NH treated as a free parameter, we obtained
a similar photon index and a higher NH, by !7 ; 1020 cm"2,
compared to the neighboring region.

The Crab Nebula appears to contain a number of embedded
filaments in optical narrowband emission-line images (e.g.,
Sankrit & Hester 1997). The optical filaments are thought to
be the result of a Rayleigh-Taylor instability between the light
pulsar wind nebula and the dense ejecta of the supernova ex-
plosion (Hester et al. 1996). The J2000.0 position of the re-
gion showing higher NH, ! ¼ 05h34m29:s6, " ¼ þ22%00030 B 4,
coincides with a knotty structure in the most prominent op-
tical filament, which is often referred to as part of the ‘‘high-
helium band’’ (MacAlpine et al. 1989). The emission lines from
the high-helium band are blueshifted, indicating that this fil-
ament is located between the synchrotron nebula and us. In
an optical continuum image, the knotty structure is visible as
a ‘‘shadow’’ because it consists of dense dust that absorbs
the optical synchrotron continuum from the PWN (e.g., Blair
et al. 1997). Similarly, the higher NH we find is likely due to
absorption of soft X-rays by the dust and gas in this knotty
structure. Assuming that the thickness of this filament is 500

based on the optical emission line images (Blair et al. 1997),
which corresponds to !1:5 ; 1017 cm, the density of this fil-
ament corresponding to the observed X-ray absorption col-
umn density is !5 ; 103 cm"3. The excess absorption can be
seen only around the knotty structures all through this filament.

We searched for other examples of X-ray absorption from
the ‘‘shadow’’ features in the optical continuum image (J. J.
Hester et al. 2004, in preparation), from which we can pick up
only a dense dust core in filaments on the near side of the
nebula. There are only a few such shadows within the X-ray
nebula. The number of corresponding analysis regions is ~10
out of 2074 (in addition to the regions discussed above). The
second noticeable shadows are located to the east of the pul-
sar, overlapping the edge of the torus. Excess absorption was
again observed, but the amount was !3 ; 1020 cm"2. The
excess absorption related to other shadows is similar or less.
Therefore, our results are little affected by soft X-ray ab-
sorption due to the filaments.

It is conceivable that our results are affected by intrinsic
column density variation due to not only the optical filaments
but also arcsecond scale variations of Galactic absorption. We
assessed this effect as follows. In Figure 3, the photon indices
of the data points of the torus (red) having surface brightness
higher than 0.5 counts s"1 arcsec"2 are distributed around the
mean of 1.91 with the rms of 0.07. The statistical errors are
small, so the observed scatter is dominated by systematic
errors and by real variations in the power-law index. We can

obtain an upper limit on possible absorption variations across
the nebula if we assume that this scatter is produced by
variations in NH, leading to an estimate of the variation in NH

of 2 ; 1020 cm"2.

5. SUMMARY

We have shown spatial variations of the X-ray spectrum of
the Crab Nebula in terms of photon index, at an angular scale
of arcseconds. The variations can be viewed in two different
directions of the particle injection from the pulsar.
Across the equatorial plane, the spectrum is almost constant

to the outer boundary of the torus, with a photon index
!&1:9 regardless of the surface brightness. It softens sig-
nificantly, up to !& 3:0, in the outer, fainter peripheral re-
gion. This seems qualitatively consistent with the previous
suggestions that the outer boundary of the torus is interpreted
as a synchrotron burnoff boundary where the synchrotron
losses become significant to X-ray–emitting particles. How-
ever, the fact that structures similar to the torus are seen at
other wavelengths indicates that the torus is not a simple re-
sult of synchrotron burnoff.
Within the southern jet, photon index variations are also

seen: the spectral softening takes place from the central core to
the outer sheath. The photon index at the central core is almost
the same as that of the torus. This indicates that the electron
spectra are similar in the two different directions of the parti-
cle injection from the pulsar. We also found that the volume
emissivities of the jet and the torus are similar.
Assuming that the brightness difference between the near

and far sides of the torus is caused by Doppler boosting and
relativistic aberration, the ratio can be explained by the ob-
served speed of the downstream flow at the torus. However,
it cannot be obtained from the so-called weakly magnetized
pulsar wind with # & 0:003, as suggested by Kennel &
Coroniti (1984).
Finally, we found that an optical filament comprised of

supernova ejecta surrounding the pulsar wind nebula is ab-
sorbing the soft X-ray emission from a small portion of the
X-ray nebula.
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PLATE 8 

Fig. 4.—Reconstruction of totally polarized light. Hour-glass structure evident along with well-known arch structure to left. Scalloping at the edges of the 
Synchrotron Nebula is evident. If the nebula was not contained, one would expect the areas between the concave “ scallopings ” to be open-ended. However, it is 
obvious that the emission is bounded, reinforcing the idea that the nebula is contained. 

Michel, Scowen, Dufour, & Hester {see 368, 464) 
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PLATE 10 

Fig. 10.—Overlay of [O m] filaments contours onto the totally polarized light image of the Crab nebula 

Michel, Scowen, Dufour, & Hester (see 368, 466) 
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Michel, F.~C., Scowen, P.~A., Dufour, R.~J., et al.¥ 1991, ¥apj, 368, 463.

Optical observation でも同様



19
95

AJ
 

 1
09

.2
63

5L
 

PLATE 82 

Fig. 1. Views of the [0 m] spatial model of the Crab Nebula. Color coding represents radial velocity, ranging from —1500 km s-1 (deep blue) to +1400 
km s"1 (deep red), (a) displays the model as seen from the Earth. North is up, east is to the left, (b) presents the model from a vantage point 180° from that 
of (a), showing the back of the nebula, (c) views the model from a line of sight 60° east from a line of sight to the Earth, and 30° south of the E-W plane, 
(d) illustrates a line of sight 120° west of a line of sight to the Earth, and 30° south of the E-W plane. 

Lawrence et al (see page 2640) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 2885 

Three-Dimensional Fabry-Perot Imaging Spectroscopy of the Crab Nebula, Cassiopeia A, and Nova 
GK Persei
https://ui.adsabs.harvard.edu/abs/1995AJ....109.2635L/abstract
¥bibitem[Lawrence et al.(1995)]{1995AJ....109.2635L} Lawrence, S.~S., MacAlpine, G.~M., Uomoto, 
A., et al.¥ 1995, ¥aj, 109, 2635. doi:10.1086/117477
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8.9.3 Crab Nebula: filaments

IXPEの偏光度mapにおいて東側の偏光度が小さい部分について filamentの影響がないかの検証
• (位置) Mori et.al. の filament 中心位置 α = 05h34m29s.6, δ = +22◦00′30′′.4の位置とはほぼ一致Hester et. al. (1996)で可視光画像での filamentの広がりを考慮すると場所的に一致しているといえる。
• (分量) filamentによる吸収量はNH ∼ 7 × 1020cm−2. 厚み (奥行き)5′′から∼ 1.5 ×
1017cm(Blair et al. 1997)を用いると密度は nfil ∼ 5× 103cm−3程度となる。

• (相対位置)問題のフィラメントは手前にある (Mori et al. 2004)。さらに調査が必要。
• (Thomson depth) まずは、単純にトムソン散乱については nℓσT ∼ 4.7 × 10−4 を得る。
モデルで考えると、ダイレクトに来る I0, Q0, U0 に対して、filamentの位置は 吸収を受けた κI0 に散乱光 I ′, Q′, U ′を加えて偏光度を調べると良いだろう。
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8.5. 観測を理解するモデル作り 関連図書
8.5.4 Crab Nebula: for the IXPE results

IXPEの偏光度mapにおいて自転軸に非対称になる原因について考える。
8.5.4.1 西側の偏光度が小さい部分
西側の偏光度が小さい部分について filamentの影響がないかの検討
• West Bay in X-ray は比較的綺麗に見えて位置もクリア：位置 r = 50′′, 方位 E0◦。図 8.5.2)

• この部分は Mori et al.において photon index に異常が現れる領域に該当する。
filamentsによるX線の吸収と解釈されている。図 8.5.2)

• (位置) Mori et.al. の filament 中心位置 α = 05h34m29s.6, δ = +22◦00′30′′.4の位置とはほぼ一致Hester et. al. (1996)で可視光画像での filamentの広がりを考慮すると場所的に一致しているといえる。図 8.5.3参照。
これは、以前のMichel et al. 1991 の結果と同じである。図 8.5.4)

• (相対位置) 問題のフィラメントは手前にある (Mori et al. 2004, Lawrence 1995)。
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Figure 3. Same as Fig. 2, but with a CSM that has constant density. One
difference is that the model has been shifted by −40 d due to the fact that
the constant-density CSM model takes a longer time for the light curve to
rise to peak, and would likely be discovered later, relative to the R−2 CSM
model in Fig. 2.

SN 1054 was only at its peak luminosity for a relatively short time
of 23 d, whereas the longer plateau that arises from constant density
would seem to match some of the SN IIn-P light curves a bit bet-
ter. The distinction between these two is subtle, and proper radiative
transfer may provide better constraints on the emergent temperature
and bolometric correction (these plots are just the total bolometric
radiated luminosity). The true density distribution may be between
the two cases illustrated here, and it may of course be non-spherical,
but the order of magnitude in the CSM density and mass must be
roughly correct.

Although the model used here is quite simplified, it adequately
demonstrates that a relatively low energy 1050 erg explosion that
would be expected from an ecSN can produce both the high peak
luminosity and low late-time luminosity of SNe IIn-P and SN 1054.
It also securely demonstrates that CSM interaction allows the light
curve to be reconciled with the present-day observed properties of
the Crab filaments. Since the forward shock has been decelerated
by the dense CSM, no additional mass or SN energy needs to be
hidden outside the observed Crab filaments in this model.

3.4 A sequence of events for the Crab

How did the complex structure of the Crab nebula we see today –
including its spectacularly complex web of dense filaments – arise
as a result of the CSM-interaction model described above? Fig. 4
illustrates a possible sequence of events that would lead to the basic
structures seen in the scenario where SN 1054 was a Type IIn-P
explosion.

In this model, the progenitor star must have been a relatively low
mass (8–10 M⊙) super-AGB star surrounded by a dense shell of

a) SN progenitor

b) SN 1054 - visible in daylight

c) SN 1054 - reaching end of plateau

d) SNR:  Aftermath of PWN

PWN sweeps into CDS for 1000 yr, R-T instab.

from heads 
  of R-T

crab’s thin shell is
remnant 

of CDS

“He-rich
eq. torus”

E/W 
Dark 
Bays

swept up
CDS

pinched 
waist 
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eq. torus

swept up CDS

from 
CSM
inter.

equatorial
density
enhancement

CSM:
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super-AGB

equatorial
density
enhancement

jet

Figure 4. Sketch of a possible sequence of events. See the text in Sec-
tion 3.4.

CSM within about 1–2 × 1015 cm of the central star (Fig. 4a). To
account for some specific structures seen in the Crab (see below),
this initial configuration includes a density enhancement near the
equatorial plane of the progenitor star, with this ‘disc’ seen roughly
edge-on and with an east/west orientation. This disc is not needed
to explain the light curve.
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Figure 4: Polarised Structure of the Crab nebula. Left panel: Total intensity map of the Crab 
PWN+PSR complex in the [2-8] keV energy band, overlaid with the reconstructed polarisation 
direction (magnetic field). Right panel: map of the polarised fraction (PD/100) cut above 5σ 
confidence level. The gray dashed line is the nebular axis inferred from X-ray intensity maps 
(30). Overlayed are the Sky directions for ease of reference. 
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3D MHD simulations of the Crab nebula 291

Figure 10. Field lines in the high-resolution run B3Dhr at t = 50 yr. The
lines are coloured according to their orientation, sections with dominating
azimuthal component being blue and those with dominating poloidal com-
ponent red. In order to trace both the inner and the outer structure, the seed
points of the field line integration are randomly placed on two spheres with
radii of 4 × 1017 cm and 1.2 × 1018 cm. The surface of the termination
shock is also shown, using the magenta contour.

flow, the non-axisymmetric effects such as the kink instability and
3D turbulence tend to randomize the magnetic field. Thus, the ques-
tion is how quickly these processes destroy the ordered field in our
simulations and whether their results agree with the observations in
this respect.

Fig. 10 illustrates the typical complex magnetic field structure in
the 3D simulated PWN. It is evident that with the loss of axisymme-
try, the highly ordered structure of the magnetic field in the pulsar

wind does not survive in the nebula where the field becomes fairly
random. However, we can still identify regions of predominant field
direction. For this purpose, we introduce the anisotropy parameter

ᾱ = ⟨B2
p/B2⟩φ, (51)

where the average is taken over the azimuthal direction. This quan-
tity for the simulation run B3D shown in Fig. 11. One can see that
the azimuthal component still dominates near the termination shock
and that regions of predominantly poloidal field arise close to the
jet and in the equatorial region next to the nebula boundary, where
its magnitude is rather weak (see the right-hand panel of Fig. 11).

The magnetic field magnitude varies substantially throughout the
simulated nebulae. The strongest field is found just outside of the
termination shock, where it is roughly 10 times stronger compared
to the mean field in the rest of the nebula volume (see the right-
hand panel of Fig. 11). Comparing the left- and right-hand panels
of Fig. 11, we find that regions of strong field are dominated by
the azimuthal component (with a Pearson correlation coefficient
between the anisotropy α and |B| of −0.17). This explains why the
observed degree of polarization of the Crab nebula is so high near
its centre and why the polarization vectors suggest azimuthal field.

3.7 Jet morphology

Perhaps the most interesting region in our simulations is the polar
flow that is produced due to the hoop stress of the azimuthal field via
the so-called toothpaste effect. This polar flow is strikingly different
in 2D and 3D models.

The formation region of the polar flow in the 2D simulation run
B2Dvhr is illustrated in Fig. 12. To better identify flow structure
we show a close-up image of the size of the termination shock and

Figure 11. Anisotropy of the magnetic field and its strength in the simulation run B3D. The left-hand panel shows the parameter ᾱ = ⟨B2
p/B2⟩φ at the time

t ≃ 70 yr. The right-hand panel shows the angular averaged field strength, log⟨|B/1 Gauss|⟩φ , at the same time. The supernova shell and pulsar wind regions
are not represented in the plots. The increase of the magnetic field strength near the outer radius of the PWN is probably an artefact.
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p/B2⟩φ at the time

t ≃ 70 yr. The right-hand panel shows the angular averaged field strength, log⟨|B/1 Gauss|⟩φ , at the same time. The supernova shell and pulsar wind regions
are not represented in the plots. The increase of the magnetic field strength near the outer radius of the PWN is probably an artefact.

 at Y
am

agata U
niversity on February 10, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

map

poloidal fields  in the torus

toroidal dominant  in the mid-latitudes

Porth, O., Komissarov,S.~S., ¥& Keppens, R.¥ 2014, ¥mnras, 438, 278



折れ曲がった磁⼒線

H
J

F H

my image of Crab Nebula

D

T T



モデルの幾何要素

Disc flow
jets
middle latitude flow

＋補正
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Bays(Post SN torus)

あるいは
先⼊観なしで
volume emissivity のモデルを
構築？



密度分布、速度場

磁場分布= 揃った磁場成分/乱流成分
ç偏光度
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エネルギー保存 (乱流成分⼊り)
magnetic flux 保存+ dissipation

もっともらしい仮定

empirical model の筋書き

ç連続の式
ç磁場のguess

ß IC 

8.6. 観測を理解するモデル作り 関連図書
ここで、σ = e2ne/mν(turb)は抵抗率。note: 電子陽電子プラズマは質量比が 1なのでホールタームは消える。エネルギー保存則は電子・陽電子の 2本あるが同等なので独立なしきは一つのみで、全体としてのエネルギー保存法則が使える：
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)
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が成り立つ。

536 neb.10

δfで係数をestimate 

あとは観測データのみで決定



平均流に対する流線
＋
δV (乱流がある)
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まとめ

n Crab Nebula の理論的モデルは⾊々試された(先⾏研究多
数)。しかし、謎も多くすっきりしない。理論の想像⼒
を超えた何かがあるかもしれない。

n観測が蓄積され、特にシンクロトロン放射の偏光マッ
プが得られるようになったところで、観測量だけで
Crab Nebula Model を作れないか考えた。

n軸対象性(ただし、⾮軸対象成分の補正を加える)を仮定
し、最低限満たすべき保存則を課すことで、観測量か
ら nebula flow の密度、速度、磁場(平均磁場と乱流磁場
を分離した磁場) の分布を決定できることを⽰す。

n参加者募集。



パルサー磁気圏の粒⼦加速効率の問題

ngj = Ω Bd /2 πce

⾼速に⾃転する(Ω)強く磁化した(Bd) 中性⼦星

Lsd〜 μ2 Ω4 /c3

Vemf〜 μΩ 2 /c 2
のfraction

μ=Bd R* 3 /2  

1 M
multiplicity

MHDGap
E// = 0E// = 0

e+ e- pair creation
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Goldreich-Julian density



パルサーによる粒⼦加速には⼆つの顔がある

https://chandra.harvard.edu/press/23_releases/crabx_864.jpg

• 電磁誘導でプラズマを振
り回してè遠⼼⼒加速

• 起電⼒を使ってè沿磁
⼒線電場E// 加速

回転駆動型パルサーは⾼速⾃
転する磁⽯で、電波からガン
マまで広域で光っている。

加速には⼆つの顔がある

プラズマ密度が低い場合プラズマ密度が⾼い場合

全領域で電磁流体⼒学
が使える状態と仮定

ngj = Ω B /2 πce
Goldreich-Julian density

磁気圏放射(パルス成分)

パルサー星雲(定常,変動)

定電圧放電



117 gamma-ray pulsars! Guillemot  IAU Symp 2012 Beijing

41 young radio- and X-ray-selected (green circles, cyan crosses)
36 young gamma selected (white squares)36 young gamma-selected (white squares)
40 radio-selected MSPs (red diamonds)



The Astrophysical Journal Supplement Series, 208:17 (59pp), 2013 October Abdo et al.

Figure 9. Gamma-ray luminosity Lγ = 4πfΩd2G100 in the 0.1 to 100 GeV energy band vs. spindown power Ė. The vertical error bars from the statistical uncertainty
on the energy flux G100 are colored in the online journal. The vertical error bars due to the distance uncertainties are black, and generally larger. Doppler corrections
(Section 4.3) have been applied to MSPs with known proper motions, leading to visible horizontal error bars in some cases. The upper diagonal line indicates 100%
conversion of spindown power into gamma-ray flux: for pulsars above this line, the distance d may be smaller, and/or the assumed beam correction fΩ ≡ 1 is wrong.
The lower diagonal line indicates the heuristic luminosity Lh

γ =
√

1033Ė erg s−1, to guide the eye. The upper of the two Crab points, at far right, includes the X-ray
energy flux (see Section 9.1). The markers are the same as in Figure 1.
(A color version of this figure is available in the online journal.)

Figure 10. Gamma-ray efficiency η = Lγ /Ė vs. spindown power Ė. The error bars are as in Figure 9. The markers and the side histogram use the same color coding
as in Figure 1.
(A color version of this figure is available in the online journal.)
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G.6 Review in 2015

G.7 Lx − Lrot correlation

磁気圏の粒子加速機構の理解の観点から、ガンマ線や X線への変換効率 (ηγ = Lγ/Lrot, ηx = Lx/Lrot)

は重要な量である。そこで、Lγ − Lrot 相関、Lx − Lrot 相関がしばしば考察される。結果はおよそ以下の
ようである。ここで y = logLx、a = logLrot としている：

y = 1.39a− 16.8 (Seward & Wang 1988[3] (G.31)

y = a− 3 (Becker & Truempter 1997)[4] (G.32)

(Lx = Lrot/1000) (G.33)

Lγ/Lrot ∝ L1/2
rot は定電圧放電でなんとなく ok(Takata)。

Lx − Lrot 相関はきれいに出ない。PWN(size < 0.1pc/10kpc = 2′′) が分離できるようになってもなお混
沌としている。距離の不定性のみでは説明できないレベル。

• inclination

• individuality in some other magnetospheric parameter (structure?)

• viewing angle

• cooling radiation from NS (polar cap heating belongs to magnetospheric activity)

• mixed population (magnetar(AXP,SGR), CCO, XINS, RRAT)

G.7.1 Population and Magnetic filed of NS

G.7.1.1 magnetar

G.7.1.2 CCO

G.7.1.3 XINS

G.7.1.4 RRAT

G.7.1.5 Magnetic field formation and evolution

G.7.2 Joint Analysis on Lx − Lrot and P − Ṗ spaces

Lx − Lrot相関を単に回帰直線を見るのでなくてもう少しきめ細かに統計処理する。隠れた相関を見つけ
る。population の混入を検定：PSRの中に crustal fieldが強いmagnetar-likeなものが混じっていないか。
それがダイポール磁場や年齢と相関しないか。磁場の進化が見えないか。Lx − Lrot 空間に P − Ṗ 空間を
加えて、たとえば、Lx − Lrot −Bd 空間で解析する。

The Second Fermi Large Area Telescope Catalog of Gamma-ray Pulsars (The Fermi-LAT 
collaboration 2013) apjs, 208,2 
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Seward & Wang, 1988, apj, 332, 199

粒⼦加速機構の理解のために、X線、ガン
マ線への変換効率がひとつのポイント。

G.8. Lx − Lrot correlation 345

G.8 Lx − Lrot correlation

磁気圏の粒子加速機構の理解の観点から、ガンマ線や X線への変換効率 (ηγ = Lγ/Lrot, ηx = Lx/Lrot)

は重要な量であるので、Lγ − Lrot 相関、Lx − Lrot 相関がしらべられた。

Lγ ∝ L1/2
rot 2nd Fermi cata. (G.34)

y = 1.39a− 16.8 (Seward & Wang 1988[3] (G.35)

y = a− 3 (Becker & Truempter 1997)[4] (G.36)

(Lx = Lrot/1000) (G.37)

y = 1.34a− 15.3 Possenti et al. 2002 [8] (G.38)

ここで y = logLx、a = logLrot としている：
Lγは定電圧放電でok(see Takata)。一方、Lx−Lrot相関はきれいに出ない。PWN(app. size>∼ 0.1pc/10kpc =

2′′) が分離できるようになってもなお混沌としている。距離の不定性のみでは説明できないレベルの広がり
がある。考えられる原因；

• inclination

• individuality in some other magnetospheric parameter (structure?)

• viewing angle

• cooling radiation from NS (except for the polar cap heating which belongs to magnetospheric

activity)

• mixed population (magnetar(AXP,SGR), CCO, XINS, RRAT)

理論モデルでは Lx − Lrot 相関をどう予測するのかを挙げて、現状と比較すべき。
2–10keV にすると熱的放射成分を除けるので磁気圏 X線の相関の探査には有利である。一方、低いエネ

ルギーも加えることでmaggyの探査にも感度が出てくる。

G.8.1 Population and Magnetic filed of NS

たくさんの種族が見つかって来た。種族間をつなぐ天体が混入しているかもしれない。例えば、強磁場電
波パルサーとマグネターは連続的な種族かもしれない。

G.8.1.1 magnetar

RPPとmagnetarの境界線上のパルサー PSR J1846−0258 は magnetar like バーストの前後で breaking

index が n = 2.19 → 2.65の変化があった。パルス波形の変動は全くなかった。

ここで、
Lrot = I Ω Ω
は回転による光度
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⼆次粒⼦から



• 隠されていた相関 log Lx = c log Lrot + d が掘り起こせた。
• scatter の確率分布が求まった。

ηxpsr=Lx/Lrot= 10^-3.7

S. Shibata, E. Watanabe, Y. Yatsu, T. Enoto and A. Bamba
X-ray and Rotational Luminosity Correlation and Magnetic Heating of the Radio Pulsars
2016, Astrophy. J., 833, 59 
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パルサーによる粒⼦加速には⼆つの顔がある
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• 電磁誘導でプラズマを振
り回してè遠⼼⼒加速

• 起電⼒を使ってè沿磁
⼒線電場E// 加速

回転駆動型パルサーは⾼速⾃
転する磁⽯で、電波からガン
マまで広域で光っている。

加速には⼆つの顔がある

プラズマ密度が低い場合プラズマ密度が⾼い場合

全領域で電磁流体⼒学
が使える状態と仮定

ngj = Ω B /2 πce
Goldreich-Julian density

磁気圏放射(パルス成分)

パルサー星雲(定常,変動)

定電圧放電

こちらに挑戦



遠⼼⼒加速というアイデア
〜とても期待されたアイデア〜

⾼速に回転する磁⽯ 周りのプラズマは
電磁誘導で共回転

遠⼼⼒で吹き⾶ぶ

AGN 
Kerr BH or 降着円盤

中性⼦星合体

回転駆動型パルサー

候補となる現象



遠⼼⼒加速問題

パルサー発⾒後、⾮常に熱⼼に研究された。(e.g. 
Michel 1969; Goldreich and Julian 1970; Li and Melrose 
1994; Begalman and Li 1994; Takahashi and Shibata 
1998,… AGN jet のコンテンツでも注⽬された)
磁場構造(GS eq.)と流れを⼀緒に解くのはとても難し
い
• 磁⼒線に沿った流れを解くとè遠⼼⼒加速は起こ
らない (Poynting energy dominant wind になる)
• jet のcollimationがあれば、加速が起こる
相対論的jetはcollimateしない
• Crab Nebulaの KCモデルでは加速している： kinetic 

energy dominant wind を主張： σ問題



8 S.S.Komissarov

Figure 3. Inner part of the solution at t = 55. Top left panel: The contours show the magnetic flux function, Ψ, and the colour image
shows Hφ; Top right panel: The contours show the magnetic flux function, Ψ, the arrows show the flow velocity, and the colour image
shows the magnitude of the poloidal electric current density multiplied by r2; Bottom left panel: The contours show the magnetic flux
function, the arrows show the flow velocity, and the colour image shows the log10(wW 2/B2); Bottom right panel: The contours show
the magnetic flux function, the arrows show the flow velocity, and the colour image shows B2.

the effects of reducing rs in Section 5.) The dependence of
b(1) on the azimuthal angle was introduce in order to reduce
the possible adverse effect on the current sheet should it be
formed inside the light cylinder. The actual value of b(0) is
to be found by the method of trial and error. Finally, we use
the following targets for the pressure and density

ps = a(2)ρsc
2, ρsc

2 = a(1)B
2, (38)

where a(1) = 0.01 and a(2) = 0.001.
In these simulations, the computational grid covered the

axisymmetric domain (r, θ) = [0.1, 50]× [0, π] and hence the
star radius was set to r∗ = 0.1. In order to speed up the
calculation we started with a relatively low resolution grid,
124 × 61, and then increased the resolution twice after the
solution seemed to have reached a steady-state on the scale
of several ϖlc. Hence the final grid had 496 × 244 cells.

磁⼒線と速度場、
流体のエネルギー/電磁場のエネルギーの図

Komisarov 2006
遠⼼⼒加速が起こる場所がある。
E>B の扱いが問題 (sRMHD
simulationで結果が出ない)

磁場が弱くなる Y-point , equatorial 
current sheet 近傍では遠⼼⼒加速が
起こるようだ。
この領域は数値計算上いろいろ問
題を起こす場所ではっきりしない。
加速の効率も決まらない。
è RMHDのアプローチは放置状態

open field line の流れでは遠⼼⼒加速は起
こらないのは正しい

RMHD simulation でもわからない

では、Particle simulationでは (PIC simulation)



PICで磁気圏全体をsimulation ?
Wada, T. & Shibata, S. 2007, mnras, 376, 1460. doi:10.1111/j.1365-2966.2007.11440.x

その後、⾬後の筍のように盛んになった。

Wada and Shibata, 2007)
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the numerical experiments do not reconstruct concrete
observed pulsars. The achieved separation of scales and the
multiplicity of e± creation are still below those in real objects.
In addition, photon free paths were drawn from a simple
prescribed distribution. More detailed calculations of photon
−photon collisions will require expensive simulations of
radiative transfer (and vastly vary between different pulsars).

Our main results may be summarized as follows.
The energy release and e± creation are strongly concentrated

in the thin, Y-shaped current sheet, with a peak in a small
volume at the Y-point. This is a remarkable feature, especially
taking into account that the mean free path of gamma rays near
the light cylinder is comparable to RLC in our simulation. This
self-organized concentration of e± creation is achieved by the
system via developing an enormous rotation rate at the Y-point,
which results in nearly perfect beaming of gamma-ray emission
along the azimuthal direction. The plasma develops super-
rotation by absorbing the angular momentum flux flowing from
the star along the poloidal magnetic lines.
The simulation shows that the radius of the Y-point circle RY

is shifted inward from the light cylinder by about 15% and
“breathes” with a small amplitude around this average position.
This implies a mildly relativistic corotation speed at the
Y-point, vco≈ 0.85c. The actual ultrarelativistic rotation of the
plasma far exceeds corotation with the star. Therefore, we call
it superrotation.
We have studied in detail the Y-shaped current sheet. The

separatrix current at r< RY is mainly supported by the electron
backflow from the dense Y-point cloud (with smaller fractions
supplied by e± discharge in the separatrix itself and by ion
extraction from the star). The thickness of the separatrix current
sheet Δsh is self-regulated to marginal charge starvation and
therefore related to the plasma density at the Y-point. The
system achieves a small Δsh by sustaining a high density at RY
via the concentrated pair creation. The accumulated pair
density at the Y-point is limited by the confinement condition,
as plasma excess is intermittently ejected into the equatorial
outflow through the elastic magnetic nozzle at RY. It will be
interesting to investigate in future simulations whether a higher
multiplicity of e± creation near the star could significantly
change the processes at the light cylinder. Simulations by

Figure 13. Plasmoids formed by magnetic reconnection in the equatorial outflow. The snapshot was taken at t = 213.2 Rå/c, at the end of the simulation. Top:
electron density ne. Bottom: contours of the normalized magnetic flux function f fmax.

Figure 14. Vertical speed of the plasma flow toward the equatorial current
sheet. It approximately represents the reconnection speed, which is originally
defined as the drift speed ¢vD in the wind rest frame ¢K (where the horizontal
drift vanishes). Here, the hydrodynamic speed of electrons was used as a proxy
of the plasma flow. It was measured at z = ±0.15Rå, as a function of x. The
values are averaged over the last revolution, 176 < ct/Rå < 213.
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The Astrophysical Journal, 939:42 (13pp), 2022 November 1 Hu & Beloborodov

damping is applied where m> B R0.1 3. Effectively, in this
region, particles are constrained to move along the rotating
magnetic field line, like beads on a wire. This prevents artificial
magnetic bottles and allows the particles to sink along the field
lines toward the star.

We have also implemented e± annihilation, which helps
control the number of simulated particles. The minimum
particle flux in the equatorial current sheet is I0/e, which would
correspond to the positron outflow = ´ N c R2.26 100

6 in
our simulation. The actual outflow is greater by the multiplicity
factor   1. We use annihilation at large distances
r> 3RLC, where the spatial cells Δr∝ r become overpopulated
by the dense e± outflow.

3. Structure of the Magnetosphere

The magnetosphere does not find a true steady state and
continues to “breathe,” ejecting chunks of plasma (“plas-
moids”) along the equatorial plane. However, many of its
important features can be studied using time-averaged
quantities. The time averaging smears out the plasmoids
moving in the equatorial current sheet (which will be discussed
separately in Section 5). However, it still gives a sufficiently
crispy image of the magnetosphere and provides a clear picture
of dissipation, gamma-ray emission, and e± creation. In this
section, we present the magnetospheric structure averaged over
two rotation periods during the quasi-steady state observed
toward the end of the simulation, between t= 136Rå/c and
213Rå/c.

Figure 1 shows the time-averaged electric current (poloidal
component Jpol), charge density ρ, and toroidal magnetic field
Bf. One can see the three basic components predicted by the
FFE model: the closed zone with Jpol= 0 and Bf= 0, the
negative current from the polar caps (which sustains Bf≠ 0 in
the open field line bundle), and the Y-shaped current sheet with
Jr> 0 (the return current). The Y-point is located at radius
RY< RLC.

The observed configuration also displays the charge
density ρ predicted by the FFE model. In particular, the
separatrix bounding the closed zone is negatively charged

(Lyubarsky 1990), and the equatorial current sheet outside
the Y-point is positively charged. In addition, the kinetic
simulation shows that the charged layer along the separatrix
at r< RY is actually a double layer, resembling a charged
capacitor, with a positive surface charge residing just inward
of the negatively charged current sheet.
Figure 2 shows the densities and electric currents carried by

the three particle species: electrons, positrons, and ions. We
observe that the polar-cap current is charge separated, i.e., it is
carried by one species—the electrons extracted from the star.
There is practically no e± creation in the polar region. The
electrons flow out along the magnetic field lines with modest
energies and carry a negligible fraction of the pulsar spin-down
power. The charge density of the polar outflow is close to the
corotation density ρco≈−Ω ·B/2πc.
Note that ρco changes sign along the “null surface” where

Ω ·B= 0.6 At this surface, the charge-separated outflow was
expected to form an “outer gap” (Cheng et al. 1986). We find in
our simulation that this region is marginally capable of
accelerating electrons and positrons to Lorentz factors∼ γthr.
Furthermore, the current flowing through this region is small,
and therefore the null line does not cause strong dissipation or
gamma-ray emission. A further increase in resolution and
voltage (a higher γ0/γthr) would activate the discharge around
the null surface, somewhat helping the “return” (positive)
current to flow through the region (Bransgrove et al. 2022).
The positive return current flowing through the magneto-

sphere of the aligned rotator is dominated by the thin, Y-shaped
current sheet. Hence, to the first approximation, the sheet
carries the current

» ( )I I , 15sh 0

where I0 is given in Equation (3). At r< RY, this current sheet
has α< 0 (Equation (6)), which prohibits sustaining Ish by a
charge-separated ion flow extracted from the star. Instead, the
system employs copious e± creation to sustain Ish. We have

Figure 1. Time-averaged poloidal current density Jpol, total charge density ρ, and toroidal magnetic field Bf. Green curves show the poloidal magnetic field lines
(poloidal cross sections of the axisymmetric magnetic flux surfaces), uniformly spaced in the magnetic flux function. The white dashed vertical line indicates the light
cylinder. The plots have a resolution of 42 times coarser than the native resolution in the simulation.

6 In the dipolar approximation,W qµ - =· ( )B 3 cos 1 02 is satisfied on the
cone θnull ≈ 55°. The actual magnetic field configuration changes from dipolar
at r ∼ RLC, and the null surface is bent.
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PICsimulationは author ごとに条件が異なるためいろいろな現象が起
きて、はっきりしたことが何かわかったという状況ではない。Y-
point 近傍で、プラズモイドの放出が広くみられたがなぜプラズ
モイドが出るか説明できない。

PIC simulation の例

ejection of plasmoids

r> RY. Thus, color visualizes the breathing history of the
Y-point, as well as reconnection at r> RY.

Practically all large plasmoids observed in the simulation
were initially formed at the Y-point and later grew through
spontaneous reconnection at r> RY, accreting more magnetic
flux as they flowed outward. The Y-point ejection approxi-
mately spans light green to light orange, 0.245

f f 0.255max , i.e., the Y-point breaths through ∼1% of the
total magnetic flux of the star fmax or ∼5% of the open
magnetic flux »f f0.2open max. Note also that in the vicinity of

the Y-point the equatorial current sheet occupies a
tiny d ~ -f f10 3

max.
One can also see from Figure 13 that the total magnetic flux

entering the dissipative equatorial current sheet spans the range
 f f0.235 0.255max . Thus, the total flux δf≈ 0.1fopen

penetrates the equatorial current sheet. This sets the total
energy budget for the equatorial dissipation. The energy is
delivered from the star to the dissipation region along the flux
surfaces, and overall ∼6% of the spin-down power Lsd
becomes dissipated. The Poynting flux along flux surfaces
0.245 f 0.255 mainly goes to the Y-point dissipation, and
the Poynting flux along flux surfaces 0.235 f 0.245 is
released through reconnection in the outer equatorial current
sheet. Part of the released energy is carried by the outflowing
plasma and part by the escaping gamma rays.

6. Conclusions

This paper has presented a global relativistic kinetic
simulation of an axisymmetric pulsar magnetosphere with
self-consistent e± pair production. Our PIC simulation used
log-spherical coordinates with a grid size of 4096× 4096
covering the radial domain r< 30Rå, several times larger than
the pulsar light cylinder chosen in the model, RLC= 6Rå. The
simulation has advanced features including a thin, dense
atmospheric layer sustained on the star’s surface, which
provides a sufficient reservoir of particles at the magneto-
spheric footprints. Importantly, the simulation did not impose
any plasma injection into the magnetosphere. Pairs were
created only in response to particle acceleration, through a two-
step process—emission of gamma rays followed by their
conversion to e±, as occurs in real pulsars. The high resolution
allowed us to push the maximum accelerating voltage to a high
value, which corresponds to the electron Lorentz factor
γ0= 104, and to achieve a good separation of important energy
scales γ0: γthr: εph= 104: 102: 10.
Such first-principles numerical experiments aim to uncover

physical mechanisms operating in pulsars, in particular how the
plasma magnetosphere self-organizes through pair creation and
dissipates electromagnetic energy. As a disclaimer, we note that

Figure 11. Time-averaged number density of gamma rays nγ (left), gamma-ray emission rate per unit volume nem (middle), and e± creation rate n per unit volume
(right).

Figure 12. Average f velocity of an emitted photon.
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outer gap も再現

遠⼼⼒加速はプラズマ密度が⾼い場合：プラズマ⽣成過程とも関わり複雑



結局、遠⼼⼒加速は起こるのか？



軸対象定常 ideal MHD
解いてみよう



rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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遠⼼⼒加速とは？
• 電磁誘導で磁気圏プラズマは星と共回転する。

(プラズマ密度が⾼い時は ideal-MHD で良いだろう)

ローレンツ因⼦の発散
磁場を開く



遠⼼⼒⾵を持つ磁気圏の⼤体の構造
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magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

x

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much
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where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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It is sometimes said that the centrifugal acceleration is analogous to a bead thrown

away on the rotating rigid rod. In this analogy, the reality is that the rod is elastic and

that the bending is too large to accelerate a bead.

Let us see how the toroidal field Bϕ is made. According to the Améar’s law, The

toroidal field appears in the poloidal current loop. The poloidal current loop is such that

it starts from the neutron star, goes out along the equatorial region toward infinity, and

turns back to the star in higher latitudes. It is notable that the toroidal field disappears,

Bϕ → 0 on the outer rim of the current loop. Thus, a very vicinity of the Y-point is the

possible place where the nearly strict co-rotation and subsequent catastrophic increase of

inertia takes place.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field
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result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
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where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

x

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
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on their prescription.

In the following, we study the centrifugal acceleration which takes
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Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
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where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
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p
4𝜋𝑚𝑐2

𝑅Y
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𝐵Y
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M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be
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p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-
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might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic

© 2024 The Authors

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be
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Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z

|I |

z

|I |

x

b xA acc
ele
rat
ion

a
Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At

MNRAS 000, 1–9 (2024)

poloidal current function

I=⼀定の線がpoloidal current の流線になる

Note:

cold 近似

(代数⽅程式)

(GS⽅程式)



相対論的電磁流体⼒学(flat space)

7.7. 軸対称定常の場合
v(r)に対する方程式:

d ln v

dr
=

2

r

V 2
s −GM/2r

v2 − V 2
s

(7.6.5)

sonic pointあるいは、ベルヌーイ関数
H(r, v) =

1

2
v2 +

Γ

Γ− 1

p0
ρ0

(
r2

r20

v

v0

)1−Γ

− GM

r
(7.6.6)

から解が求められる。

7.7 軸対称定常の場合
軸対称定常の場合は、磁力線に沿って積分できるので磁場に沿った流れは代数方程式系 (aligned equation) で記述できる、一方、ポロイダルな磁場の形状を決める方程式は楕円双極混合型の偏微分方程式 (Grad-Shafranov equation; Trans-field equation) になる。

Aligned equation と trans-field equation を連立して解くことになる。しかし現在までのところ、この問題は解かれていない。今後大いに議論して戴きたい。特にこの問題はパルサー風に限ることなく、AGN jet を含む広範な研究領域である。

7.7.1 特殊相対論での基礎方程式
とりあえずpulsar windを扱うので時空のゆがみはかんがえないことにしよう。flat space

time粒子数保存 : Nα
,α = 0

∂n

∂t
+∇ · (nv) = 0 (7.7.1)

運動方程式 : T αβ
gas,β = F αβjβ/c あるいは、T αβ

,β = 0

n

(
1

c

∂

∂t
+ β ·∇

)
(µγβ) = −∇p+ qE +

1

c
j ×B (7.7.2)

µはエンタルピー:

µ = mc2(1 +
Γ

Γ− 1

p

mc2n′ ) (7.7.3)

Γ = (d ln p/d lnn′) は相対論的気体では 4/3

ideal-MHD :

E + β ×B = 0 (7.7.4)
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7.7. 軸対称定常の場合
断熱の式 : D(pn′−Γ) = 0

(
1

c

∂

∂t
+ β ·∇

)
(pn′−Γ) = 0 (7.7.5)

n′ = n/γ は proper density。
Maxwell eqs.

1

c

∂E

∂t
= ∇×B − 4π

c
j (7.7.6)

∇ ·E = 4πρe (7.7.7)

∇ ·B = 0, (7.7.8)

∇×E +
1

c

∂B

∂t
= 0 (7.7.9)

7.7.2 Aligned and Trans-field Equations

磁場と電流の表式 軸対称性があるのでポロイダル磁場は stream funciton ψ で表せる
Bp = −et

ϖ
×∇ψ = − 1

ϖ

∂ψ

∂z
eϖ +

1

ϖ

∂ψ

∂ϖ
ez (7.7.10)

電流の表式:

jp = − c

4πϖ
et ×∇I (7.7.11)

ここで、I = ϖBϕ、
jϕ = − c

4πϖ

(
∂2

∂z2
+

∂2

∂ϖ2
− 1

ϖ

∂

∂ϖ

)
ψ (7.7.12)

= − c

4πϖ

(
▽2ψ − 2Bz

)
(7.7.13)

note: ▽2 = (∂2/∂z2) + (1/ϖ)(∂/∂ϖ) + (∂2/∂ϖ2) , and Bz = (1/ϖ)(∂ψ/∂ϖ).ポロイダルな電流線は流れ関数 ϖBϕで表されている。理想MHD条件 電場はスカラーポテンシャル φ で表せて、
E = −∇φ (7.7.14)

は純粋にポロイダルである。
Ideal-mhd condition は

E = −v

c
×B (7.7.15)

で、その toroidal componentから
cβp = vp = κBp (7.7.16)
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1.6. 電磁流体 MHD の運動方程式 (２流体近似と１流体近似)

δ
∂

∂t

(
ρ
j

en

)
+ δ∇

[
1

(1 + αδ)(1− α)

{
−αρvv + ρ

(
j

en
v + v

j

en

)
− (1− δ + αδ)ρ

j

en

j

en

}]

= en

[
{1− α(1− δ)}E +

1

c
v ×B − 1− δ

enc
j ×B

1

en
∇(pe − δpp) + αδ

mp

e
∇GM

R
− 1

σ
(j − ρev)

]
(1.6.12)

２成分間の衝突によって生じる運動量の交換（摩擦力）については
F ep = mnp(vp − ve)νep = −F pe (1.6.13)

と考える。νep は衝突頻度 = （運動量の差を緩和する時間）−1 の意味を持つ。電気伝導度 σ = e2ne/meνep を定義することができる。ここで、
α =

ρemp

eρ
neutrarity parameter (1.6.14)

δ = me/mp mass ratio (1.6.15)

を導入し、この二つのパラメータが小さいときは近似できて、第一式が
∂ρv

∂t
+∇ · (ρvv) = ρ

∂v

∂t
+ ρ(v ·∇)v = ρeE +

1

c
j × B −∇p+ ρ∇Φ (1.6.16)

となる。(非相対論) v ≪ cならば静電気力 ρeEは磁気力 j ×B/cにくらべて無視できる。第二式は
E +

1

c
v ×B =

1

σ
(j − ρev) +

1

en

[
1

c
j ×B −∇pe

]
(1.6.17)

一般化オームの法則になる。
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4.19. 対象定常MODELの定式化
以下の６本の式である。

Nκ = g(ψ) = const. 質量保存 (4.19.79)

vp = κBp, κ =
vp
Bp

= 定義 (4.19.80)

mγϖvϕ − I

4πg(ψ)
= ℓ(ψ) = const. 角運動量保存 (4.19.81)

mc2γ − Ω(ψ)I

4πg(ψ)
= ϵ(ψ) = const. エネルギー保存 (4.19.82)

(1− (v2ϕ + v2p)/c
2)−1/2 = γ 定義 (4.19.83)

Ω(ψ)ϖ + κI/ϖ = vϕ iso-rotation (4.19.84)

ここで、vp = vp ·Bp/|Bp|2、I = ϖBϕは current function.未知数は６個：N ,κ,γ,vϕ, vp, Iで解ける。保存量であるパラメータは、g(ψ), ℓ(ψ), ϵ(ψ), Ω(ψ) は与える必要がある。境界条件で４つのうち３つを与えて、最後の一つは定常解である条件 fast critical pointを通るによって決定される。
• gは injection particle flux で

g(ψ) =

(
Nvp
Bp

)

inj

(4.19.85)

で決められる。ここで injection pointでの typical GJ dinsity で密度を規格化して
multiplicity を使うとN = M(ΩBp/2πce)と書いて、

g(ψ) =
Ω(ψ)

2πe

(
Mvp
c

)

inj

(4.19.86)

が後で使いやすい。
• Ω(ψ)は起電力を表すパラメータで、星表面で iso-rotationで評価すると、vϕ = Ω∗ϖ∗,

Bϕ ≪ Bpとすれば
Ω(ψ) ≈ Ω∗ (4.19.87)

になる。ただし、Poynting flux がある限りBϕ ̸= 0なのでわずかなズレがある。また、考えている領域の磁力線が星につながっていて途中にE∥加速領域があればΩ(ψ)はΩ∗とは異なる。しかし、考えている領域の範囲で ideal-MHDが成り立っていれば磁力線に沿った保存量であることには変わりない。
• ϵ(ψ)については、

ϵ∗(ψ) = ϵ(ψ)− Ω(ψ)ℓ(ψ) = mc2γ

(
1− Ωϖ

c

vϕ
c

)
(4.19.88)
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4.19. 対象定常MODELの定式化
principal part は

Ω2ϖ

c3
jϕ − 1

cϖ
jϕ +

4πmγκg

cϖ
jϕ (4.19.69)

=
jϕ
cϖ

(
Ω2ϖ2

c2
− 1 + 4πmc2γκg

)
(4.19.70)

= − jϕ
cϖ

[
1− Ω2ϖ2

c2

(
1 +

4πmc2γκg

Ω2ϖ2

)]
(4.19.71)

になる。ここで慣性項は
4πmc2γκg

Ω2ϖ2
=

up

σ
(4.19.72)

ここで up = γvp/cは 4-ploidal-velocity で
σ ≡ Ω2(ψ)Bpϖ2

4πmc3g(ψ)
(4.19.73)

はいわゆる σ-parameter とほぼ同等な量を使っている。残りの項は
Ω

c

(
−∇(Ωϖ2) ·∇ψ

4πcϖ2

)
+

g

ϖ

(
−∇(mγκ) ·∇ψ

ϖ

)
+ η (4.19.74)

=
1

4πϖ2
∇
(
Ω2ϖ2

c2
+ 4πmγκg

)
·∇ψ

− 1

4πϖ2
∇
(
Ω2ϖ2

c2
∇(lnΩ) + 4πmγκg∇(ln g)

)
·∇ψ + η (4.19.75)

=

∇
[
Ω2ϖ2

c2

(
1 +

up

σ

)]
·∇ψ

4πϖ2
−

(lnΩ)′ +
up

σ
(ln g)′

4π(c/Ω)2
|∇ψ|2 + η (4.19.76)

以上総合して trans-field equationは
−
[
1− Ω2ϖ2

c2

(
1 +

up

σ

)](4πϖ

c
jϕ

)
+∇

[
Ω2ϖ2

c2

(
1 +

up

σ

)]
·∇ψ

−Ω2ϖ2

c2

[
(lnΩ)′ +

up

σ
(ln g)′

]
|∇ψ|2 + 4πϖ2η = 0 (4.19.77)

ここで、
−4πϖ

c
jϕ =

(
∂2

∂z2
+

∂2

∂ϖ2
− 1

ϖ

∂

∂ϖ

)
ψ (4.19.78)

が principal part である。Ω(ψ)と g(ψ)はψのみの関数で、プライムはψに関する微分である。
field-aligned equation 磁場の形状が分かれば field-aligned equations は代数方程式で解ける。
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となる。

(2) = −NκBp × ωet (4.19.53)

= Nκω
(
−et

ϖ
×∇ψ

)
× et (4.19.54)

=
g(ψ)ω

ϖ
∇ψ (4.19.55)

あとは (1)(3)(5)の磁場に垂直な成分を取り出す作業：
(1) = N∇(mc2γ) (4.19.56)

= N∇
[
ϵ(ψ) +

Ω(ψ)

g(ψ)

I

4π

]
(4.19.57)

= N

[
ϵ′ +

(
Ω

g

)′ I

4π

]
∇ψ +

NΩ

g
∇ I

4π
(4.19.58)

(3) = −Nvϕ
ϖ

∇
[
ℓ(ψ) +

1

g(ψ)

I

4π

]
(4.19.59)

= −Nvϕ
ϖ

[
ℓ′(ψ) +

(
1

g(ψ)

)′ I

4π

]
∇ψ − Nvϕ

ϖg
∇ I

4π
(4.19.60)

(5) =
Bϕ

ϖ
∇ I

4π
(4.19.61)

ここで∇(I/4π)の項だけを足してみると
(
NΩ

g
− Nvϕ

ϖg
+

Bϕ

ϖ

)
∇ I

4π
=

N(Ω− vϕ + κBϕ)

ϖg
∇ I

4π
= 0 (4.19.62)

ときえるので、(慣性項の ϵ∗ = ϵ− Ωℓを取り出すように変形して)

(1) + (3) + (5) = N

[
ϵ′ +

(
Ω

g

)′ I

4π
− vϕ
ϖ
ℓ′ − vϕ

ϖ

(
1

g

)′ I

4π

]
∇ψ

= N

[
ϵ∗′ +

Ωϖ − vϕ
ϖ

ℓ′ +

(
ℓ+

I

4πg

)
Ω′ +

Ωϖ − vϕ
ϖ

(
1

g

)′ I

4π

]
∇ψ

=

[
− gI

ϖ2
ℓ′ +Nϵ∗′ +N

(
ℓ+

I

4πg

)
Ω′ +

gI2

4πϖ2

(
1

g

)′ ]
∇ψ (4.19.63)

≡ η∇ψ (4.19.64)

trans-field forces を集計すると
(4)よりρeΩ(ψ)

c
=

Ω

c

[
Ωϖ

c2
jϕ − ∇(Ωϖ2) ·∇ψ

4πcϖ2

]
(4.19.65)

(6)より = − jϕ
cϖ

(4.19.66)

(2)よりg(ψ)

ϖ
ω =

4πmγκ

c
jϕ − ∇(mγκ) ·∇ψ

ϖ
(4.19.67)

(1) + (3) + (5)より = η (4.19.68)
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FIG. 1.ÈNumerical checks of our integration routine. In (a) we run a simulation with 80 ] 80 points with AA@ \ 0 inside the light cylinder. We plot the
Ñux surfaces ( \ 0.15, 0.4, 1.0, 1.4, 1.59 (heavy line), and respectively (we remind the reader that ( \ 0 along the axis). The solution compares well1.7(pc,with Michel (1991), Fig. 4.9. In (b) we run a simulation with 30 ] 30 points inside the light cylinder and another 30 ] 30 points outside for a rotating (split)
monopole at the origin. The Ñux and current distributions, and , respectively, are obtained with high(

m
\ (open (1 [ cos h) A

m
\ [RLC~1 ((2 [ (/(open)precision. We plot the Ñux surfaces ( \ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 (heavy line). In (c) we run a comparison with Michel (1991),times(openFig. 4.12, to show that, although the monopole current distribution comes close to a smooth solution, it is not the Ðnal answer (a numerical problem in that

solution is discussed in the text). In that simulation, we used the values of ((x \ 1~, z) obtained from the interior solution as boundary values ((x \ 1`, z) in
the exterior solution. Here, and We plot the Ñux surfaces ( \ 0.05, 0.2, 0.5, 0.9, 1.0, 1.1, and 1.5 timesA \ [((2 [ (/(open), (open \ 1.742(pc . (open.

pole (Michel 1973a), and the solution in Michel (1982). As
we said, we generate the distributions ( \ ((x, z) that
solve equation (5) inside and outside the light cylinder, and
then correct the electric current distribution to one that will
(hopefully) lower the di†erences ((x \ 1`, z) [ ((x \ 1~,
z) along the light cylinder. The reader can get an idea of the
discontinuities that the electric current distribution correc-
tion iteration goes through in Figure 2. The solution is
extremely sensitive to the electric current distribution, and
small deviations from the correct current distribution reÑect
to large kinks/discontinuities at the light cylinder. In view of
this sensitivity of the solution to the current distribution, it
becomes apparent that a simple guess of its form is likely to
result in discontinuities in the solutions.

4. THE SOLUTION

The procedure described in the previous section is repeat-
ed 50 times, at which point we obtain a magnetospheric
structure that is sufficiently smooth and continuous around
the light cylinder (Fig. 3). The last open Ðeld line (thick line)
corresponds to

(open \ 1.36(pc , (13)

where corresponds to the last Ðeld line which(pc 4 m/RLC

closes inside the distance to the light cylinder in the non-
relativistic dipole solution. As expected from our intuition
based on the current-free distorted dipole solution, (open [

and contrary to our naive intuition, the present mag-(pc,netically dominated system does not reach a closed Ðeld line
structure outside the light cylinder but rather opts (as we
will see) for a quasi-radial structure. A nice physical way to
see this e†ect is that the equivalent ““ weight ÏÏ associated
with the electromagnetic Ðeld energy pulls the lines open
because of the magnetospheric rotation (Bogovalov 1997).

The main electric current (which, for an aligned rotator,
Ñows into the star) is equal to

I \ 0.6IGJ , (14)

where is the electric current one obtains byIGJ 4 )2m/c
assuming that electrons (positrons in a counteraligned
rotator) with GJ number density stream outward at the
speed of light from the nonrelativistic dipole polar cap. This
electric current is distributed along the inner open Ðeld lines

as seen in Figure 4. The electric current0 \ ( \ 1.08(pc,distribution is close to the one which corresponds to a
rotating monopole with the same amount of open Ðeld lines
(dashed line), but varies slightly, in particular in that a small
amount of return current Ñows in the(Ireturn \ 0.03IGJ)

FIG. 2.ÈEvolution of the simulation for a rotating dipole at the origin, as the correct current distribution is approached in our iteration scheme (Ðrst,
second, third, and Ðfth iterations in [a], [b], and [c], respectively). Lines plotted as in Fig. 3.
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
the Ðeld line along which AA@ \ 0. Well within( \ 1.08(pcthe light cylinder, the null line is simply given by the locus
of points where the condition X Æ B \ 0 (or equivalently

is satisÐed.B
z
\ 0)
Knowing the poloidal electric current distribution along

the open magnetic Ðeld lines, we can also derive the asymp-
totic structure of our solution at distances x ? 1. One can

FIG. 4.ÈElectric current distribution A \ A(() (solid line) along the open Ðeld lines that allows for the solution presented in Fig. 3. Compare this with the
equivalent monopole (i.e., a monopole with the same amount of open Ðeld lines) electric current distribution (dashed line).A

m
[ \ [RLC~1 ((2 [ (/(open)Although our numerical iteration scheme seems to be relaxing only to this unique distribution, we have no theoretical arguments that this distribution is

indeed unique.
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is determined so that the 
poloidal field lines are 
smooth across the 
Alfven critical surface. 
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Figure 4. Global structure of the magnetosphere for x 0 = 0.992 – top panels, x 0 = 0.7 – middle panels, x 0 = 0.2 – bottom panels. The magnetic flux surfaces
are shown by thin solid lines, the labelled vertical lines are contours of the drift velocity and the grey area is the domain where the GJ charge density is positive.
The dashed line separates regions with direct (above the line) and return (below the line) volume currents. The separatrix is shown by the thick solid line. Almost
the whole calculation domain is shown in the left-hand panels, and the central part of the calculation domain is shown in the right-hand panels. Distances along
x-axis (horizontal) and z-axis (vertical) are measured in units of LC radius RLC.

the relation θ/θpc =
√

ψ/ψlast. In Fig. 5 j pc is shown for several
solutions with different x0 values. The current density never exceeds
the corresponding GJ current density and goes to zero at the polar
cap boundary. The latter property is the consequence of the assumed
topology of the magnetosphere. Indeed, from the condition at the
LC, equation (39), the current density along a given magnetic sur-
face is proportional to the partial derivative ∂xψ at the LC, but in
configurations with the Y null point ∂xψ = 0 for ψ = ψ last. The
deviation of the current density j pc from the GJ current density
increases close to the polar cap boundaries with increasing x0. For
solutions with x 0 ! 0.6 the current density j pc changes sign at some
point near the boundary. On the other hand, j pc never exceeds the
corresponding Michel current density and approaches jMichel when
x0 decreases.

4.2 Drift velocity and force-free approximation

The drift velocity in our notations is given by

uD ≡ |U D|
c

= #ϖ

c
Bpol

B
= x√

1 + S2

(∂x ψ)2+(∂zψ)2

, (52)

B pol is the poloidal component of the magnetic field. The light
surface, i.e. the surface where the force-free approximation breaks
down, coincides with the surface, where uD = 1. We verified the
applicability of the force-free approximations in each case. For most
of the cases the calculations have been performed in the domain with
x max = 8, zmax = 7, but for x 0 = 0.2, 0.7, 0.992 we also performed
calculations with x max = 16, zmax = 14. In all cases the light surface

C⃝ 2006 The Author. Journal compilation C⃝ 2006 RAS, MNRAS 368, 1055–1072
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Table 1. Properties of obtained solution with x 0 = 0.7 and x0 approaching
the LC for different values of numerical parameters.

Numerical parameters Results
dψ 2k (x max, zmax) (x NS, zNS) ψ last W

x 0 = 0.7
0.03 2 (8, 7) (0.0667, 0.056) 1.717 1.864
0.03 4 (8, 7) (0.0667, 0.056) 1.712 1.853
0.015 2 (8, 7) (0.0667, 0.056) 1.697 1.821
0.03 2 (8, 7) (0.0333, 0.028) 1.720 1.870
0.03 2 (16, 14) (0.0667, 0.056) 1.717 1.864
x 0 = 0.99
0.08 2 (16, 14) (0.06, 0.06) 1.255 0.977
x 0 = 0.99231
0.04 2 (5, 5) (0.0462, 0.0525) 1.230 0.939

current distribution was calculated according to the formulae (48)
and (49). Then for each point (x, z) in the calculation domain the
current term was calculated as SS′(x , z) = SS′[ψ(x , z)], and the
new iteration was started. Thus we solved the pulsar equation in the
whole domain while avoiding a very time-consuming matching of
the solutions inside and outside the LC, as was done by Contopoulos
et al. (1999), Contopoulos (2005) and Gruzinov (2005), though in
Contopoulos (2005) this matching procedure has been accelerated.
As a starting configuration, a dipolar magnetic field everywhere
was used. We did not encounter any problems with the conver-
gence of the scheme for any value of x0, but for x0 very close to 1
the convergence rate becomes essentially slower. The typical num-
ber of points we used along each direction in the calculations was
3000–6000.

We performed calculations for different values of numerical pa-
rameters in order to proof the independence of the results on the
domain sizes (x max, zmax), the ‘NS size’ (x NS, zNS), the width of the
current sheet dψ and the form of the current distribution (parame-
ter k), as well as on the iteration procedure stopping criteria and the
number of points in both directions. Changes in convergence criteria
and the decrease of the cell size from those used in most of our cal-
culations did not produce relative changes in solutions greater that
10−4. In Table 1 values of ψ last and the energy losses of an aligned
rotator W (see next section), obtained in computations with differ-
ent values of listed numerical parameters, are shown for x 0 = 0.7
and x0 approaching the LC. One can see that, with an accuracy of
the order of a few per cent, obtained solutions are independent of
particular values of the numerical parameters. Solutions with other
x0 values show similar behaviour.

4 R E S U LT S O F C A L C U L AT I O N S

Our choice of the boundary conditions at the NS, equation (44),
corresponds to the case when the dipole magnetic moment of the
star µ is parallel to the angular velocity vector Ω, µ||Ω. In this case
the GJ charge density in the polar cap of the pulsar is negative and
electrons flow away from the polar cap. The poloidal current S in
the open field line zone is negative (see the definition of the poloidal
current in equation 8). In the case of an anti-aligned rotator, i.e. µ
is antiparallel to Ω, all signs of the physical quantities related to the
charge and current should be reversed.

Calculations have been performed for the following values of
x0: 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.99 and 0.992.
A unique solution has been found for each of the above x0 values.
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Figure 3. The poloidal current distribution in the open field line zone nor-
malized to the poloidal current from the corresponding Michel solution.
Inside the current sheet, for ψ last ! ψ ! ψ last + dψ (not shown here), the
poloidal current decreases to 0.

Let us consider in detail the physical properties of the obtained
solutions.

4.1 Poloidal current

The poloidal current density S, calculated from the formula (48),
does not deviate by more than ∼20 per cent from the values given
by Michel’s solution (Michel 1973b)

S = −ψ

(
2 − ψ

ψlast

)
, (50)

see Fig. 3. The smaller x0, the smaller this deviation. The structure
of the magnetosphere depends strongly on the poloidal current dis-
tribution. In solutions with x 0 ! 0.6 there is a domain in the open
filed line zone, where volume return current flows. However, only
a small part of the return current flows there; the main part flows
inside the current sheet. The size of this domain gets smaller with
decreasing x0, and for x 0 " 0.6 the return current flows only along
the separatrix, see Fig. 4. Qualitatively this property of the solution
could be explained as follows. At the LC the condition (39) is satis-
fied, so if ∂xψ changes sign the same occurs with the current term
SS′, and the poloidal current density changes sign. Magnetic field
lines close to the null point are bent towards the equatorial plane,
but at large distances they become radial. Therefore, for x0 close to
1∂xψ (1, z) < 0 for some field lines and volume return current must
flow along them. When x0 decreases, more and more magnetic field
lines at the LC will be bent away from the equatorial plane until
there will be no lines bent towards the equator. If field lines at the
LC bend from the the equatorial plane ∂xψ (1, z) > 0 and there is
no volume return current along such field lines.

A convenient representation of the current density in the closed
field line zone could be given by the current density distribution in
the polar cap j pc. In our notations the current density in the polar
cap of pulsar normalized to the GJ current density j GJ ≡ ρGJc is
given by (see Appendix A, equation A6)

jpc = | jGJ|
1
2

S′

[(
θ

θpc

)2

ψlast

]
, (51)

where θ/θ pc is the colatitude normalized to the colatitude of the
polar cap boundary θ pc; it is connected to the function ψ through
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
the Ðeld line along which AA@ \ 0. Well within( \ 1.08(pcthe light cylinder, the null line is simply given by the locus
of points where the condition X Æ B \ 0 (or equivalently

is satisÐed.B
z
\ 0)
Knowing the poloidal electric current distribution along

the open magnetic Ðeld lines, we can also derive the asymp-
totic structure of our solution at distances x ? 1. One can

FIG. 4.ÈElectric current distribution A \ A(() (solid line) along the open Ðeld lines that allows for the solution presented in Fig. 3. Compare this with the
equivalent monopole (i.e., a monopole with the same amount of open Ðeld lines) electric current distribution (dashed line).A

m
[ \ [RLC~1 ((2 [ (/(open)Although our numerical iteration scheme seems to be relaxing only to this unique distribution, we have no theoretical arguments that this distribution is

indeed unique.
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4.17. A REVIEW ON RECONNECTION

1946 K. N. Gourgouliatos and D. Lynden-Bell

Figure 2. Magnetic field structure for the isolated force-free magnetosphere P0 and runs A1 and A2 (top row from left to right) and runs A3, A4, and A6
(bottom left to right). Black lines correspond to surfaces of constant !, the colour scale is AA

′
. The thick red line is the last open field line, and the dashed

blue line is the light cylinder. The dotted red line is the boundary between regions IIa and IIb. Notice the absence of regions IIb and III in the isolated pulsar
solution (P0) and the absence of region IIa in the A6 solution, where no field lines starting from the pulsar cross the light cylinder.

cross the light cylinder. The flux function satisfies !(1, z → ∞) <

! IIa(R, z) < !(1, 0). Region IIb contains open magnetic field lines
that are connected to the pulsar, corotate, have a toroidal magnetic
field but do not cross the light cylinder. The flux function satisfies
! IIb(R, z) < !(1, z → ∞). Finally, region III contains magnetic
field lines not connected to the pulsar, without any toroidal field that
are not corotating. The field there is potential and the magnetic flux
function satisfies ! III(R, z) > !(1, 0) and R > 1. One can see that
the magnetic flux in regions I and III may have the same value but
they distinguished by the fact that the former lies within the light
cylinder and the latter outside.

The magnetic field satisfies the following equations in each
region:

(1 − R2)

(
∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2

)
− 2R

∂!

∂R
= 0 (I), (24)

(1−R2)

(
∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2

)
−2R

∂!

∂R
= −AA′ (IIa, IIb),

(25)

∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2
= 0 (III). (26)

Next we consider the boundary conditions. Near the origin R2 + z2

→ 0 the magnetic field is a dipole. Thus, we set on the surface of the
star (r2

NS = R2 + z2) the flux function to be ! = R2/(R2 + z2)3/2. On
the z-axis it holds that BR(0, z) = 0, which in terms of ! becomes
!(0, z) = 0. Here, we have used the fact that ! is determined up

to an additive constant, which is set equal to zero. On the equator
and while inside the light cylinder it is BR(R < 1, 0) = 0, therefore,
∂!/∂z|R<1, z=0 = 0; outside the light cylinder and in the region of
the equatorial current sheet it is Bz(1 < R < l0, 0) = 0, thus !(1
< R < l0, 0) = !(1, 0) = !0 that corresponds to the last open
field line. Beyond the separatrix, the field on the equator is BR(R >

l0, 0) = 0, thus ∂!/∂z|R>1, z=0 = 0. At large distances the external
field is expected to dominate. In particular at large axial distance
(R → ∞) it is Bz = B0 and BR = 0. The situation is somewhat
more complicated for the field lines of regions IIa and IIb at z →
∞. Setting Bz = B0 does not correspond to a solution unless a
special choice of A = A(!) is made. To allow for a more general
solution, we demand that BR(R, z → ∞) = 0. Since, in practice we
are simulating a finite rectangular box in R ∈ [0, Rmax] and z ∈ [0,
zmax], thus the actual conditions employed at the boundaries of the
computational box are !(Rmax, z) = !max and ∂!/∂z|R,zmax = 0,
where !max = B0R

2
max/2.

In the isolated pulsar magnetosphere solution, the form of A =
A(!) is determined by the demand that the magnetic field lines
cross smoothly the light cylinder. This is used for the field lines of
region IIa, however, the magnetic field lines of region IIb do not
cross the light cylinder, thus we cannot make use of equation (23)
to determine A. In principle, one can make a choice of A(!) and
then find the corresponding solution. In our approach we make
the choice that the poloidal magnetic field in this region is equal
to the externally imposed magnetic field B0. For this to hold, the
flux function needs to be !(R < 1, z → ∞) = B0R2/2. Substituting
this expression into equation (25) we obtain AA′

IIb = 2B0R
2 = 4!.

This choice for AA
′

is then used to solve the pulsar equation in
region IIb.
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Figure 2. Calculation domain and imposed boundary conditions. See text
for explanation.

domains with known positions of the boundaries. We wish to em-
phasize here that the choice of the topology of the magnetosphere is
an additional assumption in the frame of the stationary problem. In
the following we investigate in detail the force-free magnetosphere
of an aligned rotator assuming topology with a Y-like neutral point.

3 N U M E R I C A L M O D E L

We solve equation (38) in a rectangular domain, see Fig. 2. The
boundary conditions are as follows. On the rotation axis (z-axis)

ψ(0, z) = 0, zNS < z ! zmax . (41)

At the equatorial plane, in the closed field line zone

∂zψ(x, 0) = 0, xNS < x < x0 , (42)

following from the symmetry of the system. In the open field line
domain

ψ(x, 0) = ψ(x0, 0), x0 < x ! xmax , (43)

i.e. the separatrix lies in the equatorial plane. Close to the NS the
magnetic field is assumed to be dipolar, so for x = x NS, 0 ! zNS

and 0 ! x ! x NS, z = zNS

ψ(x, z) = ψdip(x, z) ≡ x2

(x2 + z2)3/2
. (44)

Magnetic surfaces should become radial at large distances from the
NS, see Ingraham (1973). On the other hand, in the calculations of
Contopoulos et al. (1999), where the pulsar equation was solved in
the unbounded domain, with boundary conditions at infinity imply-
ing the finiteness of the total magnetic flux, the magnetic surfaces
became nearly radial already at several sizes of the LC. Rather dif-
ferent outer boundary conditions, with a finite magnetic flux inside
the LC at infinity, have been used by Sulkanen & Lovelace (1990).
However, the time-dependent simulations of Komissarov (2006),
Spitkovsky (2005) and McKinney (2006) provide strong evidence
for the correctness of the outer boundary conditions when magnetic
surfaces at large distances from the NS are radial. Thus, at the outer
boundaries of the calculation domain for 0 < x ! x max, z = zmax

and x = x max, 0 < z ! zmax

x ∂xψ + z ∂zψ = 0. (45)

At the LC two conditions should be satisfied: (i) the solution
should be continuous,

ψ(x → 1−, z) = ψ(x → 1+, z) , (46)

and (ii) the condition (39). These conditions together provide a
smooth transition through the LC. Following Goodwin et al. (2004)
we expand the function ψ at the LC in the Taylor series over x,
imposing the continuity condition (46). By substituting the result-
ing expansion into the pulsar equation (38) and retaining the terms
up to the second order we get the following approximation to the
pulsar equation at the LC:

4∂xxψ(1, z) + 2∂zzψ(1, z) = ∂x [SS′(1, z)] . (47)

This equation is nothing more than a reformulation of the smooth-
ness conditions (46) and (39), valid for the first- and second-order
terms in the Taylor series expansion of ψ . As the numerical scheme
we have used is of the second order, this approximation, as well as its
discretization, has the same accuracy as the discretized equation in
the rest of the numerical domain. In the course of the relaxation
procedure we are trying to satisfy the conditions (46) and (39),
i.e. we solve equation (47) at the LC instead of the original equa-
tion (38), which is singular there. Equation (39) is used for the de-
termination of the poloidal current term SS′(ψ) along the open field
lines.

In the closed field lines zone, ψ > ψ last ≡ ψ(x 0, 0), there is no
poloidal current, so SS′ ≡ 0. The return current needed to keep the
system charge neutral flows along the separatrix. In the open field
line domain for x > x0, the presence of an infinite thin current sheet
is already incorporated into the solution procedure by setting the
boundary condition (43). However, when the separatrix goes above
the equatorial plane we have to model the current sheet. We assume
that the return current is flowing along the field lines corresponding
to the magnetic surfaces [ψ last, ψ last + dψ]. The total return current
flowing in this region is calculated by integrating the term SS′:

Sreturn =

√

2

∫ ψlast

0

SS′ dψ . (48)

We model the poloidal current density distribution over ψ in the
current sheet ψ last ! ψ ! ψ last + dψ by an even-order polynomial
function going to zero at the boundaries of the current sheet

S′(ψ) = A

{[
ψ −

(
ψlast + dψ

2

)]2k

−
(

dψ

2

)2k
}

, (49)

where the constant A is determined from the requirement∫ ψlast+dψ

0
S(ψ) dψ = 0 and k is an integer constant. The pulsar

equation is then solved in the whole domain including the current
sheet. The current sheet cannot be considered as a force-free domain,
but in doing so we correctly calculate the influence of the current
sheet on to the global magnetospheric structure, even though the ob-
tained values of the physical parameters inside the current sheet are
fake.

We developed a multigrid numerical scheme for the solution of
equations (38) and (47). These equations have been discretized
using the five-point Gauss–Seidel rule. The coarsest numerical
grid was constructed in such a way that the LC is at the cell
boundaries. Each subgrid was obtained by halving the previ-
ous grid. Cell sizes in the region x < 1, z < 1 are smaller
in order to accurately calculate the current along the separatrix.
We use the Full Approximation Scheme with V-type cycles (see
Trottenberg et al. 2001). The Gauss–Seidel scheme was used as
both a smoother and a solver at the coarsest level. At each itera-
tion step, both in the solver and the smoother, the new value of
the poloidal current term SS′(1, z) was calculated from the relation
(39) at each point of the LC. Then a piece-polynomial interpola-
tion of SS′ in the interval (0, ψ last) was constructed and the return
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外に電流がある
内側に電流がある

last open field line Φopenと current sheet の位置が問題。
force-free solution を求めるときに poloidal current の分布 I(Ψ)の自由度を使って l.c.で解が regular になるようにした。つまり、poloidal current 分布が決まってしまう。結果的に open field flux ないで電流が全て閉じない結果になってしまった。そして、一部の電流を薄い current sheet に押し込むことになった。

354 CONTOPOULOS, KAZANAS, & FENDT Vol. 511

FIG. 1.ÈNumerical checks of our integration routine. In (a) we run a simulation with 80 ] 80 points with AA@ \ 0 inside the light cylinder. We plot the
Ñux surfaces ( \ 0.15, 0.4, 1.0, 1.4, 1.59 (heavy line), and respectively (we remind the reader that ( \ 0 along the axis). The solution compares well1.7(pc,with Michel (1991), Fig. 4.9. In (b) we run a simulation with 30 ] 30 points inside the light cylinder and another 30 ] 30 points outside for a rotating (split)
monopole at the origin. The Ñux and current distributions, and , respectively, are obtained with high(

m
\ (open (1 [ cos h) A

m
\ [RLC~1 ((2 [ (/(open)precision. We plot the Ñux surfaces ( \ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 (heavy line). In (c) we run a comparison with Michel (1991),times(openFig. 4.12, to show that, although the monopole current distribution comes close to a smooth solution, it is not the Ðnal answer (a numerical problem in that

solution is discussed in the text). In that simulation, we used the values of ((x \ 1~, z) obtained from the interior solution as boundary values ((x \ 1`, z) in
the exterior solution. Here, and We plot the Ñux surfaces ( \ 0.05, 0.2, 0.5, 0.9, 1.0, 1.1, and 1.5 timesA \ [((2 [ (/(open), (open \ 1.742(pc . (open.

pole (Michel 1973a), and the solution in Michel (1982). As
we said, we generate the distributions ( \ ((x, z) that
solve equation (5) inside and outside the light cylinder, and
then correct the electric current distribution to one that will
(hopefully) lower the di†erences ((x \ 1`, z) [ ((x \ 1~,
z) along the light cylinder. The reader can get an idea of the
discontinuities that the electric current distribution correc-
tion iteration goes through in Figure 2. The solution is
extremely sensitive to the electric current distribution, and
small deviations from the correct current distribution reÑect
to large kinks/discontinuities at the light cylinder. In view of
this sensitivity of the solution to the current distribution, it
becomes apparent that a simple guess of its form is likely to
result in discontinuities in the solutions.

4. THE SOLUTION

The procedure described in the previous section is repeat-
ed 50 times, at which point we obtain a magnetospheric
structure that is sufficiently smooth and continuous around
the light cylinder (Fig. 3). The last open Ðeld line (thick line)
corresponds to

(open \ 1.36(pc , (13)

where corresponds to the last Ðeld line which(pc 4 m/RLC

closes inside the distance to the light cylinder in the non-
relativistic dipole solution. As expected from our intuition
based on the current-free distorted dipole solution, (open [

and contrary to our naive intuition, the present mag-(pc,netically dominated system does not reach a closed Ðeld line
structure outside the light cylinder but rather opts (as we
will see) for a quasi-radial structure. A nice physical way to
see this e†ect is that the equivalent ““ weight ÏÏ associated
with the electromagnetic Ðeld energy pulls the lines open
because of the magnetospheric rotation (Bogovalov 1997).

The main electric current (which, for an aligned rotator,
Ñows into the star) is equal to

I \ 0.6IGJ , (14)

where is the electric current one obtains byIGJ 4 )2m/c
assuming that electrons (positrons in a counteraligned
rotator) with GJ number density stream outward at the
speed of light from the nonrelativistic dipole polar cap. This
electric current is distributed along the inner open Ðeld lines

as seen in Figure 4. The electric current0 \ ( \ 1.08(pc,distribution is close to the one which corresponds to a
rotating monopole with the same amount of open Ðeld lines
(dashed line), but varies slightly, in particular in that a small
amount of return current Ñows in the(Ireturn \ 0.03IGJ)

FIG. 2.ÈEvolution of the simulation for a rotating dipole at the origin, as the correct current distribution is approached in our iteration scheme (Ðrst,
second, third, and Ðfth iterations in [a], [b], and [c], respectively). Lines plotted as in Fig. 3.
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
the Ðeld line along which AA@ \ 0. Well within( \ 1.08(pcthe light cylinder, the null line is simply given by the locus
of points where the condition X Æ B \ 0 (or equivalently

is satisÐed.B
z
\ 0)
Knowing the poloidal electric current distribution along

the open magnetic Ðeld lines, we can also derive the asymp-
totic structure of our solution at distances x ? 1. One can

FIG. 4.ÈElectric current distribution A \ A(() (solid line) along the open Ðeld lines that allows for the solution presented in Fig. 3. Compare this with the
equivalent monopole (i.e., a monopole with the same amount of open Ðeld lines) electric current distribution (dashed line).A

m
[ \ [RLC~1 ((2 [ (/(open)Although our numerical iteration scheme seems to be relaxing only to this unique distribution, we have no theoretical arguments that this distribution is

indeed unique.
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
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その薄い部分は閉じた磁場領域の中になるように取り扱った。厚みを δΨとすると
Ψopen < Ψ < Ψopen + δΨ (4.17.89)

の間に poloidal current を閉じ込めている。数値計算上、この範囲は force-free の pulsar

equation は成り立っていないという取り扱いになる。例はTimokhin (2006)。
Gourgouliatos & Lynden-Bell(2019) やNtotsikas et al.(2023)では、

Ψopen − δΨ < Ψ < Ψopen (4.17.90)

に薄い current sheetを入れている。われわれは高精度の数値解を求めた。(800 × 800) current sheet は Ψopenを中心に (有限幅 0.005Ψopne だけど)δ-function的に入れている。確かにT-pointになった。
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Figure 5. Poloidal magnetic field strength in the equatorial plane as a func-
tion of R/RLC for the high-resolution solutions shown in figure 4. Bz is nor-
malized to B⇤r3

⇤/R3
LC. The divergence of Bz near the Y-point is much more

pronounced than in all previous solutions in the literature.

be locally favorable to form and eject plasmoids from the Y-point as
seen in the Hu & Beloborodov (2022) numerical simulations. Plas-
moid formation at the Y-point for various positions of the Y-point
needs further investigation.

4 CONCLUSIONS

In this short letter we corrected some common misconseptions
about the shape and the position of the magnetospheric Y-point.
We showed that the pulsar magnetosphere manifests a subtle global
electromagnetic energy minimum when its closed-line region ends
at about 90% of the light cylinder distance. This explains a result
seen in all global PIC numerical simulations of the past decade. This
subtle modification of the pulsar magnetosphere does not a↵ect sig-
nificantly its main properties, namely its electromagnetic energy loss
and the resulting pulsar spin down rate. It also does not explain the
divergence of the pulsar braking index n from its canonical dipolar
field value (according to eq. 1, for a fixed value of xY, the electro-
magnetic energy loss rate remains proportional to ⌦4, hence n = 3).
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Figure 10. Total energy of electromagnetic field in two different volumes
of fixed sizes as a function of x0. ! is normalized to the corresponding value
of !(x 0 = 0.15).

& Lyubarsky 2003; Bogovalov et al. 2005), we note that magneto-
sphere configurations with larger x0 would support more strongly the
development of instabilities due to more asymmetric energy deploy-
ment into the plerion, providing a more pronounced disc structure.

4.5 Total energy of the magnetosphere

The total energy of electric and magnetic fields in the magneto-
sphere ! ≡

∫
(B2 + E2)/(8π)dV would give information on which

configuration the system tries to achieve; the configuration with the
minimal possible energy. Obviously for the obtained solutions we
could calculate the energy only in a finite domain. Another problem
is the very rapid increase of the magnetic field in the central parts,
as r−3. As the magnetic field close to the NS is dipolar for each
configuration, we calculate the total energy in a domain excluding
the central parts. In order to verify the independence of the result on
domain sizes we calculate the total energy in the magnetosphere in
two different domains for each solution. These domains are defined
as 0.2 ! x ! 5, 0.2 ! z ! 5 and 0.075 ! x ! 2.5, 0.075 ! z ! 2.5
The results are plotted as a function of x0 in Fig. 10. The total energy
of the magnetosphere increases with decreasing x0, so the magne-
tosphere will try to achieve the configuration with the maximum
possible x0.

4.6 Solution with x0 → 1

The special case of x 0 → 1 has been considered by several authors,
because it was believed to be the real configuration of a pulsar mag-
netosphere (Lyubarskii 1990; Contopoulos et al. 1999; Uzdensky
2003; Gruzinov 2005; Komissarov 2006). This case is peculiar in
the sense, that magnetic field in the closed filed line zone diverges
in the Y null point. Indeed, from equation (57) it follows that near
the null point, when x 0 → 1

Bpol ≈ µ

R3
LC

|S|√
2(1 − x)

. (66)

While the presence of the singularity was noted by Lyubarskii (1990)
and Uzdensky (2003), Gruzinov (2005) firstly realized that such
singularity is admitted, as it does not lead to the infinite energy of
magnetic field in the region surrounding the null point. In Fig. 11
the strength of the poloidal magnetic field along the x-axis is plotted
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Figure 11. Poloidal magnetic field strength in the equatorial plane as the
function of x. B pol is normalized to µ/R3

LC. By the dashed line the theo-
retical prediction for B pol(x , 0) is shown for the solution with x 0 = 0.992,
equation (66).

for different solutions. By the dashed line the relation (66) is shown.
We see that when x0 approaches the LC the magnetic field inside the
closed zone begins to grow close to the null point. This increase is
more pronounced when the thickness of the current sheet decreases.
Agreement between the curve for x 0 = 0.992, dψ = 0.4 and the
dashed line is quite good.

Gruzinov (2005) solved an equation for the separatrix in the vicin-
ity of the null point x 0 = 1 and have found that the angle at which
separatrix intersects the equatorial plane should be 77.3◦. In our
calculations we found this angle to be ≈78◦ for x 0 = 0.992, dψ =
0.04 and ≈70◦ for x 0 = 0.99, dψ = 0.08. So, our numerical solution
shows good agreement with the analytical one. Energy losses found
by Gruzinov (2005) are 1.0±0.1, what quite good agrees with values
for W from Table 1. Value of ψ last = 1.23 calculated by Contopoulos
(2005) coincide with ones from Table 1 and is close to ψ last = 1.27
obtained by Gruzinov (2005), although both of these results have
been obtained with codes having worse numerical resolution than
the code used in this work.

5 D I S C U S S I O N

It seems natural to assume that force-free configurations are energet-
ically preferably in comparison with configurations where there are
geometrically large volumes with parallel electric field.5 Accepting
this, we conclude that the magnetosphere of a pulsar should evolve
through a set of force-free configurations. It does not necessarily
mean that for a relatively short transition time the system could not
be essentially non-force-free, but rather that for most of the time the
magnetosphere of an active pulsar is force-free.

5.1 Polar cap cascades and force-free magnetosphere

In a force-free configuration the current density distribution is not
a free parameter; it is set by the structure of the magnetosphere, for
example, by the value of x0 in the case of Y-configuration. How-
ever, the current in the magnetosphere of the pulsar is supported by
electron–positron cascades in the polar cap, i.e. most of the current
carriers are produced in the magnetosphere and are not supplied

5 However, see e.g. Smith et al. (2001) or Pétri et al. (2002).

C⃝ 2006 The Author. Journal compilation C⃝ 2006 RAS, MNRAS 368, 1055–1072
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation. We
solved the field-aligned equations of motion for flows inside the current layer, which is a thin sheet in the force-free model. We
find that flows coming into the vicinity of a Y-point become super-fast. The centrifugal acceleration takes place efficiently, and
most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough centrifugal
drift current to open the magnetic field. Opening of the magnetic field becomes possible by injection of the plasmas that are
accelerated in the azumuthal direction with a large Lorentz factor at the Y-point. Magnetic reconnetion with plasmoid emission
plays an important role there. We also find a solution that explains how the corotating plasma injected with a large Lorentz
factor is created. This process requires an increase of the poloidal field strength just inside the Y-point, which is expected in the
force-free solution.
Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in as-
trophysics. In an early stage of investigation, the idea of the
relativistic centrifugal wind is intensively studied (Michel 1969;
Goldreich & Julian 1970; Li & Melrose 1994). Since the centrifu-
gal acceleration is based on the corotation motion of the mag-
netospheric plasmas, plasama density is assumed to be high,
and the ideal-MHD condition holds everywhere. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how much electron-positron paris
are created. Then particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are ap-
plied to underdtand the global strucuture of the
pulsar magnetosphere (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). They are able to treat both the field-aligned paritcle acceler-
ation and the centrifugal accelation. However, the problem of the
centrifugal acceleration still remains unresolved. In this paper, we
revisit this problem, and compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment at the center parallel to the angular velocity.
The plasma density is much higher than the Goldrech-Julian densiy
everywhere, so that the ideal-MHD approximation holds. We do not
ask pair creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,
𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia would be so large that the centrifugal drift
current would open the magnetic field lines. The plasma acceler-
ated in azimuthal direction with a large Lorentz factor would finally
be thrown away along the open field lines. This is the idea of the
centrifugal acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

© 2024 The Authors

Y-point と薄い電流層の中では、toroidal 磁場が
⼩さくなっていて

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

ローレンツ因⼦の発散

に近いことが起こっている。そのような流れの存在を⽰そう！
閉じた磁場を開く遠⼼⼒ドリフト電流の発⽣と、重くなった共回転プラズマ
の噴出が⽭盾なく説明できることを⽰せる？
èfield-aligned eqs.を解く。

ideal-MHD è iso-rotation law
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in the force-free limit, called a Y-point.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in a reagion where the
equatorial current sheet touches the closed field region or in a very
vicinity of a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations are
avairable to provide detailed analysis for the cen-
trifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet. On the other hand,
acceleretion by the field-aligned electric field is also indicated in
some cases. These results seems to show different faces of the
magnetosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑍 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide

a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force on an electron of mass 𝑚 and the Lorentz
factor 𝛾 is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and the magnetic field
𝑩 must be weakened very much as compared with 𝐵L, denoted by
𝐵Y. In the last expression, 𝑅Y is the axial distance of this region.
The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
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Applying the Ampère’s law with the closed curve C in Figure 2, the
condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵 (out)

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y

𝐵 (out)
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Δ
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy. The condition |𝑭/𝑒 | < 𝐵Y gives Δ/𝑅Y > M−1.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer.
We call it the flow A as is shown Figure 3. Since the flow A is inside
of the poloidal current loop, there is some amount of toroidal field,
so that the azimuthal velocity would be much behind the corotaion
due to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a
flow much closer to the equator in the current layer, indicated by
B in the figure, might have a larger azimuthal velocity because the
toroidal field is smaller. Such a flow may have a large Lorentz factor
and provide enough centrifugal drift current to open magnetic field
lines. If we were able to solve the motion of these flow and obtain
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in the force-free limit, called a Y-point.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in a reagion where the
equatorial current sheet touches the closed field region or in a very
vicinity of a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations are
avairable to provide detailed analysis for the cen-
trifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet. On the other hand,
acceleretion by the field-aligned electric field is also indicated in
some cases. These results seems to show different faces of the
magnetosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑍 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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eB2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)
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plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

x

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
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∆
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(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
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2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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p
4𝜋𝑚𝑐2

𝑅Y
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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Figure 2. Schematic picture of the region where the centrifugal drift current
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directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force on an electron of mass 𝑚 and the Lorentz
factor 𝛾 is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and the magnetic field
𝑩 must be weakened very much as compared with 𝐵L, denoted by
𝐵Y. In the last expression, 𝑅Y is the axial distance of this region.
The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2, the
condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵 (out)

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y

𝐵 (out)
p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y

𝐵 (out)
p

. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy. The condition |𝑭/𝑒 | < 𝐵Y gives Δ/𝑅Y > M−1.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer.
We call it the flow A as is shown Figure 3. Since the flow A is inside
of the poloidal current loop, there is some amount of toroidal field,
so that the azimuthal velocity would be much behind the corotaion
due to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a
flow much closer to the equator in the current layer, indicated by
B in the figure, might have a larger azimuthal velocity because the
toroidal field is smaller. Such a flow may have a large Lorentz factor
and provide enough centrifugal drift current to open magnetic field
lines. If we were able to solve the motion of these flow and obtain
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in the force-free limit, called a Y-point.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in a reagion where the
equatorial current sheet touches the closed field region or in a very
vicinity of a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations are
avairable to provide detailed analysis for the cen-
trifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet. On the other hand,
acceleretion by the field-aligned electric field is also indicated in
some cases. These results seems to show different faces of the
magnetosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑍 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫
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∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp
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(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.
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the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
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(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π
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∫
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c
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.
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3 CONCLUSIONS
The last numbered section should briefly summarise what has been
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
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p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force on an electron of mass 𝑚 and the Lorentz
factor 𝛾 is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and the magnetic field
𝑩 must be weakened very much as compared with 𝐵L, denoted by
𝐵Y. In the last expression, 𝑅Y is the axial distance of this region.
The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2
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Applying the Ampère’s law with the closed curve C in Figure 2, the
condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵 (out)

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy. The condition |𝑭/𝑒 | < 𝐵Y gives Δ/𝑅Y > M−1.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer.
We call it the flow A as is shown Figure 3. Since the flow A is inside
of the poloidal current loop, there is some amount of toroidal field,
so that the azimuthal velocity would be much behind the corotaion
due to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a
flow much closer to the equator in the current layer, indicated by
B in the figure, might have a larger azimuthal velocity because the
toroidal field is smaller. Such a flow may have a large Lorentz factor
and provide enough centrifugal drift current to open magnetic field
lines. If we were able to solve the motion of these flow and obtain

MNRAS 000, 1–9 (2024)

2 S. Shibata

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in the force-free limit, called a Y-point.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in a reagion where the
equatorial current sheet touches the closed field region or in a very
vicinity of a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations are
avairable to provide detailed analysis for the cen-
trifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet. On the other hand,
acceleretion by the field-aligned electric field is also indicated in
some cases. These results seems to show different faces of the
magnetosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑍 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
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done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc
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eBYRY
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic

© 2024 The Authors

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
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centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p
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𝛾max
2M

𝑅Y
Δ

𝐵Y
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p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force on an electron of mass 𝑚 and the Lorentz
factor 𝛾 is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and the magnetic field
𝑩 must be weakened very much as compared with 𝐵L, denoted by
𝐵Y. In the last expression, 𝑅Y is the axial distance of this region.
The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2, the
condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵 (out)

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy. The condition |𝑭/𝑒 | < 𝐵Y gives Δ/𝑅Y > M−1.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer.
We call it the flow A as is shown Figure 3. Since the flow A is inside
of the poloidal current loop, there is some amount of toroidal field,
so that the azimuthal velocity would be much behind the corotaion
due to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a
flow much closer to the equator in the current layer, indicated by
B in the figure, might have a larger azimuthal velocity because the
toroidal field is smaller. Such a flow may have a large Lorentz factor
and provide enough centrifugal drift current to open magnetic field
lines. If we were able to solve the motion of these flow and obtain
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加速しない流れ

加速しそうな流れ

ideal-MHD が成⽴しているとして、
MHD eq.の
field-aligned equations を解くことにする。

Flow A
と
Flow B
を考える



field-agigned equation

4.18. パルサー磁気圏の構造と遠心力加速
以下の６本の式である。

Nκ = g(ψ) = const. 質量保存 (4.18.96)

vp = κBp, κ =
vp
Bp

= 定義 (4.18.97)

mγϖvϕ − I

4πg(ψ)
= ℓ(ψ) = const. 角運動量保存 (4.18.98)

mc2γ − Ω(ψ)I

4πg(ψ)
= ϵ(ψ) = const. エネルギー保存 (4.18.99)

(1− (v2ϕ + v2p)/c
2)−1/2 = γ 定義 (4.18.100)

Ω(ψ)ϖ + κI/ϖ = vϕ iso-rotation (4.18.101)

ここで、vp = vp ·Bp/|Bp|2、I = ϖBϕは current function.未知数は６個：N ,κ,γ,vϕ, vp, Iで解ける。保存量であるパラメータは、g(ψ), ℓ(ψ), ϵ(ψ), Ω(ψ) は与える必要がある。境界条件で４つのうち３つを与えて、最後の一つは定常解である条件 fast critical pointを通るによって決定される。
• gは injection particle flux で

g(ψ) =

(
Nvp
Bp

)

inj

(4.18.102)

で決められる。ここで injection pointでの typical GJ dinsity で密度を規格化して
multiplicity を使うとN = M(ΩBp/2πce)と書いて、

global.9.gdef; g(ψ) =
Ω(ψ)

2πe

(
Mvp
c

)

inj

(4.18.103)

が後で使いやすい。
• Ω(ψ)は起電力を表すパラメータで、星表面で iso-rotationで評価すると、vϕ = Ω∗ϖ∗,

Bϕ ≪ Bpとすれば
Ω(ψ) ≈ Ω∗ (4.18.104)

になる。ただし、Poynting flux がある限りBϕ ̸= 0なのでわずかなズレがある。また、考えている領域の磁力線が星につながっていて途中にE∥加速領域があればΩ(ψ)はΩ∗とは異なる。しかし、考えている領域の範囲で ideal-MHDが成り立っていれば磁力線に沿った保存量であることには変わりない。
• ϵ(ψ)については、

ϵ∗(ψ) = ϵ(ψ)− Ω(ψ)ℓ(ψ) = mc2γ

(
1− Ωϖ

c

vϕ
c

)
(4.18.105)
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
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where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive

© 2024 The Authors

pulsar with centrifugal acceleration 3

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z

|I |

z

|I |

x

b xA acc
ele
rat
ion

a
Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It

MNRAS 000, 1–8 (2024)

Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

x

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc
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eBYRY
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.
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Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
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where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
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(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic

© 2024 The Authors

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
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p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide

a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide

a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
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p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
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𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z

|I |

z

|I |

x

b xA acc
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a
Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
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where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field
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result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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∆
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the
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can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic

© 2024 The Authors

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆
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BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the

MNRAS 000, 1–8 (2024)

pulsar with centrifugal acceleration 3

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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z

|I |

x

b xA acc
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

x

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide

a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z

|I |

z

|I |

x

b xA acc
ele
rat
ion

a
Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet
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Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be
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where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
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Δ
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. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
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Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2
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Δ

𝐵Y
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≈ 𝛾max
M

𝑅Y
Δ
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(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oin

g)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

ing
)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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may guessΔ the Larmore radius of the accelerated particles. This may
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
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𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
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can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
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The centrifugal drift velocity, which has opposit directions depending
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𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
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(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
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pected in a vicinity of the Y-point. It will be shown that super-fast
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vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.
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DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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∫

inside C
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∫
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4π

c
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
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It would be nice to find Δ and 𝐵Y in a self-consistent manner,
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be the case if the plasma density is near or less than the Goldreich-
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dinamical process may determine the thickness Δ. In the following
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2
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p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oin

g)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

ing
)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
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where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the

MNRAS 000, 1–8 (2024)

MNRAS 000, 1–8 (2024) Preprint 8 February 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫
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4π

c
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
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∆
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
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localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
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on their prescription.
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2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT
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of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic

© 2024 The Authors

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
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∆
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(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
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dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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|I |

x
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the

MNRAS 000, 1–8 (2024)

Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 1,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the

MNRAS 000, 1–8 (2024)

2 S. Shibata

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
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Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide

a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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図 4.18.2: 軸対称パルサーモデル
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening
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±eB2
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eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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Bernoulli function のパラメータ⼆つ

これは遠⼼⼒⾵ではほとんど
１で境界条件、特に、plasma
のinjection条件に関係

critical condition と境界条件で
決める量

flowの性質をきめる唯⼀のパラメータはこれだけ！



4 S. Shibata
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Figure 5. A model of 𝐵̂(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

is given by

𝜎 = 𝜎0 𝐵̂, (8)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (9)

𝐵̂ =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (10)

where the subscript "inj" indicates the value at the injection point.
The configuration of the poloidal magnetic field only comes into
the parameter 𝐵̂ ∝ 𝐵𝑝𝜛2. The final parameter 𝜎0 is essentially the
electromotive force of the star divided by the multiplicity of the flow
considered, featuring the magnetosphere. If 𝛾 ∼ 𝜎0, then it indicates
that most of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is 𝐵̂. We introduce a simple model for 𝐵̂.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for 𝐵̂ is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L sin 𝜃/𝑟 , where the spherical polar coordinates (𝑟, 𝜃, 𝜑) has
been used. For the dipole field, we have

𝐵̂dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (11)

where 𝑥 = 𝜛/𝑅L. Since 𝐵̂ is constant for radial field, we assume that
it gradually changes to a constant,

𝐵̂radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

at about 𝑥𝑐 , so that 𝐵̂ for the flow A is assumed to be

𝐵̂a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
𝐵̂dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
𝐵̂radial (𝑥), (13)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝑧-𝑣 plane are shown in
Figure 6, where the critical solution is colored in red. It is known
that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a borbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝑧

𝑧(𝑧 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝑧

𝑧(𝑧 −
√
𝜆)

, (14)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖

𝜕𝑣
= 0 and 𝜕𝜖

𝜕𝑧
= 0 meet. These

Figure 6. A family of the solutions and the critical solution (red) of the field
aligned flow A. The dashed curves indicate the boundaries of the forbidden
region. The green and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝑧 =
0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line). Rright panel: The azimuthal velosity 𝑣𝜑 as a function of 𝑥.

curves are also plotted in Figure 6. Since 𝐵̂ is essentially constant
beyon the Alfvén point, the X-type critical point goes to infinity as
in the case of the pure radial flow. After an iteration, the value of 𝜆 is
determined so that the injection point locates at about 𝑧 = 0.1. The
obtained parameters of the critical solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝑧 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In Figure 7, we plot the two values, 𝛾 and 𝜖f/𝑚𝑐2,
difference of which is the Poyinting flux, showing that the flow A
is a Poynting dominant flow. The azimuthal velocity shows large
deviation from the corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect decrease of 𝐵̂
just outside of the Alfvén point. We model this by

𝐵̂b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
𝐵̂a, (15)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, 𝐵̂ drops down to 𝐷𝐵̂radial at large distances. In a following
example of solutions, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as
shown in Figure 5. The value of 𝜎0 is set to be the same as the flow
A, i.e., 𝜎0 = 104.

There is a topological change in the curves as shown in Figure 8.
An X-type critical point, the fast point, appears just beyond the Alfvén
point; 𝑧f = 1.13. The Lorentz factor glows up around the fast point
from the value at the injection (𝛾 = 1.1) to 2.95 × 103, which means
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Figure 5. Models of 𝐵̂(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

the same time, the flow energy 𝜖f = 𝜖 (𝜉f , 𝑣f). is obtaind such as an
eigen value.

The Bernoulli function 𝜖 (𝜉, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
is given by

𝜎 = 𝜎0 𝐵̂, (9)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (10)

𝐵̂ =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (11)

where 𝑔(𝜓) = 𝑛𝜅 = 𝑛𝑣p/𝐵p, and the subscript "inj" indicates the
value at the injection point. The configuration of the poloidal mag-
netic field only comes into the parameter 𝐵̂ ∝ 𝐵𝑝𝜛2. The final
parameter 𝜎0 is essentially the electromotive force of the star di-
vided by the multiplicity of the flow considered. If 𝛾 ∼ 𝜎0, then most
of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is 𝐵̂. We introduce a simple model for 𝐵̂.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for 𝐵̂ is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L𝜛/𝑟2, where 𝑟 = (𝑍2+𝜛2)1/2. For the dipole field, 𝐵̂ becomes

𝐵̂dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

where 𝑥 = 𝜛/𝑅L. Since 𝐵̂ is constant for radial field, we assume that
it gradually changes to a constant,

𝐵̂radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (13)

at about 𝑥𝑐 , so that 𝐵̂ for the flow A is assumed to be

𝐵̂a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
𝐵̂dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
𝐵̂radial (𝑥), (14)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝜉-𝑣 plane are shown
in Figure 6, where the critical solution is colored in red. It is known

Figure 6. A family of the solutions and the critical solution (red) of the flow A.
The dashed curves indicate the boundaries of the forbidden region. The green
and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝜉 = 0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line) as functions of log 𝜉 . Rright panel: The azimuthal velosity
𝑣𝜑 as a function of 𝑥 = 𝜛/𝑅L. The dashed curve indicates the corotation
for 𝑥 < 1 and the free emission tangent to the light cylinder for 𝑥 > 1.

that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a forbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝜉

𝜉 (𝜉 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝜉

𝜉 (𝜉 −
√
𝜆)

, (15)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 meet.
These curves are also plotted in Figure 6. Since 𝐵̂ is essentially
constant beyond the Alfvén point, the X-type critical point, namely
the fast point, goes to infinity as in the case of the pure radial flow.
After an iteration, the value of 𝜆 is determined so that the injection
point locates at about 𝜉 = 0.1. The obtained parameters of the critical
solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝜉 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In the left panel of Figure 7, we plot 𝛾 as a
function of log 𝜉 with 𝜖f/𝑚𝑐2, which is constant. Difference of 𝛾
and 𝜖f/𝑚𝑐2 gives the Poyinting flux, showing that the flow A is a
Poynting dominant flow. The azimuthal velocity deviates from the
corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect a significant
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磁気圏の磁場のエネルギー密度と
プラズマのエネルギー密度の⽐

poloidal 磁場の
パラメータ(幾何因⼦)

今回は10 7

10 3

遠⼼⼒加速がないradial flow だと 1で⼀定
Y-point に侵⼊すると⼩さくなる



B hat の変化でさまざまな流れの性質が変わる



Flow A

fast-point は無限遠



4.18. パルサー磁気圏の構造と遠心力加速
以下の６本の式である。

Nκ = g(ψ) = const. 質量保存 (4.18.96)

vp = κBp, κ =
vp
Bp

= 定義 (4.18.97)

mγϖvϕ − I

4πg(ψ)
= ℓ(ψ) = const. 角運動量保存 (4.18.98)

mc2γ − Ω(ψ)I

4πg(ψ)
= ϵ(ψ) = const. エネルギー保存 (4.18.99)

(1− (v2ϕ + v2p)/c
2)−1/2 = γ 定義 (4.18.100)

Ω(ψ)ϖ + κI/ϖ = vϕ iso-rotation (4.18.101)

ここで、vp = vp ·Bp/|Bp|2、I = ϖBϕは current function.未知数は６個：N ,κ,γ,vϕ, vp, Iで解ける。保存量であるパラメータは、g(ψ), ℓ(ψ), ϵ(ψ), Ω(ψ) は与える必要がある。境界条件で４つのうち３つを与えて、最後の一つは定常解である条件 fast critical pointを通るによって決定される。
• gは injection particle flux で

g(ψ) =

(
Nvp
Bp

)

inj

(4.18.102)

で決められる。ここで injection pointでの typical GJ dinsity で密度を規格化して
multiplicity を使うとN = M(ΩBp/2πce)と書いて、

global.9.gdef; g(ψ) =
Ω(ψ)

2πe

(
Mvp
c

)

inj

(4.18.103)

が後で使いやすい。
• Ω(ψ)は起電力を表すパラメータで、星表面で iso-rotationで評価すると、vϕ = Ω∗ϖ∗,

Bϕ ≪ Bpとすれば
Ω(ψ) ≈ Ω∗ (4.18.104)

になる。ただし、Poynting flux がある限りBϕ ̸= 0なのでわずかなズレがある。また、考えている領域の磁力線が星につながっていて途中にE∥加速領域があればΩ(ψ)はΩ∗とは異なる。しかし、考えている領域の範囲で ideal-MHDが成り立っていれば磁力線に沿った保存量であることには変わりない。
• ϵ(ψ)については、

ϵ∗(ψ) = ϵ(ψ)− Ω(ψ)ℓ(ψ) = mc2γ

(
1− Ωϖ

c

vϕ
c

)
(4.18.105)
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation. We
solved the field-aligned equations of motion for flows inside the current layer, which is a thin sheet in the force-free model. We
find that flows coming into the vicinity of a Y-point become super-fast. The centrifugal acceleration takes place efficiently, and
most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough centrifugal
drift current to open the magnetic field. Opening of the magnetic field becomes possible by injection of the plasmas that are
accelerated in the azumuthal direction with a large Lorentz factor at the Y-point. Magnetic reconnetion with plasmoid emission
plays an important role there. We also find a solution that explains how the corotating plasma injected with a large Lorentz
factor is created. This process requires an increase of the poloidal field strength just inside the Y-point, which is expected in the
force-free solution.
Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in as-
trophysics. In an early stage of investigation, the idea of the
relativistic centrifugal wind is intensively studied (Michel 1969;
Goldreich & Julian 1970; Li & Melrose 1994). Since the centrifu-
gal acceleration is based on the corotation motion of the mag-
netospheric plasmas, plasama density is assumed to be high,
and the ideal-MHD condition holds everywhere. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how much electron-positron paris
are created. Then particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are ap-
plied to underdtand the global strucuture of the
pulsar magnetosphere (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). They are able to treat both the field-aligned paritcle acceler-
ation and the centrifugal accelation. However, the problem of the
centrifugal acceleration still remains unresolved. In this paper, we
revisit this problem, and compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment at the center parallel to the angular velocity.
The plasma density is much higher than the Goldrech-Julian densiy
everywhere, so that the ideal-MHD approximation holds. We do not
ask pair creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,
𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia would be so large that the centrifugal drift
current would open the magnetic field lines. The plasma acceler-
ated in azimuthal direction with a large Lorentz factor would finally
be thrown away along the open field lines. This is the idea of the
centrifugal acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

© 2024 The Authors
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Figure 5. A model of 𝐵̂(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

is given by

𝜎 = 𝜎0 𝐵̂, (8)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (9)

𝐵̂ =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (10)

where the subscript "inj" indicates the value at the injection point.
The configuration of the poloidal magnetic field only comes into
the parameter 𝐵̂ ∝ 𝐵𝑝𝜛2. The final parameter 𝜎0 is essentially the
electromotive force of the star divided by the multiplicity of the flow
considered, featuring the magnetosphere. If 𝛾 ∼ 𝜎0, then it indicates
that most of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is 𝐵̂. We introduce a simple model for 𝐵̂.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for 𝐵̂ is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L sin 𝜃/𝑟 , where the spherical polar coordinates (𝑟, 𝜃, 𝜑) has
been used. For the dipole field, we have

𝐵̂dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (11)

where 𝑥 = 𝜛/𝑅L. Since 𝐵̂ is constant for radial field, we assume that
it gradually changes to a constant,

𝐵̂radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

at about 𝑥𝑐 , so that 𝐵̂ for the flow A is assumed to be

𝐵̂a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
𝐵̂dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
𝐵̂radial (𝑥), (13)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝑧-𝑣 plane are shown in
Figure 6, where the critical solution is colored in red. It is known
that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a borbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝑧

𝑧(𝑧 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝑧

𝑧(𝑧 −
√
𝜆)

, (14)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖

𝜕𝑣
= 0 and 𝜕𝜖

𝜕𝑧
= 0 meet. These

Figure 6. A family of the solutions and the critical solution (red) of the field
aligned flow A. The dashed curves indicate the boundaries of the forbidden
region. The green and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝑧 =
0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line). Rright panel: The azimuthal velosity 𝑣𝜑 as a function of 𝑥.

curves are also plotted in Figure 6. Since 𝐵̂ is essentially constant
beyon the Alfvén point, the X-type critical point goes to infinity as
in the case of the pure radial flow. After an iteration, the value of 𝜆 is
determined so that the injection point locates at about 𝑧 = 0.1. The
obtained parameters of the critical solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝑧 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In Figure 7, we plot the two values, 𝛾 and 𝜖f/𝑚𝑐2,
difference of which is the Poyinting flux, showing that the flow A
is a Poynting dominant flow. The azimuthal velocity shows large
deviation from the corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect decrease of 𝐵̂
just outside of the Alfvén point. We model this by

𝐵̂b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
𝐵̂a, (15)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, 𝐵̂ drops down to 𝐷𝐵̂radial at large distances. In a following
example of solutions, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as
shown in Figure 5. The value of 𝜎0 is set to be the same as the flow
A, i.e., 𝜎0 = 104.

There is a topological change in the curves as shown in Figure 8.
An X-type critical point, the fast point, appears just beyond the Alfvén
point; 𝑧f = 1.13. The Lorentz factor glows up around the fast point
from the value at the injection (𝛾 = 1.1) to 2.95 × 103, which means
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Figure 5. Models of 𝐵̂(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

the same time, the flow energy 𝜖f = 𝜖 (𝜉f , 𝑣f). is obtaind such as an
eigen value.

The Bernoulli function 𝜖 (𝜉, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
is given by

𝜎 = 𝜎0 𝐵̂, (9)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (10)

𝐵̂ =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (11)

where 𝑔(𝜓) = 𝑛𝜅 = 𝑛𝑣p/𝐵p, and the subscript "inj" indicates the
value at the injection point. The configuration of the poloidal mag-
netic field only comes into the parameter 𝐵̂ ∝ 𝐵𝑝𝜛2. The final
parameter 𝜎0 is essentially the electromotive force of the star di-
vided by the multiplicity of the flow considered. If 𝛾 ∼ 𝜎0, then most
of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is 𝐵̂. We introduce a simple model for 𝐵̂.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for 𝐵̂ is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L𝜛/𝑟2, where 𝑟 = (𝑍2+𝜛2)1/2. For the dipole field, 𝐵̂ becomes

𝐵̂dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

where 𝑥 = 𝜛/𝑅L. Since 𝐵̂ is constant for radial field, we assume that
it gradually changes to a constant,

𝐵̂radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (13)

at about 𝑥𝑐 , so that 𝐵̂ for the flow A is assumed to be

𝐵̂a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
𝐵̂dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
𝐵̂radial (𝑥), (14)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝜉-𝑣 plane are shown
in Figure 6, where the critical solution is colored in red. It is known

Figure 6. A family of the solutions and the critical solution (red) of the flow A.
The dashed curves indicate the boundaries of the forbidden region. The green
and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝜉 = 0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line) as functions of log 𝜉 . Rright panel: The azimuthal velosity
𝑣𝜑 as a function of 𝑥 = 𝜛/𝑅L. The dashed curve indicates the corotation
for 𝑥 < 1 and the free emission tangent to the light cylinder for 𝑥 > 1.

that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a forbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝜉

𝜉 (𝜉 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝜉

𝜉 (𝜉 −
√
𝜆)

, (15)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 meet.
These curves are also plotted in Figure 6. Since 𝐵̂ is essentially
constant beyond the Alfvén point, the X-type critical point, namely
the fast point, goes to infinity as in the case of the pure radial flow.
After an iteration, the value of 𝜆 is determined so that the injection
point locates at about 𝜉 = 0.1. The obtained parameters of the critical
solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝜉 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In the left panel of Figure 7, we plot 𝛾 as a
function of log 𝜉 with 𝜖f/𝑚𝑐2, which is constant. Difference of 𝛾
and 𝜖f/𝑚𝑐2 gives the Poyinting flux, showing that the flow A is a
Poynting dominant flow. The azimuthal velocity deviates from the
corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect a significant
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Table 1. Some parameters for the critical solution.

Type 𝜎0 log 𝜉 𝑓 log 𝑣 𝑓 𝜖 𝑓 1 − 𝜆 1 − 𝑥A 𝛾

flow A 104 ∞ 1.3275 0.9905 × 104 1.02 × 10−4 5.15 × 10−5 21.4(a)
flow B 104 0.0525 0.9075 3.039 × 103 4.0 × 10−4 2.0 × 10−4 2.95 × 103 (b)
flow C (c) 104 1 1 102 4.0 × 10−4 2.0 × 10−4 102

(a): evaluated at 𝜉 = 100, (b): evaluated at 𝜉 = 3.14, (c):𝜆 is assumed.

Figure 8. The same as Figure 6, but for the flow B.

decrease of 𝐵̂ just outside of the Alfvén point. We model this by

𝐵̂b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
𝐵̂a, (16)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, 𝐵̂ drops down to 𝐷𝐵̂radial at large distances. In a following
example, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as shown in
Figure 5. The value of 𝜎0 is set to be the same as the flow A, i.e.,
𝜎0 = 104.

There is a topological change in the solution curves as shown
in Figure 8. An X-type critical point, the fast point, appears just
beyond the Alfvén point; 𝜉f = 1.13. The Lorentz factor glows up
around the fast point from the value at the injection (𝛾 = 1.1) to
2.95 × 103, which means 98% of the total energy 𝜖f (Figure 9). In
contrast with the flow A, deviation of the azimuthal velocity from the
corotation is weaker, and 𝑣𝜑 peaks at ∼ 0.85𝑐. More importantly the
curve eventually follows almost the analytic curve of the tangential
ejection at the Alfvén radius. The flow is effectively corotation up
to the Alfvén point. The total energy 𝜖 is about 30% of the value of
the flow A. This is reasonable because the flow B is in the middle of
the current layer where the Poynting flux is on its way of decreasing
down to zero on the equator.

The fact that a decrease of 𝐵̂ causes efficient convertion from the
Poynting energy to kinetic energy has been known and discussed in
the context of the AGN jets that have a non-radial and collimated
geometry (Camenzind 1989; Begelman & Li 1994).

5 AN ESTIMATE OF CENTRIFUGAL DRIFT CURRENT
We find that the flow in the current layer is super-fast, and that the
Poynting energy efficiently convets into kinetic energy in azimuthal
motion. We now estimate the centrifugal drift current produced by the
super-fast flow, and see whether it is enough to open the field lines.

Figure 9. The same as Figure 7, but for the flow B.

The centrifugal drift velocity is 𝑣± = ±(𝑐/𝑒)(𝛾𝑚𝑣2
𝜑/𝑅Y𝐵Y). For

the condition to open the magnetic field lines, we have (4𝜋/𝑐) 𝑗𝜑Δ =
2𝐵out

p , where 𝑗𝜑 = 2𝑒𝑛|𝑣±|. We also have the conservatin law
𝑛𝑣p/𝐵p = 𝑔(𝜓). Combining these relation, we arrive at

Δ
𝑅Y

=
(𝑣p/𝑐)
(𝑣𝜑/𝑐)2

𝜎0
𝛾

𝐵Y
𝐵p

𝐵out
p
𝐵L

. (17)

If Δ/𝑅𝑌 is much smaller than unity, then the drift current is enough
large. However, the expression indicates that Δ/𝑅𝑌 seems around
unity. The last factor 𝐵out

p /𝐵L is about unity. The factor 𝐵Y/𝐵p
will not be much smaller than unity. The effective field to produce
the drift current 𝐵Y is 𝑍-component of the field, while 𝐵p is the
field-aligned component. If the flow were nearly parallel to the equa-
torial plane, 𝐵Y/𝐵p would be very small. However, the region with
a large azimuthal velocity would be where the flow comes into the
Y-point, and 𝐵Y/𝐵p will not be so small. If the Y-point is actu-
ally T-point as suggeste by Contopoulos, Ntotsikas, & Gourgouliatos
(2024), 𝐵Y/𝐵p ≈ 1. The efficient energy conversion in the flow B
makes 𝛾 as large as 𝜎0, but never be much larger than 𝜎0. Since
𝑣𝜑 is something around ∼ 0.85, the factor (𝑣p/𝑐)/(𝑣𝜑/𝑐)2 will not
be very small. In conclusion, accelerated flows such as B will not
produce enough the centrifugal drift current to open the magnetic
field.

This may sound strange when one compares with (4). In the flow
B, the centrifugal drift velocity is indeed large since the particles
are accelerated in azimuthal direction with a high Lorentz factor of
the order of 𝛾max/M. However, as is seen in the expression 𝑛 =
𝑔(𝜓)𝐵p/𝑣p, the plasma density decreases due to the decrease of the
magnetic field or increase of cross section of the flow. As a result,
the drift current density does not increase.
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(a): evaluated at 𝜉 = 100, (b): evaluated at 𝜉 = 3.14, (c):𝜆 is assumed.

Figure 8. The same as Figure 6, but for the flow B.

decrease of 𝐵̂ just outside of the Alfvén point. We model this by

𝐵̂b (𝑥) =
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𝑥d − 𝑥

𝛿d
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+ 𝐷
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𝐵̂a, (16)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, 𝐵̂ drops down to 𝐷𝐵̂radial at large distances. In a following
example, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as shown in
Figure 5. The value of 𝜎0 is set to be the same as the flow A, i.e.,
𝜎0 = 104.

There is a topological change in the solution curves as shown
in Figure 8. An X-type critical point, the fast point, appears just
beyond the Alfvén point; 𝜉f = 1.13. The Lorentz factor glows up
around the fast point from the value at the injection (𝛾 = 1.1) to
2.95 × 103, which means 98% of the total energy 𝜖f (Figure 9). In
contrast with the flow A, deviation of the azimuthal velocity from the
corotation is weaker, and 𝑣𝜑 peaks at ∼ 0.85𝑐. More importantly the
curve eventually follows almost the analytic curve of the tangential
ejection at the Alfvén radius. The flow is effectively corotation up
to the Alfvén point. The total energy 𝜖 is about 30% of the value of
the flow A. This is reasonable because the flow B is in the middle of
the current layer where the Poynting flux is on its way of decreasing
down to zero on the equator.

The fact that a decrease of 𝐵̂ causes efficient convertion from the
Poynting energy to kinetic energy has been known and discussed in
the context of the AGN jets that have a non-radial and collimated
geometry (Camenzind 1989; Begelman & Li 1994).

5 AN ESTIMATE OF CENTRIFUGAL DRIFT CURRENT
We find that the flow in the current layer is super-fast, and that the
Poynting energy efficiently convets into kinetic energy in azimuthal
motion. We now estimate the centrifugal drift current produced by the
super-fast flow, and see whether it is enough to open the field lines.

Figure 9. The same as Figure 7, but for the flow B.

The centrifugal drift velocity is 𝑣± = ±(𝑐/𝑒)(𝛾𝑚𝑣2
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2𝐵out
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torial plane, 𝐵Y/𝐵p would be very small. However, the region with
a large azimuthal velocity would be where the flow comes into the
Y-point, and 𝐵Y/𝐵p will not be so small. If the Y-point is actu-
ally T-point as suggeste by Contopoulos, Ntotsikas, & Gourgouliatos
(2024), 𝐵Y/𝐵p ≈ 1. The efficient energy conversion in the flow B
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in the force-free limit, called a Y-point.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in a reagion where the
equatorial current sheet touches the closed field region or in a very
vicinity of a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations are
avairable to provide detailed analysis for the cen-
trifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet. On the other hand,
acceleretion by the field-aligned electric field is also indicated in
some cases. These results seems to show different faces of the
magnetosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
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DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
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plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
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plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening
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4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M
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p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force on an electron of mass 𝑚 and the Lorentz
factor 𝛾 is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and the magnetic field
𝑩 must be weakened very much as compared with 𝐵L, denoted by
𝐵Y. In the last expression, 𝑅Y is the axial distance of this region.
The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2, the
condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵 (out)

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y

𝐵 (out)
p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y

𝐵 (out)
p

. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy. The condition |𝑭/𝑒 | < 𝐵Y gives Δ/𝑅Y > M−1.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer.
We call it the flow A as is shown Figure 3. Since the flow A is inside
of the poloidal current loop, there is some amount of toroidal field,
so that the azimuthal velocity would be much behind the corotaion
due to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a
flow much closer to the equator in the current layer, indicated by
B in the figure, might have a larger azimuthal velocity because the
toroidal field is smaller. Such a flow may have a large Lorentz factor
and provide enough centrifugal drift current to open magnetic field
lines. If we were able to solve the motion of these flow and obtain
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前のスライドの式
どのくらいローレンツ因⼦が上がれば良いか？



flow 中の密度減少を防ぐには、Y-point でinjectすればよいだろう



B hat の変化でさまざまな流れの性質が変わる



6 S. Shibata

A
B

2 S. Shibata

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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∫
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∇×B · eφda =
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c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
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p
4𝜋𝑚𝑐2
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Δ

𝐵Y
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≈ 𝛾max
M
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Δ
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𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
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It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ
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p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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C
D

Figure 10. The flow C injected just within the Alfvén point. The flow D is
the flow before the injection.

6 PLASMA INJECTION AT THE Y-POINT
The magnetic field should be opened in the centrifugal wind. How-
ever, we find that sufficient toroidal current is not produced in the
super-fast flows in the current layer. Although decrease of the poloidal
field causes the fast point located just outside the Alfvén point, it also
causes decrease of the plasma density through increase of cross sec-
tion of the flow tube, and in turn decrease in the centrifugal drift
current.

One possible and very likely way to avoid the density decrease is
an injection of plasma at the Y-point. Let us consider a flow injected
from a top of the closed field region, such as the flow C in Figure 10.

The parameters characterize the flow C would be such that 𝐵̂ is
small and constant because the poloidal field stays small, and that 𝜎0
is also small because the face value of Minj gets large. Note that M
in the definition (10) of 𝜎0 is based on the Goldrech-Julian density
at the injection point, where the magnetic field is small. Therefore,
even if the plasma density is the same as those in the flow A and
the flow B, Minj becomes large, and in turn 𝜎0 gets small. As an
example, we suppose that the magnetic field strength at the injection
point is one hundredth of the field outside the current layer. Then, we
have 𝜎0 = 100, and 𝐵̂c = 0.01.

A family of the solutions is shown in Figure 11. We find another
topology for the flow C. Although 𝜎 = 𝜎0 𝐵̂ is constant, the topology
is different from the Michel’s radial-field solution, where the X-
type critical point goes to infinity. The two curves 𝜕𝜖/𝜕𝜉 = 0 and
𝜕𝜖/𝜕𝑣 = 0 meet at large distance, or maybe at infinity, where a
O-type critical point appears. On the other hand, the X-type critical
point seems to go to the Alfvén point as shown in a closeup view
around the Alfvén point (the right panel of Figure 11). The numerical
solutions suggest that both 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 curves reach to
the Alfén point tangentially to the 𝑣-axis. Thus, the critical solution
becomes almost the vertical line coinciding with the 𝑣-axis as far as
𝑣 is not so large. Other solutions are two-valued functions of 𝜉, and
are inappropriate. When 𝜉 = 1 with 𝑣 ≠ 1, the Bernoulli function
becomes(
𝜖 (1, 𝑣)
𝑚𝑐2

)2
=

1
1 − 𝜆

[
1 −

(
1 − 𝜆

𝜆

)2
𝜎2𝑣2

]
. (18)

It follows from this expression that in the limit 1 − 𝜆 → 0, in other
words, the centrifugal-driven limit Ω(𝜓)ℓ(𝜓) → 𝜖 (𝜓), the fast en-
ergy must be 𝜖f = (1−𝜆)−1/2, regardless of 𝜎. Figure 12 is drawn for
1 − 𝜆 = 1 − 10−4, and therefore 𝜖f = 100. In this case, the injection
point is always very closed to the Alfén point, as we intend. The
toplogy of this type with other types as function of 𝜎 was studied

Figure 11. Left panel: The critical solution for the flow C injected from the
vicinity of the Y-point. Right panel: A close-up view of the left around the
Alfvén point.

Figure 12. (Left) The Lorenz factor (solid line) and the energy of the flow
(dashed line) as functions of log 𝜉 , and (Right) The azimuthal velocity as a
function of 𝑥 for the flow C that is injected from the vicinity of the Alfvén
point.

earlier by Takahashi (1991) and applied in the context of a disc wind
around compact stars.

The Lorentz factor of the flow and the azimuthal velocity are shown
in Figure 12. It can be seen that the flow energy is injected totally as
kinetic energy. Since 𝜆 = Ωℓ/𝜖 ≈ 1, angular momentum is brought
in as well.

In contrast with the flow A and B, we cannot determine the value
of 𝜆 uniquely since the critical solutions are degenerated. The flow
C can have any value of 𝛾 = (1 − 𝜆)−1/2. As a result, 𝜎0/𝛾 in (17)
can be very small. This means that the magnetosphere can have open
field lines. The value of 𝜆 will be determined in a self-consistent way
so that the magnetic field is opened.

Injection of plasma may be pair creation in the vicinity of the
Y-point, but a more likely way is magnetic reconnection. At the top
of the closed field region or just the inside of the Y-point, a high
density corotating plasma with a large Lorentz factor accumulates,
and it is likely transferred onto the open field lines. As seen in
Figure 10, the reconnection process will need a help of plasmoid
emission which is indicated by the dashed small loop. The injection
process may be intermittent. We suppose that the plasmoid formation
seen in PIC simulations corresponds to the injection process. Since
the MHD equation of motion in the cold limit is equivalent to the
equation of motion of individual particles, it is likely that motion
of a plasmoid may also be represented by the cold MHD equation.
Therefore, individual plasmoids might follow the solutions of the
flow C.
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Figure 5. A model of 𝐵̂(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

is given by

𝜎 = 𝜎0 𝐵̂, (8)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (9)

𝐵̂ =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (10)

where the subscript "inj" indicates the value at the injection point.
The configuration of the poloidal magnetic field only comes into
the parameter 𝐵̂ ∝ 𝐵𝑝𝜛2. The final parameter 𝜎0 is essentially the
electromotive force of the star divided by the multiplicity of the flow
considered, featuring the magnetosphere. If 𝛾 ∼ 𝜎0, then it indicates
that most of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is 𝐵̂. We introduce a simple model for 𝐵̂.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for 𝐵̂ is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L sin 𝜃/𝑟 , where the spherical polar coordinates (𝑟, 𝜃, 𝜑) has
been used. For the dipole field, we have

𝐵̂dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (11)

where 𝑥 = 𝜛/𝑅L. Since 𝐵̂ is constant for radial field, we assume that
it gradually changes to a constant,

𝐵̂radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

at about 𝑥𝑐 , so that 𝐵̂ for the flow A is assumed to be

𝐵̂a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
𝐵̂dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
𝐵̂radial (𝑥), (13)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝑧-𝑣 plane are shown in
Figure 6, where the critical solution is colored in red. It is known
that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a borbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝑧

𝑧(𝑧 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝑧

𝑧(𝑧 −
√
𝜆)

, (14)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖

𝜕𝑣
= 0 and 𝜕𝜖

𝜕𝑧
= 0 meet. These

Figure 6. A family of the solutions and the critical solution (red) of the field
aligned flow A. The dashed curves indicate the boundaries of the forbidden
region. The green and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝑧 =
0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line). Rright panel: The azimuthal velosity 𝑣𝜑 as a function of 𝑥.

curves are also plotted in Figure 6. Since 𝐵̂ is essentially constant
beyon the Alfvén point, the X-type critical point goes to infinity as
in the case of the pure radial flow. After an iteration, the value of 𝜆 is
determined so that the injection point locates at about 𝑧 = 0.1. The
obtained parameters of the critical solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝑧 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In Figure 7, we plot the two values, 𝛾 and 𝜖f/𝑚𝑐2,
difference of which is the Poyinting flux, showing that the flow A
is a Poynting dominant flow. The azimuthal velocity shows large
deviation from the corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect decrease of 𝐵̂
just outside of the Alfvén point. We model this by

𝐵̂b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
𝐵̂a, (15)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, 𝐵̂ drops down to 𝐷𝐵̂radial at large distances. In a following
example of solutions, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as
shown in Figure 5. The value of 𝜎0 is set to be the same as the flow
A, i.e., 𝜎0 = 104.

There is a topological change in the curves as shown in Figure 8.
An X-type critical point, the fast point, appears just beyond the Alfvén
point; 𝑧f = 1.13. The Lorentz factor glows up around the fast point
from the value at the injection (𝛾 = 1.1) to 2.95 × 103, which means
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Figure 5. Models of 𝐵̂(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

the same time, the flow energy 𝜖f = 𝜖 (𝜉f , 𝑣f). is obtaind such as an
eigen value.

The Bernoulli function 𝜖 (𝜉, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
is given by

𝜎 = 𝜎0 𝐵̂, (9)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (10)

𝐵̂ =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (11)

where 𝑔(𝜓) = 𝑛𝜅 = 𝑛𝑣p/𝐵p, and the subscript "inj" indicates the
value at the injection point. The configuration of the poloidal mag-
netic field only comes into the parameter 𝐵̂ ∝ 𝐵𝑝𝜛2. The final
parameter 𝜎0 is essentially the electromotive force of the star di-
vided by the multiplicity of the flow considered. If 𝛾 ∼ 𝜎0, then most
of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is 𝐵̂. We introduce a simple model for 𝐵̂.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for 𝐵̂ is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L𝜛/𝑟2, where 𝑟 = (𝑍2+𝜛2)1/2. For the dipole field, 𝐵̂ becomes

𝐵̂dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

where 𝑥 = 𝜛/𝑅L. Since 𝐵̂ is constant for radial field, we assume that
it gradually changes to a constant,

𝐵̂radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (13)

at about 𝑥𝑐 , so that 𝐵̂ for the flow A is assumed to be

𝐵̂a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
𝐵̂dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
𝐵̂radial (𝑥), (14)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝜉-𝑣 plane are shown
in Figure 6, where the critical solution is colored in red. It is known

Figure 6. A family of the solutions and the critical solution (red) of the flow A.
The dashed curves indicate the boundaries of the forbidden region. The green
and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝜉 = 0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line) as functions of log 𝜉 . Rright panel: The azimuthal velosity
𝑣𝜑 as a function of 𝑥 = 𝜛/𝑅L. The dashed curve indicates the corotation
for 𝑥 < 1 and the free emission tangent to the light cylinder for 𝑥 > 1.

that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a forbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝜉

𝜉 (𝜉 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝜉

𝜉 (𝜉 −
√
𝜆)

, (15)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 meet.
These curves are also plotted in Figure 6. Since 𝐵̂ is essentially
constant beyond the Alfvén point, the X-type critical point, namely
the fast point, goes to infinity as in the case of the pure radial flow.
After an iteration, the value of 𝜆 is determined so that the injection
point locates at about 𝜉 = 0.1. The obtained parameters of the critical
solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝜉 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In the left panel of Figure 7, we plot 𝛾 as a
function of log 𝜉 with 𝜖f/𝑚𝑐2, which is constant. Difference of 𝛾
and 𝜖f/𝑚𝑐2 gives the Poyinting flux, showing that the flow A is a
Poynting dominant flow. The azimuthal velocity deviates from the
corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect a significant
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fast point がAlfven point に漸近
cf. Takahashi 1991
AGN disc wind の⽂脈で



ローレンツ因⼦の⼤きな共回転プラズマが注⼊され、そのまま流出する解

ローレンツ因⼦は⾃由に選べる
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
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where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

a
b

z

x1xA

Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 10. The flow C injected just within the Alfvén point. The flow D is
the flow before the injection.

6 PLASMA INJECTION AT THE Y-POINT
The magnetic field should be opened in the centrifugal wind. How-
ever, we find that sufficient toroidal current is not produced in the
super-fast flows in the current layer. Although decrease of the poloidal
field causes the fast point located just outside the Alfvén point, it also
causes decrease of the plasma density through increase of cross sec-
tion of the flow tube, and in turn decrease in the centrifugal drift
current.

One possible and very likely way to avoid the density decrease is
an injection of plasma at the Y-point. Let us consider a flow injected
from a top of the closed field region, such as the flow C in Figure 10.

The parameters characterize the flow C would be such that 𝐵̂ is
small and constant because the poloidal field stays small, and that 𝜎0
is also small because the face value of Minj gets large. Note that M
in the definition (10) of 𝜎0 is based on the Goldrech-Julian density
at the injection point, where the magnetic field is small. Therefore,
even if the plasma density is the same as those in the flow A and
the flow B, Minj becomes large, and in turn 𝜎0 gets small. As an
example, we suppose that the magnetic field strength at the injection
point is one hundredth of the field outside the current layer. Then, we
have 𝜎0 = 100, and 𝐵̂c = 0.01.

A family of the solutions is shown in Figure 11. We find another
topology for the flow C. Although 𝜎 = 𝜎0 𝐵̂ is constant, the topology
is different from the Michel’s radial-field solution, where the X-
type critical point goes to infinity. The two curves 𝜕𝜖/𝜕𝜉 = 0 and
𝜕𝜖/𝜕𝑣 = 0 meet at large distance, or maybe at infinity, where a
O-type critical point appears. On the other hand, the X-type critical
point seems to go to the Alfvén point as shown in a closeup view
around the Alfvén point (the right panel of Figure 11). The numerical
solutions suggest that both 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 curves reach to
the Alfén point tangentially to the 𝑣-axis. Thus, the critical solution
becomes almost the vertical line coinciding with the 𝑣-axis as far as
𝑣 is not so large. Other solutions are two-valued functions of 𝜉, and
are inappropriate. When 𝜉 = 1 with 𝑣 ≠ 1, the Bernoulli function
becomes(
𝜖 (1, 𝑣)
𝑚𝑐2

)2
=

1
1 − 𝜆

[
1 −

(
1 − 𝜆

𝜆

)2
𝜎2𝑣2

]
. (18)

It follows from this expression that in the limit 1 − 𝜆 → 0, in other
words, the centrifugal-driven limit Ω(𝜓)ℓ(𝜓) → 𝜖 (𝜓), the fast en-
ergy must be 𝜖f = (1−𝜆)−1/2, regardless of 𝜎. Figure 12 is drawn for
1 − 𝜆 = 1 − 10−4, and therefore 𝜖f = 100. In this case, the injection
point is always very closed to the Alfén point, as we intend. The
toplogy of this type with other types as function of 𝜎 was studied

Figure 11. Left panel: The critical solution for the flow C injected from the
vicinity of the Y-point. Right panel: A close-up view of the left around the
Alfvén point.

Figure 12. (Left) The Lorenz factor (solid line) and the energy of the flow
(dashed line) as functions of log 𝜉 , and (Right) The azimuthal velocity as a
function of 𝑥 for the flow C that is injected from the vicinity of the Alfvén
point.

earlier by Takahashi (1991) and applied in the context of a disc wind
around compact stars.

The Lorentz factor of the flow and the azimuthal velocity are shown
in Figure 12. It can be seen that the flow energy is injected totally as
kinetic energy. Since 𝜆 = Ωℓ/𝜖 ≈ 1, angular momentum is brought
in as well.

In contrast with the flow A and B, we cannot determine the value
of 𝜆 uniquely since the critical solutions are degenerated. The flow
C can have any value of 𝛾 = (1 − 𝜆)−1/2. As a result, 𝜎0/𝛾 in (17)
can be very small. This means that the magnetosphere can have open
field lines. The value of 𝜆 will be determined in a self-consistent way
so that the magnetic field is opened.

Injection of plasma may be pair creation in the vicinity of the
Y-point, but a more likely way is magnetic reconnection. At the top
of the closed field region or just the inside of the Y-point, a high
density corotating plasma with a large Lorentz factor accumulates,
and it is likely transferred onto the open field lines. As seen in
Figure 10, the reconnection process will need a help of plasmoid
emission which is indicated by the dashed small loop. The injection
process may be intermittent. We suppose that the plasmoid formation
seen in PIC simulations corresponds to the injection process. Since
the MHD equation of motion in the cold limit is equivalent to the
equation of motion of individual particles, it is likely that motion
of a plasmoid may also be represented by the cold MHD equation.
Therefore, individual plasmoids might follow the solutions of the
flow C.
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Table 1. Some parameters for the critical solution.

Type 𝜎0 log 𝜉 𝑓 log 𝑣 𝑓 𝜖 𝑓 1 − 𝜆 1 − 𝑥A 𝛾

flow A 104 ∞ 1.3275 0.9905 × 104 1.02 × 10−4 5.15 × 10−5 21.4(a)
flow B 104 0.0525 0.9075 3.039 × 103 4.0 × 10−4 2.0 × 10−4 2.95 × 103 (b)
flow C (c) 104 1 1 102 4.0 × 10−4 2.0 × 10−4 102

(a): evaluated at 𝜉 = 100, (b): evaluated at 𝜉 = 3.14, (c):𝜆 is assumed.

Figure 8. The same as Figure 6, but for the flow B.

decrease of 𝐵̂ just outside of the Alfvén point. We model this by

𝐵̂b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
𝐵̂a, (16)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, 𝐵̂ drops down to 𝐷𝐵̂radial at large distances. In a following
example, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as shown in
Figure 5. The value of 𝜎0 is set to be the same as the flow A, i.e.,
𝜎0 = 104.

There is a topological change in the solution curves as shown
in Figure 8. An X-type critical point, the fast point, appears just
beyond the Alfvén point; 𝜉f = 1.13. The Lorentz factor glows up
around the fast point from the value at the injection (𝛾 = 1.1) to
2.95 × 103, which means 98% of the total energy 𝜖f (Figure 9). In
contrast with the flow A, deviation of the azimuthal velocity from the
corotation is weaker, and 𝑣𝜑 peaks at ∼ 0.85𝑐. More importantly the
curve eventually follows almost the analytic curve of the tangential
ejection at the Alfvén radius. The flow is effectively corotation up
to the Alfvén point. The total energy 𝜖 is about 30% of the value of
the flow A. This is reasonable because the flow B is in the middle of
the current layer where the Poynting flux is on its way of decreasing
down to zero on the equator.

The fact that a decrease of 𝐵̂ causes efficient convertion from the
Poynting energy to kinetic energy has been known and discussed in
the context of the AGN jets that have a non-radial and collimated
geometry (Camenzind 1989; Begelman & Li 1994).

5 AN ESTIMATE OF CENTRIFUGAL DRIFT CURRENT
We find that the flow in the current layer is super-fast, and that the
Poynting energy efficiently convets into kinetic energy in azimuthal
motion. We now estimate the centrifugal drift current produced by the
super-fast flow, and see whether it is enough to open the field lines.

Figure 9. The same as Figure 7, but for the flow B.

The centrifugal drift velocity is 𝑣± = ±(𝑐/𝑒)(𝛾𝑚𝑣2
𝜑/𝑅Y𝐵Y). For

the condition to open the magnetic field lines, we have (4𝜋/𝑐) 𝑗𝜑Δ =
2𝐵out

p , where 𝑗𝜑 = 2𝑒𝑛|𝑣±|. We also have the conservatin law
𝑛𝑣p/𝐵p = 𝑔(𝜓). Combining these relation, we arrive at

Δ
𝑅Y

=
(𝑣p/𝑐)
(𝑣𝜑/𝑐)2

𝜎0
𝛾

𝐵Y
𝐵p

𝐵out
p
𝐵L

. (17)

If Δ/𝑅𝑌 is much smaller than unity, then the drift current is enough
large. However, the expression indicates that Δ/𝑅𝑌 seems around
unity. The last factor 𝐵out

p /𝐵L is about unity. The factor 𝐵Y/𝐵p
will not be much smaller than unity. The effective field to produce
the drift current 𝐵Y is 𝑍-component of the field, while 𝐵p is the
field-aligned component. If the flow were nearly parallel to the equa-
torial plane, 𝐵Y/𝐵p would be very small. However, the region with
a large azimuthal velocity would be where the flow comes into the
Y-point, and 𝐵Y/𝐵p will not be so small. If the Y-point is actu-
ally T-point as suggeste by Contopoulos, Ntotsikas, & Gourgouliatos
(2024), 𝐵Y/𝐵p ≈ 1. The efficient energy conversion in the flow B
makes 𝛾 as large as 𝜎0, but never be much larger than 𝜎0. Since
𝑣𝜑 is something around ∼ 0.85, the factor (𝑣p/𝑐)/(𝑣𝜑/𝑐)2 will not
be very small. In conclusion, accelerated flows such as B will not
produce enough the centrifugal drift current to open the magnetic
field.

This may sound strange when one compares with (4). In the flow
B, the centrifugal drift velocity is indeed large since the particles
are accelerated in azimuthal direction with a high Lorentz factor of
the order of 𝛾max/M. However, as is seen in the expression 𝑛 =
𝑔(𝜓)𝐵p/𝑣p, the plasma density decreases due to the decrease of the
magnetic field or increase of cross section of the flow. As a result,
the drift current density does not increase.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ → RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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flow D で加速が起こる。これもMHD flow で説明されるはず。
磁場はダイポール的è加速は起きない
remind that… 
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Figure 12. The Lorenz factor (solid line) and the energy of
the flow (dashed line) as functions of log ξ, and the azimuthal
velocity as a function of x for Flow D.
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field lines.490

A problem found in the previous sections is that our491

model does not predict the thickness of the current sheet492

or the Lorentz factor to be reached. This is because493

the fast critical point degenerates into the Alfén point494

under the circumstances of equipartition between the495

magnetic field and the plasma energy densities (σ ∼ 1).496

We need to undertake reconnection processes. However,497

before that, we can make an estimate by assuming that498

the thickness is of order of Larmor radius (Asano et al.499

2004; Hoshino 2020). We employ (3) in which we set500
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p ≈ BL, and the density is the value in the Y-501

point, denoted by nY, which is distinguished from the502

density outside the current sheet, n. With the condition503
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sides of the Y-point. Then we have509

γ ≈ γmax

(2M)1/2
, and

∆

RL
≈ 1

(2M)1/2
. (18)510
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factor of 1/(2M)1/2. We suggest that the highest energy512

can be much higher than a simple estimate of γmax/M.513

A significant difference between the present model and514

the previous PIC simulations is the location of the Y-515

point. In our previous particle simulations (see Figure 5516

of Yuki & Shibata (2012)), we have implied that field-517

aligned potential drop inside the light cylinder makes a518

superrotation, and the Y-point move inward. The PIC519

simulation by Hu & Beloborodov (2022) also shows su-520

percorotation. In their simulation, there is field-aligned521

acceleration around the null surface. The field-aligned522

acceleration, superrotation, and subrotation are interact523

to each other to establish the proper net loss of the an-524

gular momentum as shown in Shibata & Kisaka (2021).525

Another possible reason for the Y-point within the526

light cylinder is that λ becomes much smaller than unity.527

In this case, the outflow is not driven by the centrifugal528

force, but by an injection energy that is introduced in529

the code prescription.530

9. CONCLUSIONS531

We investigate the centrifugal acceleration in an ax-532

isymmetric pulsar magnetosphere under the ideal-MHD533

approximation. Anticipating the poloidal field structure534

we have solved the field-aligned equations for different535

field lines to construct a self-consistent view of the cen-536

trifugal wind. The poloidal field structure comes into537

the flow model through B̂ ∝ Bpϖ2.538

Flows on the open field lines running apart form the539

equatorial current sheet, called Flow A, are Poyinting540

energy dominant, and there is no efficient centrifugal541

acceleration. Flow B that comes into the vicinity of542

a Y-point and goes out in a current layer with finite543

thickness is characterized by decrease of B̂ just beyond544

the Alfvén point. Flow B becomes a super fast flow,545

and the centrifugal acceleration takes place efficiently.546

However, the centrifugal drift current is not enough to547

open the magnetic field lines. Flow D is a flow coming548

from an inner part of the magnetosphere and reaches the549

top of the closed field reagion. The key feature of Flow550

D is an increase of the poloidal field strength toward551

the Alfvén point, the loop top. The azimuthal velocity552

follows the corotaion, and the plasma gains a very large553

Lorentz factor, γ ∼ B̂(xA). The corotating plasma with554

a large Lorentz factor produced in Flow D is expected to555

be injected as Flow C via magnetic reconnection. Flow556

C is a super fast flow, and goes out in the equatorial557

current layer. The region around the junction of the558

two flows have a centrifugal drift current large enough559

to open field lines. A jump from Flow D to Flow C560

require magnetic reconnection and plasmoid emission.561

Although we have not investigate the reconnection562

process, an simple estimate suggests that the Lorentz563

factor of the centrifugal driven outflow goes up to564
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the numerical experiments do not reconstruct concrete
observed pulsars. The achieved separation of scales and the
multiplicity of e± creation are still below those in real objects.
In addition, photon free paths were drawn from a simple
prescribed distribution. More detailed calculations of photon
−photon collisions will require expensive simulations of
radiative transfer (and vastly vary between different pulsars).

Our main results may be summarized as follows.
The energy release and e± creation are strongly concentrated

in the thin, Y-shaped current sheet, with a peak in a small
volume at the Y-point. This is a remarkable feature, especially
taking into account that the mean free path of gamma rays near
the light cylinder is comparable to RLC in our simulation. This
self-organized concentration of e± creation is achieved by the
system via developing an enormous rotation rate at the Y-point,
which results in nearly perfect beaming of gamma-ray emission
along the azimuthal direction. The plasma develops super-
rotation by absorbing the angular momentum flux flowing from
the star along the poloidal magnetic lines.
The simulation shows that the radius of the Y-point circle RY

is shifted inward from the light cylinder by about 15% and
“breathes” with a small amplitude around this average position.
This implies a mildly relativistic corotation speed at the
Y-point, vco≈ 0.85c. The actual ultrarelativistic rotation of the
plasma far exceeds corotation with the star. Therefore, we call
it superrotation.
We have studied in detail the Y-shaped current sheet. The

separatrix current at r< RY is mainly supported by the electron
backflow from the dense Y-point cloud (with smaller fractions
supplied by e± discharge in the separatrix itself and by ion
extraction from the star). The thickness of the separatrix current
sheet Δsh is self-regulated to marginal charge starvation and
therefore related to the plasma density at the Y-point. The
system achieves a small Δsh by sustaining a high density at RY
via the concentrated pair creation. The accumulated pair
density at the Y-point is limited by the confinement condition,
as plasma excess is intermittently ejected into the equatorial
outflow through the elastic magnetic nozzle at RY. It will be
interesting to investigate in future simulations whether a higher
multiplicity of e± creation near the star could significantly
change the processes at the light cylinder. Simulations by

Figure 13. Plasmoids formed by magnetic reconnection in the equatorial outflow. The snapshot was taken at t = 213.2 Rå/c, at the end of the simulation. Top:
electron density ne. Bottom: contours of the normalized magnetic flux function f fmax.

Figure 14. Vertical speed of the plasma flow toward the equatorial current
sheet. It approximately represents the reconnection speed, which is originally
defined as the drift speed ¢vD in the wind rest frame ¢K (where the horizontal
drift vanishes). Here, the hydrodynamic speed of electrons was used as a proxy
of the plasma flow. It was measured at z = ±0.15Rå, as a function of x. The
values are averaged over the last revolution, 176 < ct/Rå < 213.
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damping is applied where m> B R0.1 3. Effectively, in this
region, particles are constrained to move along the rotating
magnetic field line, like beads on a wire. This prevents artificial
magnetic bottles and allows the particles to sink along the field
lines toward the star.

We have also implemented e± annihilation, which helps
control the number of simulated particles. The minimum
particle flux in the equatorial current sheet is I0/e, which would
correspond to the positron outflow = ´ N c R2.26 100

6 in
our simulation. The actual outflow is greater by the multiplicity
factor   1. We use annihilation at large distances
r> 3RLC, where the spatial cells Δr∝ r become overpopulated
by the dense e± outflow.

3. Structure of the Magnetosphere

The magnetosphere does not find a true steady state and
continues to “breathe,” ejecting chunks of plasma (“plas-
moids”) along the equatorial plane. However, many of its
important features can be studied using time-averaged
quantities. The time averaging smears out the plasmoids
moving in the equatorial current sheet (which will be discussed
separately in Section 5). However, it still gives a sufficiently
crispy image of the magnetosphere and provides a clear picture
of dissipation, gamma-ray emission, and e± creation. In this
section, we present the magnetospheric structure averaged over
two rotation periods during the quasi-steady state observed
toward the end of the simulation, between t= 136Rå/c and
213Rå/c.

Figure 1 shows the time-averaged electric current (poloidal
component Jpol), charge density ρ, and toroidal magnetic field
Bf. One can see the three basic components predicted by the
FFE model: the closed zone with Jpol= 0 and Bf= 0, the
negative current from the polar caps (which sustains Bf≠ 0 in
the open field line bundle), and the Y-shaped current sheet with
Jr> 0 (the return current). The Y-point is located at radius
RY< RLC.

The observed configuration also displays the charge
density ρ predicted by the FFE model. In particular, the
separatrix bounding the closed zone is negatively charged

(Lyubarsky 1990), and the equatorial current sheet outside
the Y-point is positively charged. In addition, the kinetic
simulation shows that the charged layer along the separatrix
at r< RY is actually a double layer, resembling a charged
capacitor, with a positive surface charge residing just inward
of the negatively charged current sheet.
Figure 2 shows the densities and electric currents carried by

the three particle species: electrons, positrons, and ions. We
observe that the polar-cap current is charge separated, i.e., it is
carried by one species—the electrons extracted from the star.
There is practically no e± creation in the polar region. The
electrons flow out along the magnetic field lines with modest
energies and carry a negligible fraction of the pulsar spin-down
power. The charge density of the polar outflow is close to the
corotation density ρco≈−Ω ·B/2πc.
Note that ρco changes sign along the “null surface” where

Ω ·B= 0.6 At this surface, the charge-separated outflow was
expected to form an “outer gap” (Cheng et al. 1986). We find in
our simulation that this region is marginally capable of
accelerating electrons and positrons to Lorentz factors∼ γthr.
Furthermore, the current flowing through this region is small,
and therefore the null line does not cause strong dissipation or
gamma-ray emission. A further increase in resolution and
voltage (a higher γ0/γthr) would activate the discharge around
the null surface, somewhat helping the “return” (positive)
current to flow through the region (Bransgrove et al. 2022).
The positive return current flowing through the magneto-

sphere of the aligned rotator is dominated by the thin, Y-shaped
current sheet. Hence, to the first approximation, the sheet
carries the current

» ( )I I , 15sh 0

where I0 is given in Equation (3). At r< RY, this current sheet
has α< 0 (Equation (6)), which prohibits sustaining Ish by a
charge-separated ion flow extracted from the star. Instead, the
system employs copious e± creation to sustain Ish. We have

Figure 1. Time-averaged poloidal current density Jpol, total charge density ρ, and toroidal magnetic field Bf. Green curves show the poloidal magnetic field lines
(poloidal cross sections of the axisymmetric magnetic flux surfaces), uniformly spaced in the magnetic flux function. The white dashed vertical line indicates the light
cylinder. The plots have a resolution of 42 times coarser than the native resolution in the simulation.

6 In the dipolar approximation,W qµ - =· ( )B 3 cos 1 02 is satisfied on the
cone θnull ≈ 55°. The actual magnetic field configuration changes from dipolar
at r ∼ RLC, and the null surface is bent.
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r> RY. Thus, color visualizes the breathing history of the
Y-point, as well as reconnection at r> RY.

Practically all large plasmoids observed in the simulation
were initially formed at the Y-point and later grew through
spontaneous reconnection at r> RY, accreting more magnetic
flux as they flowed outward. The Y-point ejection approxi-
mately spans light green to light orange, 0.245

f f 0.255max , i.e., the Y-point breaths through ∼1% of the
total magnetic flux of the star fmax or ∼5% of the open
magnetic flux »f f0.2open max. Note also that in the vicinity of

the Y-point the equatorial current sheet occupies a
tiny d ~ -f f10 3

max.
One can also see from Figure 13 that the total magnetic flux

entering the dissipative equatorial current sheet spans the range
 f f0.235 0.255max . Thus, the total flux δf≈ 0.1fopen

penetrates the equatorial current sheet. This sets the total
energy budget for the equatorial dissipation. The energy is
delivered from the star to the dissipation region along the flux
surfaces, and overall ∼6% of the spin-down power Lsd
becomes dissipated. The Poynting flux along flux surfaces
0.245 f 0.255 mainly goes to the Y-point dissipation, and
the Poynting flux along flux surfaces 0.235 f 0.245 is
released through reconnection in the outer equatorial current
sheet. Part of the released energy is carried by the outflowing
plasma and part by the escaping gamma rays.

6. Conclusions

This paper has presented a global relativistic kinetic
simulation of an axisymmetric pulsar magnetosphere with
self-consistent e± pair production. Our PIC simulation used
log-spherical coordinates with a grid size of 4096× 4096
covering the radial domain r< 30Rå, several times larger than
the pulsar light cylinder chosen in the model, RLC= 6Rå. The
simulation has advanced features including a thin, dense
atmospheric layer sustained on the star’s surface, which
provides a sufficient reservoir of particles at the magneto-
spheric footprints. Importantly, the simulation did not impose
any plasma injection into the magnetosphere. Pairs were
created only in response to particle acceleration, through a two-
step process—emission of gamma rays followed by their
conversion to e±, as occurs in real pulsars. The high resolution
allowed us to push the maximum accelerating voltage to a high
value, which corresponds to the electron Lorentz factor
γ0= 104, and to achieve a good separation of important energy
scales γ0: γthr: εph= 104: 102: 10.
Such first-principles numerical experiments aim to uncover

physical mechanisms operating in pulsars, in particular how the
plasma magnetosphere self-organizes through pair creation and
dissipates electromagnetic energy. As a disclaimer, we note that

Figure 11. Time-averaged number density of gamma rays nγ (left), gamma-ray emission rate per unit volume nem (middle), and e± creation rate n per unit volume
(right).

Figure 12. Average f velocity of an emitted photon.
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Figure 12. The Lorenz factor (solid line) and the energy of
the flow (dashed line) as functions of log ξ, and the azimuthal
velocity as a function of x for Flow D.
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FIG. 1.ÈNumerical checks of our integration routine. In (a) we run a simulation with 80 ] 80 points with AA@ \ 0 inside the light cylinder. We plot the
Ñux surfaces ( \ 0.15, 0.4, 1.0, 1.4, 1.59 (heavy line), and respectively (we remind the reader that ( \ 0 along the axis). The solution compares well1.7(pc,with Michel (1991), Fig. 4.9. In (b) we run a simulation with 30 ] 30 points inside the light cylinder and another 30 ] 30 points outside for a rotating (split)
monopole at the origin. The Ñux and current distributions, and , respectively, are obtained with high(

m
\ (open (1 [ cos h) A

m
\ [RLC~1 ((2 [ (/(open)precision. We plot the Ñux surfaces ( \ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 (heavy line). In (c) we run a comparison with Michel (1991),times(openFig. 4.12, to show that, although the monopole current distribution comes close to a smooth solution, it is not the Ðnal answer (a numerical problem in that

solution is discussed in the text). In that simulation, we used the values of ((x \ 1~, z) obtained from the interior solution as boundary values ((x \ 1`, z) in
the exterior solution. Here, and We plot the Ñux surfaces ( \ 0.05, 0.2, 0.5, 0.9, 1.0, 1.1, and 1.5 timesA \ [((2 [ (/(open), (open \ 1.742(pc . (open.

pole (Michel 1973a), and the solution in Michel (1982). As
we said, we generate the distributions ( \ ((x, z) that
solve equation (5) inside and outside the light cylinder, and
then correct the electric current distribution to one that will
(hopefully) lower the di†erences ((x \ 1`, z) [ ((x \ 1~,
z) along the light cylinder. The reader can get an idea of the
discontinuities that the electric current distribution correc-
tion iteration goes through in Figure 2. The solution is
extremely sensitive to the electric current distribution, and
small deviations from the correct current distribution reÑect
to large kinks/discontinuities at the light cylinder. In view of
this sensitivity of the solution to the current distribution, it
becomes apparent that a simple guess of its form is likely to
result in discontinuities in the solutions.

4. THE SOLUTION

The procedure described in the previous section is repeat-
ed 50 times, at which point we obtain a magnetospheric
structure that is sufficiently smooth and continuous around
the light cylinder (Fig. 3). The last open Ðeld line (thick line)
corresponds to

(open \ 1.36(pc , (13)

where corresponds to the last Ðeld line which(pc 4 m/RLC

closes inside the distance to the light cylinder in the non-
relativistic dipole solution. As expected from our intuition
based on the current-free distorted dipole solution, (open [

and contrary to our naive intuition, the present mag-(pc,netically dominated system does not reach a closed Ðeld line
structure outside the light cylinder but rather opts (as we
will see) for a quasi-radial structure. A nice physical way to
see this e†ect is that the equivalent ““ weight ÏÏ associated
with the electromagnetic Ðeld energy pulls the lines open
because of the magnetospheric rotation (Bogovalov 1997).

The main electric current (which, for an aligned rotator,
Ñows into the star) is equal to

I \ 0.6IGJ , (14)

where is the electric current one obtains byIGJ 4 )2m/c
assuming that electrons (positrons in a counteraligned
rotator) with GJ number density stream outward at the
speed of light from the nonrelativistic dipole polar cap. This
electric current is distributed along the inner open Ðeld lines

as seen in Figure 4. The electric current0 \ ( \ 1.08(pc,distribution is close to the one which corresponds to a
rotating monopole with the same amount of open Ðeld lines
(dashed line), but varies slightly, in particular in that a small
amount of return current Ñows in the(Ireturn \ 0.03IGJ)

FIG. 2.ÈEvolution of the simulation for a rotating dipole at the origin, as the correct current distribution is approached in our iteration scheme (Ðrst,
second, third, and Ðfth iterations in [a], [b], and [c], respectively). Lines plotted as in Fig. 3.
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
the Ðeld line along which AA@ \ 0. Well within( \ 1.08(pcthe light cylinder, the null line is simply given by the locus
of points where the condition X Æ B \ 0 (or equivalently

is satisÐed.B
z
\ 0)
Knowing the poloidal electric current distribution along

the open magnetic Ðeld lines, we can also derive the asymp-
totic structure of our solution at distances x ? 1. One can

FIG. 4.ÈElectric current distribution A \ A(() (solid line) along the open Ðeld lines that allows for the solution presented in Fig. 3. Compare this with the
equivalent monopole (i.e., a monopole with the same amount of open Ðeld lines) electric current distribution (dashed line).A

m
[ \ [RLC~1 ((2 [ (/(open)Although our numerical iteration scheme seems to be relaxing only to this unique distribution, we have no theoretical arguments that this distribution is

indeed unique.
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4.17. A REVIEW ON RECONNECTION

1946 K. N. Gourgouliatos and D. Lynden-Bell

Figure 2. Magnetic field structure for the isolated force-free magnetosphere P0 and runs A1 and A2 (top row from left to right) and runs A3, A4, and A6
(bottom left to right). Black lines correspond to surfaces of constant !, the colour scale is AA

′
. The thick red line is the last open field line, and the dashed

blue line is the light cylinder. The dotted red line is the boundary between regions IIa and IIb. Notice the absence of regions IIb and III in the isolated pulsar
solution (P0) and the absence of region IIa in the A6 solution, where no field lines starting from the pulsar cross the light cylinder.

cross the light cylinder. The flux function satisfies !(1, z → ∞) <

! IIa(R, z) < !(1, 0). Region IIb contains open magnetic field lines
that are connected to the pulsar, corotate, have a toroidal magnetic
field but do not cross the light cylinder. The flux function satisfies
! IIb(R, z) < !(1, z → ∞). Finally, region III contains magnetic
field lines not connected to the pulsar, without any toroidal field that
are not corotating. The field there is potential and the magnetic flux
function satisfies ! III(R, z) > !(1, 0) and R > 1. One can see that
the magnetic flux in regions I and III may have the same value but
they distinguished by the fact that the former lies within the light
cylinder and the latter outside.

The magnetic field satisfies the following equations in each
region:

(1 − R2)

(
∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2

)
− 2R

∂!

∂R
= 0 (I), (24)

(1−R2)

(
∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2

)
−2R

∂!

∂R
= −AA′ (IIa, IIb),

(25)

∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2
= 0 (III). (26)

Next we consider the boundary conditions. Near the origin R2 + z2

→ 0 the magnetic field is a dipole. Thus, we set on the surface of the
star (r2

NS = R2 + z2) the flux function to be ! = R2/(R2 + z2)3/2. On
the z-axis it holds that BR(0, z) = 0, which in terms of ! becomes
!(0, z) = 0. Here, we have used the fact that ! is determined up

to an additive constant, which is set equal to zero. On the equator
and while inside the light cylinder it is BR(R < 1, 0) = 0, therefore,
∂!/∂z|R<1, z=0 = 0; outside the light cylinder and in the region of
the equatorial current sheet it is Bz(1 < R < l0, 0) = 0, thus !(1
< R < l0, 0) = !(1, 0) = !0 that corresponds to the last open
field line. Beyond the separatrix, the field on the equator is BR(R >

l0, 0) = 0, thus ∂!/∂z|R>1, z=0 = 0. At large distances the external
field is expected to dominate. In particular at large axial distance
(R → ∞) it is Bz = B0 and BR = 0. The situation is somewhat
more complicated for the field lines of regions IIa and IIb at z →
∞. Setting Bz = B0 does not correspond to a solution unless a
special choice of A = A(!) is made. To allow for a more general
solution, we demand that BR(R, z → ∞) = 0. Since, in practice we
are simulating a finite rectangular box in R ∈ [0, Rmax] and z ∈ [0,
zmax], thus the actual conditions employed at the boundaries of the
computational box are !(Rmax, z) = !max and ∂!/∂z|R,zmax = 0,
where !max = B0R

2
max/2.

In the isolated pulsar magnetosphere solution, the form of A =
A(!) is determined by the demand that the magnetic field lines
cross smoothly the light cylinder. This is used for the field lines of
region IIa, however, the magnetic field lines of region IIb do not
cross the light cylinder, thus we cannot make use of equation (23)
to determine A. In principle, one can make a choice of A(!) and
then find the corresponding solution. In our approach we make
the choice that the poloidal magnetic field in this region is equal
to the externally imposed magnetic field B0. For this to hold, the
flux function needs to be !(R < 1, z → ∞) = B0R2/2. Substituting
this expression into equation (25) we obtain AA′

IIb = 2B0R
2 = 4!.

This choice for AA
′

is then used to solve the pulsar equation in
region IIb.
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Figure 2. Calculation domain and imposed boundary conditions. See text
for explanation.

domains with known positions of the boundaries. We wish to em-
phasize here that the choice of the topology of the magnetosphere is
an additional assumption in the frame of the stationary problem. In
the following we investigate in detail the force-free magnetosphere
of an aligned rotator assuming topology with a Y-like neutral point.

3 N U M E R I C A L M O D E L

We solve equation (38) in a rectangular domain, see Fig. 2. The
boundary conditions are as follows. On the rotation axis (z-axis)

ψ(0, z) = 0, zNS < z ! zmax . (41)

At the equatorial plane, in the closed field line zone

∂zψ(x, 0) = 0, xNS < x < x0 , (42)

following from the symmetry of the system. In the open field line
domain

ψ(x, 0) = ψ(x0, 0), x0 < x ! xmax , (43)

i.e. the separatrix lies in the equatorial plane. Close to the NS the
magnetic field is assumed to be dipolar, so for x = x NS, 0 ! zNS

and 0 ! x ! x NS, z = zNS

ψ(x, z) = ψdip(x, z) ≡ x2

(x2 + z2)3/2
. (44)

Magnetic surfaces should become radial at large distances from the
NS, see Ingraham (1973). On the other hand, in the calculations of
Contopoulos et al. (1999), where the pulsar equation was solved in
the unbounded domain, with boundary conditions at infinity imply-
ing the finiteness of the total magnetic flux, the magnetic surfaces
became nearly radial already at several sizes of the LC. Rather dif-
ferent outer boundary conditions, with a finite magnetic flux inside
the LC at infinity, have been used by Sulkanen & Lovelace (1990).
However, the time-dependent simulations of Komissarov (2006),
Spitkovsky (2005) and McKinney (2006) provide strong evidence
for the correctness of the outer boundary conditions when magnetic
surfaces at large distances from the NS are radial. Thus, at the outer
boundaries of the calculation domain for 0 < x ! x max, z = zmax

and x = x max, 0 < z ! zmax

x ∂xψ + z ∂zψ = 0. (45)

At the LC two conditions should be satisfied: (i) the solution
should be continuous,

ψ(x → 1−, z) = ψ(x → 1+, z) , (46)

and (ii) the condition (39). These conditions together provide a
smooth transition through the LC. Following Goodwin et al. (2004)
we expand the function ψ at the LC in the Taylor series over x,
imposing the continuity condition (46). By substituting the result-
ing expansion into the pulsar equation (38) and retaining the terms
up to the second order we get the following approximation to the
pulsar equation at the LC:

4∂xxψ(1, z) + 2∂zzψ(1, z) = ∂x [SS′(1, z)] . (47)

This equation is nothing more than a reformulation of the smooth-
ness conditions (46) and (39), valid for the first- and second-order
terms in the Taylor series expansion of ψ . As the numerical scheme
we have used is of the second order, this approximation, as well as its
discretization, has the same accuracy as the discretized equation in
the rest of the numerical domain. In the course of the relaxation
procedure we are trying to satisfy the conditions (46) and (39),
i.e. we solve equation (47) at the LC instead of the original equa-
tion (38), which is singular there. Equation (39) is used for the de-
termination of the poloidal current term SS′(ψ) along the open field
lines.

In the closed field lines zone, ψ > ψ last ≡ ψ(x 0, 0), there is no
poloidal current, so SS′ ≡ 0. The return current needed to keep the
system charge neutral flows along the separatrix. In the open field
line domain for x > x0, the presence of an infinite thin current sheet
is already incorporated into the solution procedure by setting the
boundary condition (43). However, when the separatrix goes above
the equatorial plane we have to model the current sheet. We assume
that the return current is flowing along the field lines corresponding
to the magnetic surfaces [ψ last, ψ last + dψ]. The total return current
flowing in this region is calculated by integrating the term SS′:

Sreturn =

√

2

∫ ψlast

0

SS′ dψ . (48)

We model the poloidal current density distribution over ψ in the
current sheet ψ last ! ψ ! ψ last + dψ by an even-order polynomial
function going to zero at the boundaries of the current sheet

S′(ψ) = A

{[
ψ −

(
ψlast + dψ

2

)]2k

−
(

dψ

2

)2k
}

, (49)

where the constant A is determined from the requirement∫ ψlast+dψ

0
S(ψ) dψ = 0 and k is an integer constant. The pulsar

equation is then solved in the whole domain including the current
sheet. The current sheet cannot be considered as a force-free domain,
but in doing so we correctly calculate the influence of the current
sheet on to the global magnetospheric structure, even though the ob-
tained values of the physical parameters inside the current sheet are
fake.

We developed a multigrid numerical scheme for the solution of
equations (38) and (47). These equations have been discretized
using the five-point Gauss–Seidel rule. The coarsest numerical
grid was constructed in such a way that the LC is at the cell
boundaries. Each subgrid was obtained by halving the previ-
ous grid. Cell sizes in the region x < 1, z < 1 are smaller
in order to accurately calculate the current along the separatrix.
We use the Full Approximation Scheme with V-type cycles (see
Trottenberg et al. 2001). The Gauss–Seidel scheme was used as
both a smoother and a solver at the coarsest level. At each itera-
tion step, both in the solver and the smoother, the new value of
the poloidal current term SS′(1, z) was calculated from the relation
(39) at each point of the LC. Then a piece-polynomial interpola-
tion of SS′ in the interval (0, ψ last) was constructed and the return

C⃝ 2006 The Author. Journal compilation C⃝ 2006 RAS, MNRAS 368, 1055–1072

外に電流がある
内側に電流がある

last open field line Φopenと current sheet の位置が問題。
force-free solution を求めるときに poloidal current の分布 I(Ψ)の自由度を使って l.c.で解が regular になるようにした。つまり、poloidal current 分布が決まってしまう。結果的に open field flux ないで電流が全て閉じない結果になってしまった。そして、一部の電流を薄い current sheet に押し込むことになった。
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FIG. 1.ÈNumerical checks of our integration routine. In (a) we run a simulation with 80 ] 80 points with AA@ \ 0 inside the light cylinder. We plot the
Ñux surfaces ( \ 0.15, 0.4, 1.0, 1.4, 1.59 (heavy line), and respectively (we remind the reader that ( \ 0 along the axis). The solution compares well1.7(pc,with Michel (1991), Fig. 4.9. In (b) we run a simulation with 30 ] 30 points inside the light cylinder and another 30 ] 30 points outside for a rotating (split)
monopole at the origin. The Ñux and current distributions, and , respectively, are obtained with high(

m
\ (open (1 [ cos h) A

m
\ [RLC~1 ((2 [ (/(open)precision. We plot the Ñux surfaces ( \ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 (heavy line). In (c) we run a comparison with Michel (1991),times(openFig. 4.12, to show that, although the monopole current distribution comes close to a smooth solution, it is not the Ðnal answer (a numerical problem in that

solution is discussed in the text). In that simulation, we used the values of ((x \ 1~, z) obtained from the interior solution as boundary values ((x \ 1`, z) in
the exterior solution. Here, and We plot the Ñux surfaces ( \ 0.05, 0.2, 0.5, 0.9, 1.0, 1.1, and 1.5 timesA \ [((2 [ (/(open), (open \ 1.742(pc . (open.

pole (Michel 1973a), and the solution in Michel (1982). As
we said, we generate the distributions ( \ ((x, z) that
solve equation (5) inside and outside the light cylinder, and
then correct the electric current distribution to one that will
(hopefully) lower the di†erences ((x \ 1`, z) [ ((x \ 1~,
z) along the light cylinder. The reader can get an idea of the
discontinuities that the electric current distribution correc-
tion iteration goes through in Figure 2. The solution is
extremely sensitive to the electric current distribution, and
small deviations from the correct current distribution reÑect
to large kinks/discontinuities at the light cylinder. In view of
this sensitivity of the solution to the current distribution, it
becomes apparent that a simple guess of its form is likely to
result in discontinuities in the solutions.

4. THE SOLUTION

The procedure described in the previous section is repeat-
ed 50 times, at which point we obtain a magnetospheric
structure that is sufficiently smooth and continuous around
the light cylinder (Fig. 3). The last open Ðeld line (thick line)
corresponds to

(open \ 1.36(pc , (13)

where corresponds to the last Ðeld line which(pc 4 m/RLC

closes inside the distance to the light cylinder in the non-
relativistic dipole solution. As expected from our intuition
based on the current-free distorted dipole solution, (open [

and contrary to our naive intuition, the present mag-(pc,netically dominated system does not reach a closed Ðeld line
structure outside the light cylinder but rather opts (as we
will see) for a quasi-radial structure. A nice physical way to
see this e†ect is that the equivalent ““ weight ÏÏ associated
with the electromagnetic Ðeld energy pulls the lines open
because of the magnetospheric rotation (Bogovalov 1997).

The main electric current (which, for an aligned rotator,
Ñows into the star) is equal to

I \ 0.6IGJ , (14)

where is the electric current one obtains byIGJ 4 )2m/c
assuming that electrons (positrons in a counteraligned
rotator) with GJ number density stream outward at the
speed of light from the nonrelativistic dipole polar cap. This
electric current is distributed along the inner open Ðeld lines

as seen in Figure 4. The electric current0 \ ( \ 1.08(pc,distribution is close to the one which corresponds to a
rotating monopole with the same amount of open Ðeld lines
(dashed line), but varies slightly, in particular in that a small
amount of return current Ñows in the(Ireturn \ 0.03IGJ)

FIG. 2.ÈEvolution of the simulation for a rotating dipole at the origin, as the correct current distribution is approached in our iteration scheme (Ðrst,
second, third, and Ðfth iterations in [a], [b], and [c], respectively). Lines plotted as in Fig. 3.
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B
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This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
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その薄い部分は閉じた磁場領域の中になるように取り扱った。厚みを δΨとすると
Ψopen < Ψ < Ψopen + δΨ (4.17.89)

の間に poloidal current を閉じ込めている。数値計算上、この範囲は force-free の pulsar

equation は成り立っていないという取り扱いになる。例はTimokhin (2006)。
Gourgouliatos & Lynden-Bell(2019) やNtotsikas et al.(2023)では、

Ψopen − δΨ < Ψ < Ψopen (4.17.90)

に薄い current sheetを入れている。われわれは高精度の数値解を求めた。(800 × 800) current sheet は Ψopenを中心に (有限幅 0.005Ψopne だけど)δ-function的に入れている。確かにT-pointになった。
312 global

Contopoulos, I., Kazanas, D., ¥& 
Fendt, C.¥ 1999, ¥apj, 511, 351

trans-field equation + 慣性無視 = pulsar equation (force free model)
とても流⾏った

を調整して regular な解を得た
無限に薄い電流シートが必要

慣性無視なのに開いた磁⼒線ができる理由はない。
⼿で⼊れた。x Y はフリーパラメータ
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Flow A

Flow B

Flow CDead zone

Flow D

Figure 13. A schematic picture of the vicinity of the Y-
point. The location of Flow A, B, C and D are indicated.
The dushed curves are the streamlins, and the thin curves
are the poloidal current lines.

≈ γmaxM−1/2. In a global point of view, the cen-565

trifugal acceleration takes place in a small fraction of566

∆/RL ≈ M−1/2, and the most of the spin-down power567

is carried by the Poynting energy in the open magnetic568

flux. The role of the centrifugal force is to open the mag-569

netic field and to establish the poloidal current loop.570

The centrifugal acceleration takes place in Flow B and571

Flow D just outside and inside of the Alfvén point, re-572

spectively. The ploidal current lines crosses the stream573

lines there as indicate in in Figure 13. As a result, the574

current sheets shrinks at the Y-point. This may be a575

favored poloidal current distribution if the regularity of576

the ploidal field on the Alfvén surface requires an in-577

finitely thin current as seen in the force-free solution578

(Contopoulos et al. 1999; Timokhin 2006).579580
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結論
• 閉じた磁場領域のトップのと
ころで共回転速度がcに近づき、
慣性が増⼤し、閉じた磁場が
ちぎれて、その後は慣性で流
れ出る。

• 共回転による遠⼼⼒ドリフト
電流が磁場を開く。

• ⼀旦磁場が開くと、磁気圏の
⼤部分は電磁場優勢でPoynting 
energy としてエネルギーは放
出 (σ 問題の答え)

• 慣性の役割は磁場を開くとこ
ろだけ。

8 S. Shibata

weakened magnetic field 𝐵Y; Δ ≈ 𝛾𝑚𝑐2/𝑒𝐵Y. Jointing this with (4)
and the condition that the outflow becomes kinetic energy dominant,
𝛾 ≈ 𝛾max/M, we have

Δ
𝑅L

≈ 𝐵Y
𝐵L

≈ 1
M1/2 . (19)

This is a simple order-of-magnitude estimate, but may be applicable
for some PIC simulations, where the particle inertia is artificially
enlarged and the plasma density is not so high as the ideal-MHD
condition holds.

9 CONCLUSIONS
We investigate the centrifugal acceleration in an axisymmetric pulsar
magnetosphere under the ideal-MHD approximation. Anticipating
the poloidal field structure we have solved the field-aligned equations
for solutions that are suitable to explain the realistic centrifugal wind.
The poloidal field structure comes into the flow model through 𝐵̂ ∝
𝐵p𝜛2 only.

Flows on the open field lines running apart form the equatorial
current sheet, called the flow A, are Poyinting energy dominant, and
there is no efficient centrifugal acceleration. We investigate a flow,
called the flow B that comes into the vicinity of a Y-point and go out
along a current layer with finite thickness. The flow B is characterized
by a sudden decrease of 𝐵̂ just outside of the Alfvén point. We find
that the flow B becomes super-fast and is accelerated efficiently in the
azimuthal direction with a large Lorentz factor. However, this super-
fast flow do not produce enough centrifugal drift current to open the
magnetic field. A self-consistent structure with the closed-open-field
lines will not be realized by the super-fast flows.

We find that this problem can be solved by a combination of two
flows. One, the flow D, is a flow coming from an inner part of the
magnetosphere and approaching the top of the closed field loops.
This flow almost exactly corotates and has a large Lorentz factor
as it approaches the Alfvén point. The key to realize this kind of
flow is increase of the poloidal field strength as the flow aproaches
the Alfvén point. The increase of the poloidal field seems a natural
result of balance of the electromagnetic forces as it is suggested by
the force-free solution. The centrifugal force also presses the flow
outward at the top of the closed loop to help the increase of the
magnetic field. The second flow, the flow C, starts with an injection
just inside of the Alfvén point, where the magnetic field is very weak.
The corotating plasma with a large Lorentz factor produced in the
flow D is expected to be injected as the flow C. The flow C is a
trans-fast flow and goes away along the equatorial current layer. The
region around the junction of the two flows can have centrifugal drift
current large enough to open field lines. A jump from the flow D
to the flow C would require magnetic reconnection and plasmoid
emission.

We note here that change in the magnetization parameter is ex-
tremely large. We assume the magnetization 𝜎0 = 104. However, the
local magnetization is 𝜎 ≈ 1 for the flow C, while it becomes 108 at
the termination point of the flow D. In a global point of view, most
of the spin-down power is carried by the Poynting energy in the open
magnetic flux. The role of the centrifugal force is only to open the
magnetic field and to establish the poloidal current loop. Therefore,
in a high density limit, the centrifugal acceleration occupies a very
small part in the total rotation power.

In summary, a possible self-consistent structure of the centrifugal
wind may be such as drawn in Figure 15. We find the solution of the
MHD flow with the assumed 𝐵̂. The next step is to combine with

Flow A

Flow B

Flow C

Flow D

Figure 15. A schematic picture of the vicinity of the Y-point. The labels
correspond to the flow A, B, C and D in the text.

the trans-field equation with flow intertia. However, we speculate a
steady solution would not exist, but we probablly need to intermittend
magnetic reconnection with plasmoid emission.
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結論(つづき)
• 加速に応じでpoloidal 電流の集中
が起こる。

• 閉じた磁場のトップでは磁場の
圧縮があって磁場が⼤きくなる
が、遠⼼⼒ドリフト電流の層を
挟んで開いた磁場側では磁場は
急激に減少する。

• 電流層は磁場を開くtoroidal 電流を作る薄い
層がありその外側にtoroidal電流は⼩さい
trans-fast flow の流れがあって⼆層構造にな
る。

• 磁場を開くところでは磁気リコネクション、
プラズモイド放出が必要となるだろう。間
⽋的な振る舞いを⽰す。



Thank you!


