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toroidal !eld component), overpressured jet sheath against the
uniform ISM environment is reproduced in numerical simula-
tions (e.g., Clarke et al. 1986).

As a summary of this section, we conclude that the edge of
the jet sheath in M87 upstream of rB can be approximately
described as the outermost BP82-type streamline of the FFE jet
solution with the Kerr parameter a!>!0, which is anchored to
the event horizon. Thus, we suggest that the parabolic jet
sheath in M87 is likely powered by the spinning BH. Recent
theoretical arguments clari!ed that the outward Poynting "ux is
generally nonzero (i.e., the BZ77 process generally works)
along open magnetic !eld lines threading the ergosphere
(Komissarov 2004; Toma & Takahara 2014). Thus, our
!ndings support the existence of the ergosphere. We note,
however, that there is an alternative suggestion that the jet
sheath is launched in the inner part of the Keplerian disk at
R!!!10rg (Mertens et al. 2016).

4.2. Jet Kinematics

Figure 16 overviews the jet kinematics by compiling the data
in the literature (see the caption for references). Multi-
wavelength VLBI and optical observations reveal both
subluminal and superluminal features in proper motion,
providing a global distribution of the jet velocity !eld V in
M87. We display the value of !! in Figure 16 by using
simple algebraic formulae with the bulk Lorentz factor

bG º - -( )1 2 1 2 and b b b q q= +( )cos sinapp app v v , where
!!=!V/c and !app is the apparent speed of the moving
component in units of c. The value of !! approaches ! in the
nonrelativistic regime (G 1) and represents ! in the
relativistic regime (b 1), thereby representing simulta-
neously the full dynamic range in velocity over both regimes.
Superluminal motions (!app!>!1) have been frequently

observed at relatively large distances beyond rB. Furthermore,
these components seem to originate at the location of HST-1

Figure 15. Distribution of the jet radius R as a function of the jet axial distance z (deprojected with M!=!6.2!!!109 Me and "v!=!14°) from the SMBH in units of rg
(see Asada & Nakamura 2012; Hada et al. 2013; Nakamura & Asada 2013, labeled as AN12, H13, and NA13, respectively). Additional data points are taken from
Doeleman et al. (2012), Akiyama et al. (2015), and Hada et al. (2016) (labeled as D12, A15, and H16, respectively). The (vertical) dot-dashed line denotes the Bondi
radius rB, located at!;6.9!!!105rg, and the HST-1 complex is around 106rg. The !lled black region denotes the BH (inside the event horizon), while the hatched area
represents the ergosphere for the spin parameter a!=!0.99. The light-gray area denotes the approximate solution (e.g., NMF07; TMN08) of the FFE genuine parabolic jet
(outermost BZ77-type streamline: µz R2 at R/rg!?!1), while the dark-gray area is the case of the parabolic jet (outermost BP82-type streamline: z!"!R1.6 at R/rg!?!1). In
both of the outermost streamlines, which are anchored to the event horizon with "fp!=!#/2, a variation from a!=!0.5 (upper edge) to a!=!0.99 (lower edge) is represented as
a shaded area. The solid line is the linear least-square for data points of MERLIN 1.8 GHz, indicating the conical stream z!"!R (Asada & Nakamura 2012).
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183C273 43 GHz RMc c cD ~ D + D ~ . Regarding M87, its
EVPA uncertainty in 86 GHz images would be somewhat
larger than this value, since the lower S/N of polarization
signals (S/N!!!4.5; see Section 3.4) from this source gives
another non-negligible thermal error term. This can be
estimated as Pradian 2therm p( )c sD ~ where ps and P are
rms noise level and polarized intensity in the polarization
map!(e.g., Roberts et al. 1994). With S/N!=!P ps !!4.5, we
obtain 6therm,M87cD ~ . Assuming that 3C273cD and

therm,M87cD are statistically independent, we estimate a total
error budget for M87 to be M87cD !!!±20°.

2.3. Lower-frequency Data

As supplementary data sets, we additionally made VLBA-
only observations of M87 at 24 and 43 GHz close in time with
the 86 GHz sessions. The observations were carried out on
2014 March 8, 26, and May 8, where both 24 and 43 GHz were
used quasi-simultaneously by alternating the receivers quickly.
On March 26 and May 8, all the VLBA stations were present,
while on March 8 the antennas at Mauna Kea and Fort Davis
were absent. We received only RR polarization signals with a
total bandwidth of 128MHz (on March 8) or 256MHz (on
March 26 and May 8). Among these sessions, the data on
March 26 were the best in overall quality, while the data on
March 8 were relatively poor. The initial data calibration
(a priori amplitude correction, fringe-!tting, and bandpass) was
made in AIPS, and the subsequent image reconstruction was
performed in Difmap based on the usual CLEAN/self-

calibration procedure. The basic information of these data is
also tabulated in Table 1.

3. RESULTS

3.1. New 86 GHz Images

In Figure 3 we show a representative 86 GHz image of the
M87 jet obtained by our VLBA+GBT observations. For a
better visualization, the image is produced by combining the
visibility data over the two epochs, and restored with a
convolving beam of 0.25 mas !!0.08 mas at a position angle
(PA) of 0°. A contour image with a natural weighting scheme is
also displayed in the top panel of Figure 4.
Thanks to the signi!cant improvement in sensitivity, a

detailed jet structure was clearly imaged down to the weaker
emission regions. The resulting image rms noise of the
combined image was !0.28 mJy beam!1. In this period the
extended jet was substantially bright down to !1 mas from the
core. The weak emission was detected (particularly in the
southern limb) down to !3 mas from the core at a level of 3!,
and another !1–2 mas at 2!. The peak surface brightness of the
image was 500 mJy beam!1 at this resolution, corresponding to
an image dynamic range greater than 1500 to 1 (the detailed
value varies slightly as a function of the weighting scheme and
convolving beam). This is the highest image dynamic range
obtained so far at 86 GHz for this jet, and is quite comparable
to typical dynamic ranges in VLBA images at 43 GHz!(e.g., Ly
et al. 2007). We describe a comparison of our 86 and 43 GHz
images in the next subsection.

Figure 3. VLBA+GBT 86 GHz false-color total intensity image of the M87 jet. The image is produced by combining the visibility data over the two epochs on 2014
February 11 and 26. The restoring beam (0.25 mas !!0.08 mas at PA 0°) is shown in the bottom-right corner of the image. The peak intensity is 500 mJy beam!1 and
the off-source rms noise level is 0.28 mJy beam!1, where the resulting dynamic range is greater than 1500 to 1.
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limb-brightened構造

z = 5mas z = 15mas z = 30mas

Continuing triple-ridge structure

triple-ridge構造

Radio observations of AGN jets

• 高解像VLBI観測によりAGNジェットの
放射構造が明らかに


• limb-brightened: M87, Mrk 501, Mrk 
421, Cyg A, 3C84


• triple-ridge: only in high-sensitivity 
observation of M87

ジェットの起源に迫る観測



density-floor of GRMHD simulations
• プラズマ粒子は強くそろった磁場により
ジェット内部に拡散できない


• GRMHDシミュレーションでは重力と遠
心力の釣り合いで淀み点が自然に発生 
(separation surface)


• ジェット領域=超低密度 
→ floor valueの導入  

例: ,   

(McKinney & Gammie 2004)

ρ0;min = 10−4r−3/2 umin = 10−6r−5/2

8 GRMHD community and the EHTC

Figure 1. Views of the radiatively ine�cient turbulent black hole accretion problem at tKS = 10 000M against the Kerr-Schild
coordinates (subscript KS). Left: logarithmic rest-frame density (hue) and rendering of the magnetic field structure using line-
integral convolution (luminance), showing ordered field in the funnel region and turbulence in the disk. Center: the logarithm of
the magnetization with colored contours indicating characteristics of the flow. The magnetized funnel is demarcated by � = 1,
(red), the disk is indicated by � = 1 (green) and the geometric Bernoulli criterion (ut = �1) is given as blue solid line in the
region outside of the funnel. Right: schematic of the main components. In these plots, the black hole horizon is the black disk
and the ergosphere is shown as black contour. The snapshot was obtained from a simulation with BHAC.

Turning back to the morphology of the RIAF accretion, Figure 1, one can see that between evacuated funnel
demarcated by the funnel wall (red) and bound disk material (blue), there is a strip of outflowing material often also
referred to as the jet sheath (Dexter et al. 2012; Mościbrodzka & Falcke 2013; Mościbrodzka et al. 2016a; Davelaar
et al. 2018). As argued by Hawley & Krolik (2006), this flow emerges as plasma from the disk is driven against the
centrifugal barrier by magnetic and thermal pressure (which coined the alternative term funnel wall jet for this region).
In current GRMHD based radiation models as utilized e.g. in EHT Collaboration (2019b), as the density in the funnel
region is dominated by the artificial floor model, the funnel is typically excised from the radiation transport. The
denser region outside the funnel wall remains which naturally leads to a limb-brightened structure of the observed
M87 “jet” at radio frequencies (e.g. Mościbrodzka et al. 2016a; Chael et al. 2018; Davelaar et al. 2019 in prep.). In the
mm-band (EHT Collaboration 2019a), the horizon scale emission originates either from the body of the disk or from
the region close to the funnel wall, depending on the assumptions on the electron temperatures (EHT Collaboration
2019b).
In RIAF accretion, a special role is played by the horizon penetrating magnetic flux �BH: normalized by the accretion

rate � := �BH/

p
Ṁ , it was shown that a maximum for the magnetic flux �max ⇡ 15 (in our system of units) exists

which depends only mildly on black hole spin, but somewhat on the disk scale height (with taller disks being able to
hold more magnetic flux, Tchekhovskoy et al. 2012). Once the magnetic flux reaches �max, accretion is brought to a
near-stop by the accumulation of magnetic field near the black hole (Tchekhovskoy et al. 2011; McKinney et al. 2012)
leading to a fundamentally di↵erent dynamic of the accretion flow and maximal energy extraction via the Blandford &
Znajek (1977) process. This state is commonly referred to as Magnetically Arrested Disk (MAD, Bisnovatyi-Kogan &
Ruzmaikin 1976; Narayan et al. 2003) to contrast with the Standard and Normal Evolution (SANE) where accretion
is largely una↵ected by the black hole magnetosphere (here � ⇠ few). While the MAD case is certainly of great
scientific interest, in this initial code comparison we focus on the SANE case for two reasons: i) the SANE case is
already extensively discussed in the literature and hence provides the natural starting point ii) the MAD dynamics
poses additional numerical challenges (and remedies) which render it ill-suited to establish a baseline agreement of
GMRHD accretion simulations.

3. CODE DESCRIPTIONS

Porth et al. 2019

the energy !ux direction shown in Figure 1). Such disconti-
nuity of the energy and momentum !uxes implies that the
out!ow is accretion-powered, which is constrained by the
energy input from the disk/corona. The switch-on and switch-
off of the extraction of the black hole energy (in!ow) may
closely relate to the launching and quenching of relativistic jets
(out!ow) (e.g., Pu et al. 2012; Globus & Levinson 2013).

Prior to the GMRHD studies mentioned, Phinney (1983)
considered the in!ow and out!ow along a monopole "eld
jointly by the conservation of the total energy !ux per !ux
tube. In this pioneering work, they consider energy extraction
from the black hole via BZ77 process (the in!ow part), and the
Michel!s “minimum torque solution” (Michel 1969), in which
the fast(-magnetosonic) point is located at in"nity (the out!ow
part). We, however, suggest that a more realistic situation can
be considered: the black hole energy extraction process in the
framework of GRMHD, and a type of parabolic GRMHD !ows
as a result of external pressure con"nements provided by the
corona/accretion. Recent observational evidence also supports
this idea;! nearby active radio galaxy, M87, exhibits the
parabolic streamline up to _105 Schwarzschild radius (Asada
& Nakamura 2012).

Furthermore, we are interested in the case that the fast point
of the out!ow is located at a "nite distance. This consideration
is directly related the conversion from Poynting to kinetic
energy !uxes of the !ow and therefore the jet acceleration.
Poloidal magnetic !ux is required to diverge suf"ciently
rapidly in order for most of the Poynting !ux to be converted
into the kinetic energy !ux beyond the fast point (also known
as the magnetic nozzle effect; e.g., (Camenzind 1989; Li
et al. 1992; Begelman & Li 1994; Takahashi & Shibata 1998).

Beskin & Nokhrina (2006) examine the acceleration of the
jet along a parabolic streamline by introducing a small
perturbation into the force-free "eld. As a result, the fast point
is located at a "nite distance. This indicates how plasma
loading in the !ow plays a role in accelerating the !ow, as well
as a conversion from Poynting to kinetic/particle energies.
They consider the behavior of the out!ow in the !at spacetime.
However, we are interested in both the in!ow and out!ow near
a black hole.
All of these theoretical works provide important pieces

toward a picture that includes the following process along the
"eld line: (i) in the in!ow region the rotational energy of the
black hole is extracted outward by the GRMHD in!ow, (ii) at
the the in!ow/out!ow separation surface the extracted energy
!ux is carried out continuously, and (iii) in the out!ow region
the !ow passes the fast point, and hence the bulk Lorentz factor
increases. Although this picture has already been recognized in
the quasi-steady state in GRMHD simulations (e.g., McKinney
& Gammie 2004; Hawley & Krolik 2006; McKinney 2006), no
steady solution is available in the literature.
In this paper, we present the "rst semi-analytical work. We

consider the energy extraction from the black hole via the
GRMHD (in!ow), and the perturbed force-free parabolic "eld
line in Beskin & Nokhrina (2006) (out!ow). With given black
hole spin, "eld angular velocity, and magnetization at the
separation surface, we are able to to constrain the out!ow
solution by the in!ow solution. For reference, we adopt similar
parameters reported in the GRMHD simulation of McKinney
(2006; hereafter M06). Our semi-analytical solution passes all
the critical points (inner and outer, Alfvén, and fast points), and
agrees with the in!ow and out!ow properties along a mid-level
"eld line in M06.
The paper is organized as follows. In Section 2, we outline

the GRMHD formulation and the wind equation (WE). In
Section 3, with the consideration of the conservation of energy
!ux in in!ow and out!ow region near the separation surface,
we discuss the matching condition to connect the in!ow and
out!ow part of a PFD GRMHD !ow. In Section 4, we
introduce our model setup. We adopt similar parameters to
those reported by M06, and compare the solution obtained by
the matching condition with that of the time-averaged GRMHD
numerical simulation results in M06. Finally, a summary is
given in Section 5.

2. STATIONARY AXISYMMETRIC MHD
FLOW IN A KERR SPACETIME

2.1. Basic Formulae

The theory about stationary and axisymmetric ideal
GRMHD !ows has been in several works
(Camenzind 1986a, 1986b, 1987; Takahashi et al. 1990; Fendt
& Camenzind 1996; Fendt & Greiner 2001; Fendt & Ouyed
2004). For completeness, in this section we summarize and
present the necessary formulae for this paper.
The natural unit system is used throughout this work. As

c = G = M = 1, the gravitational radius � �r GM c 1g
2 ,

where c is the speed of light, G is the gravitational constant,
and M is the mass of the black hole (conversions from the c.g.
s. units to the natural units for the physical variables here can
be found in Tables 3 and 4 in Pu et al. 2012). The !ows occur
in a background Kerr spacetime, which is stationary and
axisymmetric. For a metric signature � � � �[ ], the Kerr

Figure 1. Schematic illustration of a Poynting !ux–dominated (PFD) GRMHD
!ow con"ned by the accretion !ow and its corona. The outward-streaming
curves indicates ordered, large-scale magnetic "elds that thread the black hole
event horizon. The in!ows and the out!ows (represented by thick white
arrows) are along the "eld lines, and are separated by the separation surface
(marked by a dashed line). The energy !ux (represented by a gray arrow) is
outward in both the in!ow and out!ow regions, as the black hole rotational
energy is extracted and transported outward. The static limit (dashed curve)
and the light surface (solid curve) outside the black hole (black region) are also
shown.
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mass-loading problem
• 何らかの物質注入機構が必要 

 = “mass-loading problem”


• pair-creation in jet? 
(Levinson & Rieger 2011, Kimura & Toma 2020)


• pair cascade? 
(Broderick & Tchekhovskoy 2015, 
Kisaka+2020)


• reconnection at jet edge? 
(Parfrey+15, Nathanail+20)


• decay of relativistic non-charged particles? 
(Toma & Takahara 2012)


• ジェット内部の密度分布が正確でない 
→ 放射計算に直接影響

2 Kimura and Toma
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Figure 1. Schematic picture of our model. Protons are
accelerated in the MAD through reconnection or turbulence,
leading to hadronic gamma-ray and neutrino emissions. The
gamma-rays interact with lower-energy photons emitted by
thermal electrons, e!ciently creating the electron-positron
pairs in the magnetosphere.

Hada et al. 2014; Ait Benkhali et al. 2019)1. The BH
magnetosphere models in which a vacuum gap accel-
erates electron-positron pairs may be feasible for TeV
gamma-rays, but reproducing the GeV gamma-ray data
is challenging due to a hard photon spectrum and very-
high maximum energy of electrons (Levinson & Rieger
2011; Hirotani & Pu 2016; Kisaka et al. 2020).
In this paper, we propose hadronic processes in mag-

netically arrested disks (MADs; Narayan et al. 2003) as
an alternative gamma-ray emission mechanism. Radio
galaxies likely host MADs because they can e!ciently
launch relativistic jets (Tchekhovskoy et al. 2011;
McKinney et al. 2012; Sa̧dowski et al. 2013; Chael et al.
2019; Event Horizon Telescope Collaboration et al.
2019e; Porth et al. 2019) by the Blandford-
Znajek mechanism (Blandford & Znajek 1977;
Komissarov 2004; Toma & Takahara 2016). The
other accretion mode, the standard and nor-
mal evolution (SANE), produces weaker jets
(Event Horizon Telescope Collaboration et al. 2019e),
and these two accretion modes may cause the ob-
served dichotomy of radio-loud and radio-quiet AGNs.
The estimate of magnetic fluxes by radio obser-

1 Although magnetic reconnection models at a large scale, where
smaller plasmoids moving with a relativistic speed emit high-
energy gamma-rays, may help reducing the tensions (e.g.,
Giannios et al. 2010; Petropoulou et al. 2016), such models re-
quire a high magnetization parameter at the large scale, which
is unlikely due to the conversion of magnetic energy to bulk ki-
netic or thermal energies at smaller scales as indicated by various
observations.

vations also supports existence of MADs in radio
galaxies (Zamaninasab et al. 2014; Zdziarski et al.
2015). MADs dissipate their magnetic energies
through plasma processes, such as magnetic recon-
nection (Ball et al. 2018; Ripperda et al. 2020), and
non-thermal particles are e!ciently accelerated by re-
connection (Zenitani & Hoshino 2001; Hoshino 2012;
Sironi & Spitkovsky 2014; Werner et al. 2018) and/or
turbulence (Lynn et al. 2014; Kimura et al. 2016;
Comisso & Sironi 2018; Kimura et al. 2019b), leading to
gamma-ray emission via hadronic and leptonic processes
(see Figure 1).
Hadronic emission from the accretion flows

were previously discussed as the emission mecha-
nisms of soft gamma-rays (Mahadevan et al. 1997;
Oka & Manmoto 2003; Niedźwiecki et al. 2013),
TeV gamma-rays (Rodŕıguez-Ramı́rez et al. 2019a,b,
2018), and TeV-PeV neutrinos (Kimura et al. 2015;
Khiali & de Gouveia Dal Pino 2016; Kimura et al.
2019a; Hayasaki & Yamazaki 2019; Murase et al. 2020a;
Kimura et al. 2020; Murase et al. 2020b). Multi-
wavelength and multi-messenger observations also pro-
vide direct hints of non-thermal activities in accretion
flows, such as Sgr A* flares in infrared and X-ray bands
(Genzel et al. 2010), detection of GeV gamma-rays from
radio-quiet AGNs (Wojaczyński et al. 2015; Ajello et al.
2020), and a neutrino hotspot coincident with a radio-
quiet AGN (Aartsen et al. 2020b). However, the accre-
tion flows have not been examined as the GeV gamma-
ray emission sites, especially for gamma-ray loud radio
galaxies.
In addition, high-energy phenomena in accretion

flows may play an essential role on injecting par-
ticles in relativistic jets. Because of the centrifu-
gal force and the magnetic field barrier, the accret-
ing matter cannot enter the polar region of the BH,
which results in lack of the mass supply, leading to
a continuous density decrease (McKinney & Gammie
2004; Tchekhovskoy et al. 2011). The polar region of
the BH, or the funnel, is the launching point of the
relativistic jets, and hence, a steady jet production
needs mass and charge loading mechanisms. Also,
vacuum gaps may open at the extremely low den-
sity environment, where the electron-positron pairs
are accelerated and emit very high-energy gamma-rays
(Hirotani & Pu 2016; Broderick & Tchekhovskoy 2015;
Kisaka et al. 2020). Hadronic interactions create neu-
tral particles, e.g., neutrons and gamma-rays, and they
can penetrate the magnetic field barrier, enabling mass
and charge loading to the funnel. In the previous stud-
ies that consider only MeV photons by thermal elec-
trons, the amount of pairs is marginal to screen the vac-

Kimura & Toma 2020



emission from jet origin
• Kawashima et al. 2020


• separation surface上の物質からの
放射を輻射輸送計算


• 2017年観測のリング構造を再現可能


• photon ring に加えて特徴的なリン
グ構造ができることを示した


• ジェットからの放射が将来のEHT観測
で検出される可能性

Kawashima et al. 2020



電波ジェットの起源に迫る観測。 
BH近傍の放射イメージを理論的に予測したい。



2. GRMHD定常軸対称モデル
density-floor問題と無縁の解析的モデルを構築



基礎方程式
• 基礎方程式


Maxwell 方程式: ,  


エネルギー･運動量の式: , 




連続の式: 


理想MHD条件:  


• 座標系: Boyer-Lindquist (Kerr時空) 


• 定常軸対称


• 運動方程式を Bernoulli 方程式 (磁力線に
沿った方向)と GS 方程式 (磁力線に垂直方
向)に分解

∇νFμν = Jμ ∇ν * Fμν = 0

∇νTμν = 0

Tμν = ρuμuν +
1

4π (FμλFν
λ −

1
4

gμνFλσFλσ)
(nuμ);μ = 0

uνFμν = 0



磁力線に沿った保存量

•単位質量あたりエネルギー流束: 

•単位質量あたり角運動量流束: 

•単位磁束あたり質量流束: 

•磁力線の”角速度”: 

̂E = − u0 +
ΩFB3

4πμη

L̂ = u3 +
B3

4πμη

η = −
nu1

B1
Gt = −

nu2

B2
Gt

ΩF =
F01

F13
=

F02

F23 Gt = g00 + ΩFg03: 質量μ

Bernoulli parameters



磁力線形状
• GRMHDシミュレーション結果と
整合的な磁束関数

• : parabolic field shape 
force-free solution


• : MHD deviation


• C: constant.  


• 磁場: 

 

 




• 電場: 

 
 

Ψ(r, θ) = C[(r/rH)ν(1 − cos θ) + (1/4)ϵr sin θ]

ν = 1

ϵ = 10−4

Ψ(rH, π/2) = 1

B1 =
B1

g11
= −

Gt

−g
F23 = −

Gt

−g
∂2Ψ

B2 =
B2

g22
= −

Gt

−g
F13 = −

Gt

−g
∂1Ψ

B2
p = B1B1 + B2B2

E1 = F01 = ΩFF13 = ΩF∂1Ψ
E2 = F02 = ΩFF23 = ΩF∂2Ψ
E3 = 0

Lee & Park 2004, Beskin & Nokhrina 2006, 
Tchekhovskoy+2008, Pu+2015



磁力線形状
• GRMHDシミュレーション結果と
整合的な磁束関数

• : parabolic field shape 
force-free solution


• : MHD deviation


• C: constant.  


• 磁場: 

 

 




• 電場: 

 
 

Ψ(r, θ) = C[(r/rH)ν(1 − cos θ) + (1/4)ϵr sin θ]

ν = 1

ϵ = 10−4

Ψ(rH, π/2) = 1

B1 =
B1

g11
= −

Gt

−g
F23 = −

Gt

−g
∂2Ψ

B2 =
B2

g22
= −

Gt

−g
F13 = −

Gt

−g
∂1Ψ

B2
p = B1B1 + B2B2

E1 = F01 = ΩFF13 = ΩF∂1Ψ
E2 = F02 = ΩFF23 = ΩF∂2Ψ
E3 = 0

Lee & Park 2004, Beskin & Nokhrina 2006, 
Tchekhovskoy+2008, Pu+2015

Gt = g00 + ΩFg03



磁力線に沿った方向の解析解
• Bernoulli 方程式からpoloidal velocityの4次式を導出 

,  

• 密度 :  


• トロイダル磁場: 

4

∑
i=1

Aiui
p = 0

n = −
ηBp

upGt

B3 = − 4πμη
Gϕ

̂E + GtL̂
M2 − k0

M2 = 4πμn
u2

p

B2
p

G2
t



磁力線に垂直方向の力の釣り合い
• 運動方程式の磁力線に垂直な成分。理想MHDで電場は磁場に垂直 

 ( ) 


• 磁場構造 Ψ を固定してパラメーター  を求めるために使う


• 正の項を , 負の項を  に選り分け、釣り合い度合いを示す指標 

を導入


• 完璧な釣り合いが取れた場合 


• 釣り合いが取れず力の向きがどちらかに偏った場合  が最大値


•  が閾値( )以下になるような値を探す

A = 1,2

ΩF

f+ f−

χ = 0

χ = 1

χ 10−6
BH

Bp
Ep, e(n)

⊙ Bϕ

r sin θ

r cos θ

f+

f−解の精度の定量評価=オリジナル

separation surfaceでの釣り合いを取る。 
厳密解が得られば全域で釣り合い。



3. Results



parabolic jet model
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Figure 3. Two dimensional distribution of up and n/nnorm

of the P1 model.

Figure 1 shows ⌦F( ) and L̂out⌦F/Êout( ) at the sep-
aration surface. ⌦F/⌦H = 0.5 and the force-free condi-
tion L̂out⌦F/Êout = 1 are satisfied within 1% accuracy
in  > 0.1, which mean that our approximate solu-
tions are consistent with the force-free monopole solu-
tion (Blandford & Znajek 1977). The deviation from
the monopole force-free solution decreases, as either the
BH spin is smaller, Ê0 is larger, up,ss is smaller, or
⌦F( = 1) is closer to 0.5⌦H.

Figure 2 shows up and B3 along the field lines of
 = 0.1, 0.5, 0.9. The outflow does not pass through
the fast magnetosonic point unlike in the parabolic field
configuration case, as discussed in Camenzind (1986).
B3 of each flow is almost constant along the field line
unless it diverges. This means that the conversion from
the Poynting flux to the fluid energy flux is inefficient in
the monopole field configuration, and that the electro-
magnetic field is almost force-free in the whole region.

3.2. Parabolic configuration model
3.2.1. P1 model

In this subsection, we focus on the results of the cal-
culation of the P1 model. We show the two dimensional
distribution of up and n in Figure 3. Here, we normalize
the number density by

nnorm ⌘

B1B1 +B2B2 +B3B3

8⇡µ

�

(r=rss, =1)

. (13)

The inflow and outflow smoothly accelerate from the
separation surface to relativistic speeds, and the density
decreases with the distance from the separation surface.
We note that the density does not diverge at the sepa-
ration surface since up,ss is not zero.

Figure 4 shows ⌘( )E( ), Ê( ), ⌦F( ), and n/nnorm

at the separation surface. Ê( ) has a peak at  ⇠ 0.3.
The Poynting flux becomes zero at the axis, which means
Ê( = 0) = �u0 ⇡ 1. ⌦F increases toward ⌦F = 0.5⌦H

from the edge to the axis but it decreases near the axis
at  ⇡ 0.25. Ê ⇡ L̂⌦F is satisfied within 1% accuracy.
This means that the flow is Poynting flux dominated at
the separation surface. ⌘E roughly follows / sin2 ✓H,
while this dependence is that of B3 on ✓H at the horizon
for a ⌧ 1 (Equation 11). The number density at the
separation surface has the peak at the jet edge, and
decrease to nearly zero toward the jet axis.

Figure 5 shows M2, M2
Alf , and M2

fast along the field
lines of  = 0.1, 0.5, and 0.9, where M2

Alf ⌘ k0 and
M2

fast ⌘ k0 + (G2
tB

2
3)/(⇢

2
wB

2
p). The intersections of M2

and M2
Alf are the Alfven points, and the ones of M2 and

M2
fast are the fast magnetosonic points. Figure 6 shows

up along the field lines  = 0.1, 0.5, and 0.9. Both of

n/nnorm

←separation 
surface 
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• poloidal velocity: 


• separation surfaceから相対論的速
度に加速


• 加速に伴い密度減少


• ジェット縁と軸付近が高密度の中
空構造


• 密度の規格化:

u2
p = u1u1 + u2u2

nnorm = [ B1B1 + B2B2 + B3B3

8πμ ]
r=rss,Ψ=1



磁力線に沿った分布

速度解無しの場所は熱化し
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fast along the field lines of  =
0.1, 0.5, and 0.9 in the P1 model. The intersections of M2
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Alf are the Alfven points and the ones of M2 and M2

fast

are the fast magnetosonic points.

10!2

10!1

100

101

102

10!1 100 101 102 103 104 105

u
p

r ! rH

! = 0.1
! = 0.5
! = 0.9

Figure 6. up along the field lines  = 0.1, 0.5, and 0.9 in
the P1 model.

models. The minimum value 1�L⌦F/E ⇡ 0.01 realizes
where Ê is maximum.

We perform calculations with different up,ss. We use
up,ss = 6 ⇥ 10�4 and 1.4 ⇥ 10�3 for the P4 and P5
models, respectively. The results are shown in Figure
7. When up,ss is smaller, n/nnorm changes in a similar
fashion as a gets larger. n/nnorm at the jet edge changes
proportional to u�1

p,ss. The P1, P4, and P5 models show
that ⌘E does not significantly depend on up,ss. As up,ss

decreases, Ê increases and ⌘ decreases for all the field
lines.

4. DISCUSSION
4.1. Density on the separation surface

The matter density distribution will constrain the
mass-loading mechanism. In Figure 8, we show n/nnorm

of the P1, P2, and P3 models as a function of rss.
n/nnorm is largest at the jet edge and decreases as  
get smaller as shown in Figure 4. rss decreases as a gets
larger. At the far zone, the normalized density roughly
follows n/nnorm / r�2

ss in all the models. Figure 9 shows
n/nnorm as a function of rss for the different values of
up,ss. We also have the dependence n/nnorm / r�2

ss in
the far zone in these models. For rss < 10, the rss de-
pendence of n/nnorm is steeper.

Annihilation of high-energy photons from the accre-
tion disk is one of the proposed mass-loading mech-
anisms (Levinson & Rieger 2011; Mościbrodzka et al.
2011; Kimura & Toma 2020). This process leads to the
e+e� density distribution n / r�6 for the case in which
�-ray emitting region is compact near the BH (Mości-
brodzka et al. 2011), which does not match the results
in our model. If �-ray emitting region is extended, say

Alfven point: 
fast point: 

M2 = M2
Alf

M2 = M2
fast
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Figure 1 shows ⌦F( ) and L̂out⌦F/Êout( ) at the sep-
aration surface. ⌦F/⌦H = 0.5 and the force-free condi-
tion L̂out⌦F/Êout = 1 are satisfied within 1% accuracy
in  > 0.1, which mean that our approximate solu-
tions are consistent with the force-free monopole solu-
tion (Blandford & Znajek 1977). The deviation from
the monopole force-free solution decreases, as either the
BH spin is smaller, Ê0 is larger, up,ss is smaller, or
⌦F( = 1) is closer to 0.5⌦H.

Figure 2 shows up and B3 along the field lines of
 = 0.1, 0.5, 0.9. The outflow does not pass through
the fast magnetosonic point unlike in the parabolic field
configuration case, as discussed in Camenzind (1986).
B3 of each flow is almost constant along the field line
unless it diverges. This means that the conversion from
the Poynting flux to the fluid energy flux is inefficient in
the monopole field configuration, and that the electro-
magnetic field is almost force-free in the whole region.

3.2. Parabolic configuration model
3.2.1. P1 model

In this subsection, we focus on the results of the cal-
culation of the P1 model. We show the two dimensional
distribution of up and n in Figure 3. Here, we normalize
the number density by

nnorm ⌘

B1B1 +B2B2 +B3B3

8⇡µ

�

(r=rss, =1)

. (13)

The inflow and outflow smoothly accelerate from the
separation surface to relativistic speeds, and the density
decreases with the distance from the separation surface.
We note that the density does not diverge at the sepa-
ration surface since up,ss is not zero.

Figure 4 shows ⌘( )E( ), Ê( ), ⌦F( ), and n/nnorm

at the separation surface. Ê( ) has a peak at  ⇠ 0.3.
The Poynting flux becomes zero at the axis, which means
Ê( = 0) = �u0 ⇡ 1. ⌦F increases toward ⌦F = 0.5⌦H

from the edge to the axis but it decreases near the axis
at  ⇡ 0.25. Ê ⇡ L̂⌦F is satisfied within 1% accuracy.
This means that the flow is Poynting flux dominated at
the separation surface. ⌘E roughly follows / sin2 ✓H,
while this dependence is that of B3 on ✓H at the horizon
for a ⌧ 1 (Equation 11). The number density at the
separation surface has the peak at the jet edge, and
decrease to nearly zero toward the jet axis.

Figure 5 shows M2, M2
Alf , and M2

fast along the field
lines of  = 0.1, 0.5, and 0.9, where M2

Alf ⌘ k0 and
M2

fast ⌘ k0 + (G2
tB

2
3)/(⇢

2
wB

2
p). The intersections of M2

and M2
Alf are the Alfven points, and the ones of M2 and

M2
fast are the fast magnetosonic points. Figure 6 shows

up along the field lines  = 0.1, 0.5, and 0.9. Both of
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The Poynting flux becomes zero at the axis, which means
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of the P1, P2, and P3 models as a function of rss.
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get smaller as shown in Figure 4. rss decreases as a gets
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n/nnorm as a function of rss for the different values of
up,ss. We also have the dependence n/nnorm / r�2

ss in
the far zone in these models. For rss < 10, the rss de-
pendence of n/nnorm is steeper.

Annihilation of high-energy photons from the accre-
tion disk is one of the proposed mass-loading mech-
anisms (Levinson & Rieger 2011; Mościbrodzka et al.
2011; Kimura & Toma 2020). This process leads to the
e+e� density distribution n / r�6 for the case in which
�-ray emitting region is compact near the BH (Mości-
brodzka et al. 2011), which does not match the results
in our model. If �-ray emitting region is extended, say

磁力線ごとの 
加速プロファイル

 まで加速up ∼ 3 − 4

u2
p = − 1 +

k0( ̂E2 − ΩFL̂)2 − 2( ̂E2 − ΩFL̂)2M2 + (1/ρ2
w)(g33

̂E2 + 2g03
̂EL̂ + g00L̂2)

(M2 − k0)2
∂pup = N/D D = −

4πμnG2
t

B2
p

(up − uAlf )2(up − ufast)2(up − uslow)2



Summary
• EHTなどの高解像電波観測によってAGNジェットの駆動領域が分解観
測されてきている


• ジェット内部の密度分布を放射構造から制限


• 定常軸対称一般相対論的理想MHD方程式を磁力線に並行/垂直方向に
分解。垂直方向を準解析的に解いてseparation surface 上での力の釣
り合いを満たす Bernoulli parameterを求め、並行方向のBernoulli式を
解析的に解くことでジェット内部の電磁場、速度場、密度場を求め
た。


• 今回構築したジェットモデルはホライズン近傍のジェット放射を再現
することで、ジェット内部への質量注入機構に対する制限として利用
できる

6 Ogihara, Ogawa & Toma

Figure 3. Two dimensional distribution of up and n/nnorm

of the P1 model.

Figure 1 shows ⌦F( ) and L̂out⌦F/Êout( ) at the sep-
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tion L̂out⌦F/Êout = 1 are satisfied within 1% accuracy
in  > 0.1, which mean that our approximate solu-
tions are consistent with the force-free monopole solu-
tion (Blandford & Znajek 1977). The deviation from
the monopole force-free solution decreases, as either the
BH spin is smaller, Ê0 is larger, up,ss is smaller, or
⌦F( = 1) is closer to 0.5⌦H.

Figure 2 shows up and B3 along the field lines of
 = 0.1, 0.5, 0.9. The outflow does not pass through
the fast magnetosonic point unlike in the parabolic field
configuration case, as discussed in Camenzind (1986).
B3 of each flow is almost constant along the field line
unless it diverges. This means that the conversion from
the Poynting flux to the fluid energy flux is inefficient in
the monopole field configuration, and that the electro-
magnetic field is almost force-free in the whole region.
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BH spin is smaller, Ê0 is larger, up,ss is smaller, or
⌦F( = 1) is closer to 0.5⌦H.

Figure 2 shows up and B3 along the field lines of
 = 0.1, 0.5, 0.9. The outflow does not pass through
the fast magnetosonic point unlike in the parabolic field
configuration case, as discussed in Camenzind (1986).
B3 of each flow is almost constant along the field line
unless it diverges. This means that the conversion from
the Poynting flux to the fluid energy flux is inefficient in
the monopole field configuration, and that the electro-
magnetic field is almost force-free in the whole region.

3.2. Parabolic configuration model
3.2.1. P1 model

In this subsection, we focus on the results of the cal-
culation of the P1 model. We show the two dimensional
distribution of up and n in Figure 3. Here, we normalize
the number density by

nnorm ⌘

B1B1 +B2B2 +B3B3

8⇡µ

�

(r=rss, =1)

. (13)

The inflow and outflow smoothly accelerate from the
separation surface to relativistic speeds, and the density
decreases with the distance from the separation surface.
We note that the density does not diverge at the sepa-
ration surface since up,ss is not zero.

Figure 4 shows ⌘( )E( ), Ê( ), ⌦F( ), and n/nnorm

at the separation surface. Ê( ) has a peak at  ⇠ 0.3.
The Poynting flux becomes zero at the axis, which means
Ê( = 0) = �u0 ⇡ 1. ⌦F increases toward ⌦F = 0.5⌦H

from the edge to the axis but it decreases near the axis
at  ⇡ 0.25. Ê ⇡ L̂⌦F is satisfied within 1% accuracy.
This means that the flow is Poynting flux dominated at
the separation surface. ⌘E roughly follows / sin2 ✓H,
while this dependence is that of B3 on ✓H at the horizon
for a ⌧ 1 (Equation 11). The number density at the
separation surface has the peak at the jet edge, and
decrease to nearly zero toward the jet axis.

Figure 5 shows M2, M2
Alf , and M2

fast along the field
lines of  = 0.1, 0.5, and 0.9, where M2

Alf ⌘ k0 and
M2

fast ⌘ k0 + (G2
tB

2
3)/(⇢

2
wB

2
p). The intersections of M2

and M2
Alf are the Alfven points, and the ones of M2 and

M2
fast are the fast magnetosonic points. Figure 6 shows

up along the field lines  = 0.1, 0.5, and 0.9. Both of
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for obtaining the solutions. Ê( ) has a peak near the jet
edge in their result, while our models have the one rela-
tively closer to the axis. They showed that ⌦F monoton-
ically increase toward the axis, and ⌦F( = 0) = 0.5⌦H,
which is set as a boundary condition, while in our model,
⌦F( ) decreases rapidly near the axis. ⌘ of their model
is assumed by a given magnetization parameter and the
poloidal magnetic field at the null-charge surface. It is
larger near the axis, which is the opposite trend from
our results.

⌦F( ) distribution is also shown in Beskin & Zhel-
toukhov (2013), in which they solve the GS equation
of a cylindrical jet in a special relativistic regime. In
their result, ⌦F( ) decreases near the axis like our re-
sults. This trend is also seen in GRMHD simulation of
McKinney et al. (2012).

4.3. Magnetic bending profile

Pu & Takahashi (2020) introduced the reasonable
shape of the function of Ep,ZAMO/BT,ZAMO, which can
be rewritten by the bending angle of the field line,
and derived wind solutions with the prescribed func-
tion (see also Tomimatsu & Takahashi 2003; Takahashi
& Tomimatsu 2008). Ep,ZAMO = |G�Bp/(Gt

p
g33)|

is the poloidal electric field strength and BT,ZAMO =
|B3/(↵

p
g33)| is the toroidal magnetic field strength in

the zero angular momentum observer frame.
There are some constraints to this function. First,

Ep,ZAMO/BT,ZAMO = 1 at the horizon (i.e. the
Znajek condition). Second, Ep,ZAMO/BT,ZAMO = 0
at the null-charge surface, where the field line coro-
tate with the spacetime (�g03/g33 = ⌦F). Finally,
(Ep,ZAMO/BT,ZAMO)2 < 1 � 1/Ê2 for the outflow in
order to prevent up from diverging. For the outflow,
Ep,ZAMO/BT,ZAMO needs to increase for the flow to ac-
celerate. Additionally, Ep,ZAMO/BT,ZAMO should be
smooth and continuous.

The previous studies mentioned above prescribed
(Ep,ZAMO/BT,ZAMO)2 as a constant value for out-
flow and derived up using it. The assumed
(Ep,ZAMO/BT,ZAMO)2 and the derived one using Equa-
tion (8) was not self-consistent. We solved Equation
(6) which does not explicitly depend on B3, and de-
rive (Ep,ZAMO/BT,ZAMO)2 afterwards. We show the
self-consistent profile of Ep,ZAMO/BT,ZAMO of  =
0.1, 0.5,and 0.9 in Figure 10. (Ep,ZAMO/BT,ZAMO)2 in
our result follows all the conditions listed above.

4.4. Model limitations

The inflows do not pass through the fast magnetosonic
point in our results. The inflow diverges at the region
very close to the horizon. Additionally, the indicator of
the force-balance between the field lines � is also large
in the inflow region. We try to find different values of
Êin from those satisfying the trans-field force-balance
for the inflows to pass through the fast magnetosonic
points, and find that |Êin| needs to be smaller only by
a few in the case of the P1 model. The difference of Ein

is smaller for larger  . Adjustment of  (r, ✓) should be
considered in future work.

We note that if more particles are injected at regions
closer to the BH like in the case of annihilation of high-
energy photons, the inflows are highly affected by mass

一般相対論的
輻射磁気流体
モデル

(Chael et al. 2019)

EHT 2017の
観測条件に
基づく模擬観測

EHT 2020の
観測条件に
基づく模擬観測
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