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ガンマ線連星 LS 5039

LS5039：代表的な明るいガンマ線連星 
・連星周期ライトカーブが安定 
・軌道周期3.9日、コンパクト星は未知 
・O型星(~23太陽質量)が伴星 
・強いMeVガンマ線の放射

ガンマ線連星とは？ 
大質量星とコンパクト星の連星系で、TeV帯域まで延びる非熱的な放射を示す。 
2000年代に発見。これまでに～10天体。 
加速タイムスケールが、秒スケールで生成？ 
コンパクトで効率のよい粒子加速器 
加速機構・放射機構が大きな謎 
e.g. パルサー風モデル・マイクロクェーサーモデル
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Figure 1. Orbital variations of photon index and unabsorbed flux in the energy
range of 1–10 keV. Each color indicates the data of XMM-Newton (blue,
cyan, and green), ASCA (red), and Chandra (magenta). The black filled and
open circles represent the Suzaku observation. Fitting parameters are shown in
Table 1.

which is obtained from the phase-averaged Suzaku spectrum.
Also, phase-resolved ASCA spectra were fit using NH frozen at
the phase-averaged value. As seen in Figure 1, the photon indices

obtained in the past observations follow the tendency seen in
the Suzaku data, where the indices become smaller (! ! 1.45)
around apastron and larger (! ! 1.60) around periastron. TeV
! -ray emission presents similar trends in flux and photon indices
(Aharonian et al. 2006) as those of X-rays. Remarkably, the
X-ray flux shows almost identical phase dependency between
the Suzaku and the other data sets as seen in the bottom panel
of Figure 1. The similar tendency in fluxes and photon indices
were also presented in Bosch-Ramon et al. (2005), although the
data were background contaminated and this prevented a proper
photon index determination. The results above indicate that the
overall orbital modulation has been quite stable over the past
eight years. Variability on shorter timescales is studied in the
following subsection.

3.2. Temporal Analysis

The Suzaku light curves by Takahashi et al. (2009) revealed
variability on short timescales of "" ! 0.1. To investigate
the long-term behavior of the X-ray modulation, we compared
the light curve by Suzaku and those obtained in the past
observations. To directly compare the light curves obtained
with the different detector systems, we need to convert detected
counting rate to absolute energy flux for each bin of the light
curves. For all the data other than the Suzaku, we assumed
power-law spectra with parameters shown in Table 1 and
converted the counting rate of each time bin to power-law
flux (unabsorbed flux). We adopted variable bin widths to have
equalized errors for different data sets. For the Suzaku data,
since the spectral parameters, particularly photon indices, are
significantly changed during the observation, we converted the
observed counting rate assuming the power-law parameters
obtained for each phase interval of " = 0.1. The left panel
of Figure 2 shows the resulting light curves in the energy
range of 1–10 keV. Also, a magnified plot of the light curve
is shown in the right panel of Figure 2. The phase-folded

(a)
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Figure 2. (a) Orbital light curves in the energy range of 1–10 keV. Top: Suzaku XIS data with a time bin of 2 ks. Overlaid in the range of " = 0.0–2.0 is the same
light curve but shifted by one orbital period (open circles). Bottom: comparison with the past observations. Each color corresponds to XMM-Newton (blue, cyan with
each bin of 1 ks, and green with each bin of 2 ks), ASCA (red with each bin of 5 ks), and Chandra (magenta with each bin of 2 ks). Fluxes correspond to unabsorbed
values. The blue solid lines show periastron and apastron phase and the red dashed lines show superior conjunction and inferior conjunction of the compact object.
(b) Close up in 1.2 ! " < 1.8.

軟X線衛星による 
連星周期ライトカーブ (Kishishita+09)

● Suzaku/XIS ● Chandra 
●● XMM ● ASCA1-10 keV flux
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W. Collmar and S. Zhang: LS 5039 – the counterpart of the MeV source GRO J1823-12

Table 6. Results of the power-law fitting of the COMPTEL spectra
(1!30 MeV) for the two orbital phase intervals INFC and SUPC.

Observations Photon index I0 (at 5 MeV) !2
min

data (") (10!6 cm!2 s!1 MeV!1)

INFC 1.44 ± 0.29 6.94 ± 1.61 0.23
SUPC 1.77 ± 0.35 4.47 ± 1.31 0.06

Notes. The errors are 1# (!2
min + 2.3 for 2 parameters of interest).

COMPTEL data cover the time period between July 12, 1991
and January 25, 2000. The COMPTEL measurements therefore
started "3500 days before and ended "375 days before the time
T0 = HJD 2 451 943.09 ± 0.10 (equal to February 2, 2001), for
which Casares et al. (2005) determined the applied ephemeris.
Applying their period uncertainty (!P) of 0.00017 days, yields
a phase uncertainty !" (!" = (!T # !P/P)) of "0.15 at
CGRO VP 5.0 and 0.017 at CGRO VP 907.0, the first and last
COMPTEL observations of the LS 5039 sky region. On average,
the phase error is "0.08 during the COMPTEL mission with re-
spect to the orbital solution of Casares et al. (2005), suggesting a
phase binning of 0.2. Subsequently, we analyzed the COMPTEL
10!30 MeV data in five orbital phase bins according to the de-
scribed analysis procedure (see Sect. 2). This data selection pro-
vides 1) the best source signal in orbit-averaged analyses and 2)
the cleanest and most reliable COMPTEL data due to its low
(compared to the lower COMPTEL energy bands) background,
which was stable along the COMPTEL mission, e.g., una#ected
by satellite reboosts.

We found evidence of an orbital modulation of the
COMPTEL 10!30 MeV emission. The orbital light curve is
shown in Fig. 8 and the derived flux values are given in Table 7.
A fit of the light curve, assuming a constant flux, results in
a mean flux value of (1.52 ± 0.21) # 10!5 ph cm!2 s!1 with a
!2-value of 8.34 for 4 degrees of freedom. This converts to a
probability of 0.08 for a constant flux or of 0.92 ($1.75#) for
a variable flux.

Although, we cannot unambigiously prove an orbital modu-
lation of the COMPTEL 10!30 MeV emission, the evidence is
strong. In addition to this formal 92% variability indication, the
COMPTEL light curve follows the trend in phase and shape ex-
actly as is found in other energy bands. In particular the light
curve is in phase with the modulation in X-ray, hard X-ray,
and TeV energies, i.e., a brighter source near inferior conjunc-
tion (" = 0.716) and a weaker one near superior conjunction
(" = 0.058). The measured flux ratio of about a factor of 3
is roughly compatible to the flux ratios observed in the X-ray
(e.g., Takahashi et al. 2009) and TeV-bands (Aharonian et al.
2006a). However, the modulation at the MeV band is in anticor-
relation to the $-ray band at energies above 100 MeV, observed
by Fermi/LAT, where the source is brightest near superior con-
junction and weakest near inferior conjunction by a flux ratio
of 3 to 4 (Abdo et al. 2009). By using just the flux values of the
phase bins including superior (0.0!0.2) and inferior (0.6!0.8)
conjunction of Table 7, we derive a significance of "2.5# for
a change in flux. This behavior provides strong evidence that
GRO J1823-12 is, at least for a significant part, the counterpart
of the microquasar LS 5039.

5. The SED of LS 5039 from X-rays to TeV !-rays

The peculiar radiation behavior of LS 5039 is studied across the
whole range of the electromagnetic spectrum. At high energies,
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Fig. 8. Orbital light curve of LS 5039 in the 10!30 MeV COMPTEL
band for the sum of all data. The light curve is folded with the orbital
period of "3.9 days and given in phase bins of 0.2. The two broader
phase periods, defined as INFC and SUPC, are indicated. A flux in-
crease during the INFC period is obvious. In the phase bin contain-
ing the inferior conjunction, the source is roughly three times brighter
than in the phase bin containing the superior conjunction. In general the
10!30 MeV $-ray light curve is consistent in phase and amplitude with
the one at TeV $-rays.

Table 7. Fluxes of a source at the location of LS 5039 for the sum of
all COMPTEL data in the 10!30 MeV band along the binary orbit in
orbital phase bins of 0.2.

Orbital phase 10!30 MeV flux

0.0!0.2 0.83 ± 0.46
0.2!0.4 0.96 ± 0.46
0.4!0.6 1.76 ± 0.48
0.6!0.8 2.55 ± 0.50
0.8!1.0 1.69 ± 0.48

Notes. The flux unit is 10!5 ph cm!2 s!1. The errors are 1#.

the observational picture is available in the X- and hard X-ray
bands (i.e., "1 to 200 keV) and at $-rays above 100 MeV,
yielding a significant observational gap at the transition range
from the X-rays to the $-rays. Our analyses of the MeV data
of GRO J1823-12, in particular the orbit-resolved ones, provide
strong evidence of being the counterpart of the high-mass X-ray
binary LS 5039. Figure 9 shows the high-energy – X-rays to TeV
$-rays – SED of the microquasar. We combine our 1!30 MeV
spectra, collected for the INFC and SUPC parts of the orbit, with
the similarly collected spectra at X-ray, GeV, and TeV energies,
by assuming that the MeV emission is solely due to LS 5039.
This may not be completely true since other $-ray sources lo-
cated within the COMPTEL error location region may contribute
at a low level.

The COMPTEL measurements fill in a significant part of
a yet unknown region of the SED, providing new and impor-
tant information on the emission pattern of LS 5039. The SED
shows that the emission maximum of LS 5039 occurs at MeV
energies, i.e., between 10 and 100 MeV, and that the domi-
nance in radiation between the INFC and SUPC orbital periods
changes between 30 and 100 MeV, i.e., at the transistion region
between the COMPTEL and Fermi/LAT bands. While for SUPC
the SED suggests a kind of smooth transistion from COMPTEL
to Fermi/LAT, it indicates a kind of complicated transition for
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強いMeVガンマ線放射の同定
COMPTELの観測データから、 
LS 5039と位置が一致＋連星周期で変動する成分を確認 (Collmar&Zhang+14)

A&A 565, A38 (2014)

Fig. 9. X-ray to TeV !-ray SED of LS 5039.
The COMPTEL soft !-ray spectra (sum of all
data) for the INFC and SUPC orbital phases are
combined with similar spectra from the X-ray
(Suzaku, Takahashi et al. 2009), the MeV/GeV
(Fermi/LAT, Hadasch et al. 2012), and the TeV
band (HESS, Aharonian et al. 2006a) to build
a high-energy SED of LS 5039. The SED
shows that 1) the emission maximum at en-
ergies above 1 keV and 2) a switch in radi-
ation dominance is occurring at MeV ener-
gies. The lines – solid and dashed – in the
X-ray spectra represent the model calculations
of Takahashi et al. (2009) on the emission pat-
tern of LS 5039. They do not present a fit to
their measured X-ray spectra.

the INFC period. For INFC the SED suggests a strong spectral
break between the two bands with a drop in flux by a factor of 5
between 30 MeV and 100 MeV.

In general, the COMPTEL measurements shed light on an in-
teresting region of the LS 5039 SED where the maximum of the
high-energy emission of LS 5039 occurs and where significant
spectral changes are happening. Therefore these COMPTEL
results add important information on the emission pattern of
LS 5039, and so provide additional constraints for modeling the
microquasar.

6. Discussion

In recent years, after new !-ray instruments became opera-
tional – in particular the ground-based Cherenkov telescopes
HESS, MAGIC, and VERITAS and the !-ray space telescope
Fermi – , a new class of !-ray emitting objects emerged: the
“!-ray binaries”. Many binary systems, even of di!erent types
like microquasars, colliding wind binaries, millisecond pulsars
in binaries and novae, have now become confirmed emitters of
!-ray radiation above 1 MeV (see e.g., Dubus 2013 for a recent
review). Confirmed VHE (>100 GeV) emission is still known
for five binary systems, among them the microquasar candidate
LS 5039.

LS 5039 is detected at !-ray energies above 100 MeV by
Fermi/LAT (Abdo et al. 2009; Hadasch et al. 2012) and above
100 GeV by HESS (Aharonian et al. 2005, 2006a) showing re-
markable behavior in both bands: the flux is modulated along its
binary orbit, however, in anticorrelation for the di!erent wave-
band regions. Its !-ray SED is generally “falling” from 100 MeV
to TeV-energies. However, showing di!erent shapes depending
on binary phase. Its general behavior is not yet understood. Open
questions are, for example, “Is LS 5039 a black-hole binary or
a neutron-star binary?”, which relates to the question of whether
the energetic particles necessary for the observed high-energy
emission are accelerated in a microquasar jet or in a shocked re-
gion where the stellar and the pulsar wind collide, and “How this
translates into the intriguing observed behavior”.

Because LS 5039 is now an established !-ray source at en-
ergies above 100 MeV, for which crucial spectral and timing in-
formation has become available in recent years, we reanalyzed

all available COMPTEL data of this sky region by assuming that
the known but unidentified COMPTEL source GRO J1823-12 is
the counterpart of LS 5039.

As in previous analyses (e.g., Collmar 2003), we found a
significant MeV source that is consistent with the sky position
of LS 5039, which in the COMPTEL 10!30 MeV band shows
a kind of stable and steady flux level. By extrapolating the mea-
sured Fermi/LAT spectra of Fermi-detected !-ray sources in the
COMPTEL error box into the COMPTEL band, we find LS 5039
to be the most likely counterpart. This identification is supported
by extrapolating the measured Suzaku X-ray spectra into the
MeV band. Assuming no spectral breaks from keV to MeV ener-
gies, the extrapolations reach similar flux levels to the measured
COMPTEL fluxes, for the orbit-averaged (see Fig. 5), as well as
orbit-resolved, analyses.

Orbit-resolved analyses provide the most convincing evi-
dence that GRO J1823-12 is the counterpart of LS 5039. A
subdivision of the COMPTEL data into the so-called INFC
and SUPC parts of the binary orbit results in a flux change
of the MeV source. The flux measurements in the 10!30 and
3!10 MeV bands provide evidence at 2.7" and at 1.6", respec-
tively, that the fluxes for the two orbital phases are di!erent.
The combined evidence is 3.1". The analyses of the COMPTEL
10!30 MeV data, subdivided into orbital phase bins of 0.2, re-
sult in a variable MeV flux. The light curve is consistent in phase,
shape, and amplitude with the ones observed at X-ray and TeV
!-ray energies, although the statistical evidence for variability is
only 92%. We note that the errors on the fluxes always result
from the fitting process combining four !-ray sources and two
di!use galactic emission models.

By assuming that the fitted fluxes at the location of LS 5039
are solely due to LS 5059, i.e., neglecting possible unresolv-
able contributions of further (Fermi) !-ray sources, we added
our MeV flux measurements – although not simultaneous – to
the measured high-energy SED of LS 5039 (Fig. 9). The SED
shows that the major energy output of LS 5039 occurs at MeV
energies, i.e., between 10 and 100 MeV, for both the INFC and
SUPC orbital parts, the latter being the less luminous one. Both
spectra show a broad spectral turnover from a harder spectrum
below 30 MeV to a softer one above 100 MeV, resembling the
IC-peaks in COMPTEL-detected blazar spectra, such as 3C 273
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問題点：現状、このMeV放射を説明するモデルがない。 
我々は、以下の２通りでアプローチ 
1. 高感度データ（NuSTAR・Fermi 11年分）を用いた広帯域スペクトル解析 
2. SuzakuとNuSTARの硬X線データ長時間データを用いた周期探索 
→ 加速機構の物理条件を明らかにする
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— INFC (0.45 < φ < 0.9) 
— SUPC (0.0 < φ < 0.45, 0.9 < φ < 1.0)

X線からTeVまでの広帯域スペクトル

4

異なる成分？

軌道運動依存性
小さい大きい

TeV成分GeV成分X・MeV成分

可能性① シンクロトロン放射 
MeV放射を説明するには、以下が必要 
・加速電子のベキ ～1 (Fermi加速 べき~2) 
・加速効率 η ~ 2-3 (Fermi加速 η > 10) 
・対応ICの不在から、B  3 G 
→ 強磁場中での直接加速が、加速機構？

!

可能性② 逆コンプトン散乱 
伴星からのUV光子が種光子 
＋MeVにピークを作る 
→ 電子エネルギーは、～GeV 
→ shock領域に、TeV電子に加え、
GeV電子？

異なる成分

XからTeVまで4成分ある 
既存モデルはどれも、MeVから
sub-GeVにかけての放射を説明
できていない 
➔ 新たな理論的なチャレンジ！

Yoneda in prep. 2020

—コンパクト星が観測者に近い時 (INFC付近, 0.45<φ<0.9)

—コンパクト星が観測者から遠い時 (SUPC付近, φ< 0.45, 0.9<φ)

Prel
imin

ary



硬X線でのパルス探索
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A2. Some remarks on Eq.(2) of the main text
Equation (2) of the main text may need some explanation, because the search range of PNS > 1 s we have selected

and our choice of �T (4096, 8192, and 16384 sec) are somewhat inconsistent with Eq. (2). First, the search condition
of PNS > 1 s was set based on the following consideration. The 10–30 keV source photon count rate with the Suzaku
HXD is 81522 (photons)/500 (ks) ⇥ 10% ' 1.6 ⇥ 10�2 photons/s. If requiring �T = PNS/(1 ⇥ 10�3) = 1 ⇥ 103PNS,
the number of source photons in each subset becomes ⇠ 16⇥ (PNS/1 s). Since we need at least ⇠ 10 source photons
to perform the Fourier transform, we have limited our pulsation search to PNS > 1 s. (This means that our approach
of dividing the data becomes less e↵ective for shorter pulse periods.) Then, Eq.(2) of the main text indicates that we
should select T = 1024 sec and longer. However, the cases with �T = 1024 and 2048 sec in practice interfere with the
data gaps of similar lengths, which are caused by the Suzaku’s revolution around the Earth with a period of about
5.6 ks. To avoid this technical problem, we did not use �T = 1024 or 2048 sec. This would not a↵ect our approach,
because the requirement of Eq. (2) is only approximate, with a tolerance by a factor of a few.

A3. Demonstration of the pulse search by dividing data
In Figure 2, we demonstrate how the data division works in the Fourier analysis. We simulated the pulsation

data with a pulse period of 5 s, assuming Porb = 3.90608 days, ax sin ✓ = 50.0 light-sec, e = 0.30, ! = 56 deg.,
⌧0 = 0.0, and the same photon counts and exposure time as the actual Suzaku HXD data. Then, the Fourier power
spectra with/without the data division were produced. For reference, the power spectra simulated without invoking
the binary motion are also presented. When we Fourier transform the entire data at once without dividing them into
subsets, the power spectrum obviously has a good time resolution as in the left panel, but the Fourier peak becomes
almost completely smeared out when the binary motion sets in. On the other hand, when we divide the data into
subsets with �T = 4192 sec (right panel), the Fourier analysis becomes much less a↵ected by the binary motion at
the expense of the time resolution.

 No data division, simulation (10% pulse fraction)

— wo/  binary motion effect 
— w/    binary motion effect

— wo/  binary motion effect 
— w/    binary motion effect

 ΔT = 4192 s, simulation (10% pulse fraction)

FIG. 2. Advantages of dividing data into subsets in Fourier analysis of the pulsar data. The left and right figures are the results
without and with dividing the data respectively. The black and red lines indicate the results without and with the orbital
motion, respectively.

B. CONFIRMATION OF THE PURE POISSON NOISE IN THE FOURIER POWER SPECTRUM

When we calculate the significance of the Fourier peak in the Suzaku power spectrum, it is assumed that each power
obeys the �2 distribution. This assumption is valid only when the power spectrum is dominated by Poisson noise.
Thus, in order to confirm that there are no other noise components, e.g. red noise, we performed the following four
supplemental analyses.

We first investigated the distribution of the powers in the Fourier power spectrum. The left panel of Figure 3 shows
the histogram of powers, derived from the 55 power spectra of the divided Suzaku data (�T = 8192 s). We compared
it with a chi-square distribution with 2 dof (/ exp(�0.5x)). The normalization of the chi-square distribution was
fixed to the value expected from the number of the individual Fourier components and the pure Poisson noise. The

パルス検出 = 中性子星の証拠、コンパクト星の性質 
電波・軟X線では未検出 (星風による吸収か？) 
→ 星風による吸収か？硬X線が有利。 
硬X線でのパルス探索の課題 
軌道運動のドップラー効果が無視できない 
（v = 1x10-3 c, 軌道パラメータも不明）
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When we calculate the significance of the Fourier peak in the Suzaku power spectrum, it is assumed that each power
obeys the �2 distribution. This assumption is valid only when the power spectrum is dominated by Poisson noise.
Thus, in order to confirm that there are no other noise components, e.g. red noise, we performed the following four
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シミュレーションデータを用いた、 
データ分割によるパルス探索のデモンストレーション

フーリエ分解能を、ドップ
ラー効果と同程度に落とす

方法 
1. データを分割＋分割デー
タごとに、フーリエ変換 
2. フーリエパワースペクト
ルの平均をとる

Yoneda et al. 2020, PRL
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 prob. = 1e-3

 prob. = 1e-2

local prob. = 1e-5

local prob. = 1e-5

(a)

(b)↑ periodicity at 8.96 s

post trial prob. = 1e-3

Fourier powerspectrum (10-30 keV, LS 5039) Z2 powerspectrum

・Suzaku/HXDから、8.96±0.01 s の周期性
を、1.1x10-3の有意度で確認 
・9年後観測のNuSTARデータからも、
9.046±0.009 sにピークを確認

 = 9 s,  = 3x10-10 s s-1の中性子星の存在を示唆PNS
·PNS

※ NuSTAR単独では、有意でない（探索範囲を制限）。軌道パラメータに違い → 追観測を計画

Yoneda et al. 2020, PRL



9秒パルスの解釈・天体放射のエネルギー源
・スピンダウン光度は、1x1034 erg s-1 << 観測光度 1x1036 erg s-1 
・星風のエネルギーも、4桁足りない 
・降着の可能性も、スペクトル＋時間変動から難しい 
→ 中性子星の磁気エネルギーなら、説明可能

128 CHAPTER 8. DISCUSSION

clarified. Assuming that the pulsar in LS 5039 is powered by the magnetic-field dissipation

in the same way as magnetars, we can estimate the energy release rate Lbf as

Lbf =
B2

NSR
3
NS

6!
! 1037 "

!
BNS

1015 G

"2! RNS

10 km

"3! !

500 yr

"!1

erg s!1, (8.3)

where RNS and BNS are the radius and surface magnetic field of the pulsar, respectively;

! = PNS/(2ṖNS) ! 500 yr is the characteristic age of the neutron star in LS 5039 (Shapiro

& Teukolsky, 1983). Accordingly, the energy balance of LS 5039 can be explained if BNS !
3 " 1014 G. Since this is a typical value of a magnetar and all the other energy-source

candidates have been rejected, the neutron in LS 5039 is inferred to be a magnetar. The

detected ! 9 s pulsation period also supports this hypothesis, because it falls in the observed

period range of magnetars of 2–11 s (Enoto et al., 2010). Therefore, we conclude that the

compact object in LS 5039 is a magnetar with magnetic field of ! 1015 G. Since so far

magnetars are observed only as isolated objects, this is the first time a binary system which

contains a magnetar has been discovered.

The luminosity of 1036 ergs!1 is somewhat higher than the typical value of isolated mag-

netars of ! 1035 ergs!1. This fact suggests that the magnetic-energy dissipation in LS 5039

proceeds faster than in isolated magnetars. We explain later that the dissipation process is

enhanced by interactions with the stellar winds. In the following section, we discuss mecha-

nism of the high-energy emission of LS 5039 assuming the magnetar binary hypothesis.

8.2 X-ray Emission in the Magnetar Binary Hypothe-

sis; Shock Acceleration

We cannot apply the shock formation mechanism of the pulsar wind model to our hypothesis

directly because of the following reasons. In the pulsar wind model, the X-ray emission of

LS 5039 is explained as synchrotron emission from electrons accelerated in a shock which

is formed by interactions between the strong pulsar winds and the stellar winds. However,

currently there are no observational evidences that a magnetar has strong pulsar winds

although extended emissions which might be made by the winds are reported from a few

magnetars (Reynolds et al., 2017).

Even if the magnetar in LS 5039 has no stellar winds, a shock can be formed because the

magnetic field pressure is high enough to halt the stellar winds. They are terminated at the

Alfvén radius Ra, where the magnetic pressure of the neutron star PB becomes comparable

→ 超強磁場中性子星「マグネター」が必要（磁気駆動される連星系？） 
・周期もマグネターの典型値 (2 - 11s) 
・磁場圧により降着が阻害されることが説明可 

 Bondi 半径 (1x1010 cm)  Alfven 半径 (2x1010 cm) (  光円柱半径 = 4x1010 cm) 
・MeV放射の強磁場中での直接加速とマッチ→磁気リコネクション加速? 
・LS I+61 303 から、マグネターに似たX-ray flareが検出 (Torres+12)

" "

マグネターが、強い星風のある連星系にいるとき、 
磁気エネルギー解放＋粒子加速が起こるだろうか？ 
→ 連星系だからトリガーされるリコネクション？

Yoneda et al. 2020, PRL
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磁気リコネクションの身近な例 -地球と太陽風-
8

manuscript submitted to JGR: Space Physics

Figure 1. Solar wind-driven reconnection events for magnetic field lines. Field line numbers show the se-
quence of magnetic field line configurations. The first reconnection event occurs on the dayside of the Earth,
where the southward interplanetary magnetic field 1’ connects with the northward geomagnetic field line 1.
The field lines are convected anti-sunward in configurations 2 and 2’ through 5 and 5’, reconnecting again as
6 and 6’. Then the substorm expansion phase is initiated and field lines connected to the geomagnetic North
and South Poles dipolarize. Field line 7’, now closed as a roughly teardrop-shaped plasmoid, then continues
tailward into interplanetary space. The geomagnetic field line will then swing back around from midnight to
noon to become field line 9. The inset below shows the positions of the ionospheric anchors of the numbered
field lines in the northern high-latitude ionosphere and the corresponding plasma currents of the Earth’s polar
caps. The currents flow from noon to midnight, convecting the feet of the field lines nightward and then clos-
ing back at noon via a lower latitude field return flow. This figure is reproduced from Kivelson and Russell
(1995).

across North America, as seen in Figure 3. They have a 1 km spatial resolution, and 3 s
cadence image capturing capacity, and respond predominantly to 557.7 nm emissions. This
spatio-temporal resolution is su�cient to capture the pertinent data for analyzing auroral bead
structures for the green emissions corresponding to aurora at an altitude of approximately 110
km, namely the E layer (Mende et al., 2008; Burch & Angelopoulos, 2008).

Motoba et al. (2012) used ASI data from auroral beads in the northern and southern
hemispheres, and proposed a common magnetospheric driver. Ultra-low frequency waves
occurring within minutes of substorm onset are observed in the magnetosphere at frequencies
similar to those of the auroral beads, and a single event was analyzed by Rae et al. (2010)
to demonstrate that the beading is characteristic of a near-earth magnetospheric instability
triggering a current disruption in the central plasma sheet. Of the examined instabilities, cross-
field current instability and shear flow-ballooning instability were the only two consistent
with the analytical results. Kalmoni et al. (2015) used the ASI data for 17 substorm events
over a 12-hour time span throughout the auroral oval (pre-midnight sector) across Canada
and Alaska to perform an optical-statistical analysis that yielded maximum growth rates for

–3–

Earth
A B

→ 地球磁場とのアナロジーを考えたい 
（地球, 太陽風) ↔ (マグネター, O星からの星風) に置換

反平行磁場
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新しい加速シナリオ 
マグネター＋磁気リコネクション

9
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① マグネター表面近くでの 
　 磁気エネルギー解放 
・孤立マグネターと同様の解放機構？ 
・磁気エネルギーが、Poynting fluxとして流出 

② 磁気圏での磁気リコネクション加速 
・星風圧により、磁気圏が変形 
→ 反平行磁場が形成。リコネクション 
・太陽風と地球磁場の関係と類似？

①②

③ 加速電子は、シンクロトロン放射で
MeV光子を出しエネルギーを失う 
・ 磁気リコネクションの直接加速から、 
硬いスペクトルべきを説明可能

310 410 510 610 710 810 910 1010 1110 1210 1310 1410
Energy (eV)

13−10

12−10

11−10

10−10

9−10

)
-1

 s
-2

 (e
rg

 c
m

ν
 Fν

310 410 510 610 710 810 910 1010 1110 1210 1310 1410
Energy (eV)

13−10

12−10

11−10

10−10

9−10

)
-1

 s
-2

 (e
rg

 c
m

ν
 Fν

INFC

γ-γ absorption range

SUPC
— Shock

— Reconnection-Driven Outflow

— Magnetic Reconnection

— Curvature Radiation

310 410 510 610 710 810 910 1010 1110 1210 1310 1410
Energy (eV)

13−10

12−10

11−10

10−10

9−10

)
-1

 s
-2

 (e
rg

 c
m

ν
 Fν

γ-γ absorption range

星風をトリガーとして、マグネター近傍での
相対論的磁気リコネクション加速が起こる？
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結論

10

① 典型的なガンマ線連星 LS 5039での広帯域スペクトル解析を実施 
・X線からTeVガンマ線まで異なる4つの放射成分の存在が明らかになった 
・MeV帯域でピークを持つ成分は、シンクロトロン放射起源と解釈する
と、磁気リコネクションのような強磁場での直接的な加速を示唆する 

② LS 5039での硬X線パルス探索を実施 (Yoneda et al. 2020, PRL) 
・すざく・NuSTARのデータから、9秒周期のパルスの兆候を発見した 
・エネルギー源を考えると、強磁場中性子星マグネターの可能性が高い 

③ マグネターの磁気エネルギーで駆動する新しい粒子加速モデルの提案 
・星風環境下が、マグネターの磁気エネルギーの解放を促進する 
・星風で磁気圏が変形し、マグネター近傍で磁気リコネクションが起こる 
・リコネクション加速された電子がシンクロトロン放射し、MeVガンマ線
が生成される 


