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マグネターとは？

(C) T. Enoto, ROPP (2017)

1.軟ガンマ線リピーター
(SGR)や特異X線パルサー
(AXP)として知られる　
約23個のX線パルサー。 

2.双極子磁場が1014-15 G と
量子電磁力学の臨界磁場
4.4x1013 Gを超え、磁気
エネルギー駆動の天体。 

3.巨大フレアやバースト、
突発増光など、古典的な
回転駆動型の電波パルサー
とは異なる観測的特徴。 

4.バーストや定常放射では
Sub-MeV 帯域が検出さ
れ、放射の起源は未解明。

【解説記事】榎戸「宇宙最強の磁石星: マグネター観測で垣間見る極限物理」パリティ2015年8月号

中性子星の多様性で 
マグネター理解が鍵？
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マグネターからのエネルギー放射

磁軸

磁気圏
トロイダル磁場

ポロイダル磁場

高次の磁場?

自転軸

磁極

高温プラズマ

バースト放射？

非熱的放射？

熱放射超新星残骸 
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磁気エネルギーが、表面の熱放射、磁気圏の放射、バースト放射になる
【解説記事】榎戸「宇宙最強の磁石星: マグネター観測で垣間見る極限物理」パリティ2015年8月号



マグネターの巨大フレア
Magnetar Giant Flares (GFs)

The publication board required us to prepare for possible magnetar GFs as a 
highly-ranked observation for the ASTRO-H science (polarization, monitoring, etc)
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Historical GFs SGR 0526-66 SGR 1900+14 SGR 1806-20
Mar. 5, 1979 Aug. 27, 1998 Dec. 27, 2004

spike Lx (erg/s) 3.6 × 1044 >8.3 × 1044 4.0 × 1046

tail E (erg) 3.6 × 1044 1.2 × 1044 1.3 × 1044

Duration (tail) ~200 s ~400 s ~380 s

SGR 1806-20 
(RXTE/PCA)

(c) Duncan

Initial spike
~0.2 s, kT~200 keV

Pulsating tail
~400 s, kT~20 keV

magnetically-confined
optically thick pair plasma?

AH SM13 internal document  (TE)
1

c.f., 超新星爆発 (重力崩壊型/Ia型) E~1051 erg



巨大フレア SGR 1806-20
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Hurley et al., Nature 2005

Initial Spike

• RHESSI 
• BB fit : kT=175±25 keV

• RHESSI / 272-400 s  
• BB fit : kT=5.1±1.0 keV 
• bremss : kT~22 keVASTRO-H/SGD を例にとって試算すると

MDP~10% (initial spike), ~1% (tail)



How Can We Monitor Giant Flares?

ASTRO-H SM13 internal document  (TE)

8 S.Mereghetti, P.Esposito & A.Tiengo

Fig. 6 From top to bottom: long term evolution of the pulse period,
photon index, X-ray flux (2–10 keV), hard X-ray flux (20–60 keV),
and infrared magnitude of SGR 1806−20. Fluxes are in units of 10−11
erg cm−2 s−1. The vertical dashed line indicates the December 2004
giant flare.

limits on the equivalent widths as a function of the assumed
line energy and width. They were derived by adding Gaus-
sian components to the best fit models and computing the
allowed range in their normalization.

Some reasons have been proposed to explain the absence
of cyclotron lines in magnetars, besides the obvious possibil-
ity that they lie outside the sampled energy range. Magnetars
might differ from ordinary radio pulsars because their mag-
netospheres are highly twisted and therefore can support cur-
rent flows (Thompson et al. 2002). The presence of charged
particles (e− and ions) produces a large resonant scattering
depth and since i) the electron distribution is spatially ex-
tended and ii) the resonant frequency depends on the local

Fig. 7 From top to bottom: long term evolution of the pulse period,
photon index, X-ray flux (2–10 keV), and hard X-ray flux (20–60 keV)
of SGR 1900+14. Fluxes are in units of 10−11 erg cm−2 s−1. The ver-
tical dashed lines indicate the 27 August 1998 giant flare and the 18
April 2001 intermediate flare.

value of the magnetic field, repeated scatterings could lead to
the formation of a hard tail instead of a narrow line. A differ-
ent explanation involves vacuum polarization effects. It has
been calculated that in strongly magnetized atmospheres this
effect can significantly reduce the equivalent width of cy-
clotron lines, thus making difficult their detection (Ho & Lai
2003).

7 Conclusions

Many of the results presented above fit reasonably well with
the magnetar model interpretation. However, there are also a
few aspects that require more theoretical and observational
efforts to be interpreted in this framework, in particular when
one considers the variety of different behaviors shown by
these sources and their close relatives like the Anomalous
X-ray pulsars (Kaspi 2006).

The long term variations seen in SGR 1806−20, the
source observed more often with XMM–Newton, are quali-
tatively consistent with the predictions of the magnetar model

Mereghetti, 2007
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to ~1 mCrab level on the Galactic plane) is 
used for the magnetar monitor before GFs
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before the GFs.
(Spectral becomes 
a bit harder)

13



臨界磁場

マグネターの突発的な磁気エネルギー解放

マグネターの磁気エネルギー解放で
は硬X線から MeV ガンマ線の放射！

巨大フレア天体

アウトバーストした
2つの HBP

弱磁場マグネター

多様な天体からマグネター様
アウトバーストが検出される!

•巨大フレア(3天体) 
•通常の突発マグネター(~10) 
•弱磁場マグネター(3天体) 
• P-Pdot から求めた表面磁場は臨界磁
場を下回るが、マグネター特有のア
ウトバーストなどの磁気活動を示す 

• Bd<4x1013 G, Lx > Lsd @outburst

•強磁場パルサー(2天体) 
• 通常は回転駆動型パルサーのように
振舞うが、稀にマグネター活動 

• Bd~1013 G, Lx < Lsd 

HBP PSR J1119-6127 (2016/7/27): Archibald et al., 2016



マグネターからのエネルギー放射: 突発増光
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1E 1547.0-5408 の例
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Intermediate Flare: 1E 1547.0-5408@2009

Yasuda et al., 2017, PASJ

Fig. 1. Suzaku/WAM-0 light curves of two bands on 2009 January 22. Employed time binning is 1.0 s.

Background components are not subtracted but dead time is corrected. For comparison blue lines show

the light curves for the following day when there were no detected events. Left panels show the entire day

while the right panels show the light curves near the hardest burst. Arrows indicate the hardest burst

which occurred at 06:45:14. Data gaps are due to passages through the SAA (gray zone) and the time

while the safety function was active after being triggered by the bright event at 06:48:04 (orange zone).

The WAM made no observations during these periods. To perform spectral analysis in §4.3, time regions

of green and red lines are accumulated as source and background spectra, respectively.

0.5–6.2MeV, only three events were detected that satisfied the criteria above. These occurred at

UTC January 22 06:45:13, 06:47:56, and 08:17:29. The derived degrees of significance are 39.2,

6.1 and 8.5 sigma. Among all detected bursts, 5 events, with trigger times of UTC 01:28:59,

02:46:56, 04:34:52, 15:10:34, and 17:02:55, were stored in the BST data format. The T90 dura-

tions, that is, the time to accumulate between 5% and 95% of the counts, of the events were

distributed from 0.13 s to 2.0 s, and were reported in a gamma-ray burst (GRB) Coordinate

Network circular (Terada et al. 2009). No bursts that satisfied the criteria were detected in the

WAM-0 light curves on the day before or the day after the activity.

The time duration between the first detection at 00:57:20 and the last one at 17:02:56

is 58 ks, while the total off-time due to SAA passage and the WAM safety functionality is 8 ks.

If we assume that these bursts come from 1E 1547.0−5408, no occultation of the object by the

earth is expected from the satellite attitude during the observations. Therefore net exposure of

the target source was 50 ks, and WAM-0 detected the short bursts at a frequency of 5×10−3 s−1

on average. The ACS detected 233 bursts from UTC January 21 18:11 to January 23 04:27

(Mereghetti et al. 2009a).

3.2. Estimation of the Incident Angles

Although the WAM has no imaging capability, the count rate ratio between WAM-0

and WAM-1 provides information about the angle of incidence of irradiating photons. We

examined the ratio of count rates between WAM-0 and WAM-1 for the bursts detected by

5

Fig. 3. Suzaku/WAM-0 (red solid line) and INTEGRAL/ACS (black solid line) light curves of the hard-

est burst with correction of the time lag of 0.410 s between the two light curves. Gray lines represent the

trapped fireball component (dashed line), an exponential function (dash-dotted line), the sum of both mod-

els (solid line), and background constant (dotted line). See the text (in discussion §4.3). The background

component is added to the first three lines.

Fig. 4. Suzaku/WAM spectra of three time intervals, shown without removing the instrumental responses

and subtracting background components. Black, red, green, and gray colors indicate peak, average, tail,

and time-averaged background spectra, respectively.

(Modified Julian Day = 54853.28140379, hereafter T0) and 06:45:15.3 (54853.28142694) from

TRN format data. Since we used data with 1-s time resolution and the duration of the hardest

burst is 1.5 s (Mereghetti et al. 2009a), the first 1-s region (T0–T0+1 s) is defined as the peak

and the following region (T0+1 s–T0+2 s) as the tail. Background spectra are extracted from

the average of before and after the hardest burst time regions, specifically, from T0 − 140 s

to T0 − 4 s and from T0 + 4 s to T0 +140 s, respectively, avoiding detected short bursts with

WAM-0 and WAM-1, shown in §3.1. The time intervals used for the background are shown in

Figure 1 as red lines. Figure 4 shows the extracted spectra in count rate space.

Since it is difficult to avoid contamination by weak undetected bursts using the above

8
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Fig. 7. νFν spectra of Suzaku view during 2009 activity of 1E 1547.0−5408. Blue and green repre-

sent spectra of persistent emission and accumulated weak short bursts, respectively, from Enoto et al.

(2010) and Enoto et al. (2012). Red and black represent the WAM-0 spectra of the peak and the tail

region, as fitted by the BB+OTTB model. The systematic error is not included in the WAM spectra.

the above results, we determined that the best-fit models are the BB+OTTB and BB+PLE

models. A detailed discussion is given in §5.

5. Discussion

5.1. Hard X-ray Spectral Shape

We presented a spectral analysis of the hardest burst, which occurred at UTC 2009

January 22 06:45:13, using the WAM spectra with the newly developed pile-up simulator (§4.2).

In this work, thanks to the ability of the WAM to perform wide-band spectroscopy over a large

effective area, we succeeded in revealing the spectral shapes of the hardest burst in the sub-

MeV (160 keV–6.2MeV) band, and found that the spectra were well reproduced by the two-

component combinations of the BB+OTTB and BB+PLE models (§4.4). As shown in §4.4,

the model parameters, such as the OTTB temperatures kTOTTB, and the cut-off energies Ecut,

dramatically changed during the burst in 2 s. Figure 7 summarizes the νFν spectra from the

BB+OTTB model during the peak and tail epochs with the WAM for comparison with during

the persistent emission (Enoto et al. 2010) and the accumulated weak short bursts obtained by

the follow-up Suzaku observation performed about one week after the hardest burst (Enoto et

al. 2012).

In the BB component, the temperatures of the BB+OTTB and BB+PLE models

(kTBB ∼ 9–20 keV; Table 1) are comparable with the average temperatures from the 2BB model

with the Fermi GBM (∼ 5 keV and ∼ 14 keV; van der Horst et al. 2012) and consistent with

that for the accumulated weak short bursts (∼ 13 keV; Enoto et al. 2012). Therefore, although

the temperature may not change among these various fluxes by a difference of two orders of

13

・すざく WAM で準巨大フレアの検
出 (巨大フレアより ~3桁暗いが、普
通の short burst より ~4桁明るい)
・スペクトルは数 MeV 帯域まで
➡ 突発マグネターは良い sub-MeV  
突発現象の観測候補

WAM0

stacked short bursts

persistent

peak

tail

MeV 付近で折れ曲がり



Persistent vs. Bursts

• Giant Flare (~400 sec)

• Intermediate flare, short burst
• a few hundred millisecond 
• reconnection or starquake?

• Weak short bursts (Enoto et al. 2011, MNRAS)

• Persistent EmissionEnergy (keV)
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マグネターの多波長観測: AXP 4U 0142+61での例
No. 2] Suzaku Observation of Anomalous X-Ray Pulsar 4U 0142+61 395

Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,

電波
赤外

可視光

Ｘ線 ガンマ線
軟Ｘ線 硬Ｘ線

Enoto 2011 PASJ

Pulse-profile

• 4U 0142+61 の定常放射 (他の中性子星種族と異なる)
• >1 MeV を超えるガンマ線放射は未検出 (e.g., Fermi)
•電波放射は通常は見えない (稀に突発天体で検出?)
•赤外線から可視光では弱い放射 (円盤放射?)
•軟Ｘ線(<10 keV)と硬Ｘ線が卓越した放射

•軟Ｘ線: (準)熱的放射 kT~0.3 keV, ほぼ全ての天体
•硬Ｘ線: 非熱的放射 Γ~1? cutoff > 750 keV?
•両方の成分ともパルス率が高い

den Hartong+2006 (Kuiper+2006)

INTEGRAL 硬Ｘ線撮像

IBIS-ISGRI (50-100 keV)
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マグネターのX線アウトバースト
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SGR0501+4516

1E1547.0-5408

1E1547.0-5408

SGR0418+5729

SGR1833-0832

SwiftJ1822-16069

SwiftJ1834.9-0846

(Enoto et al., ApJ submitted)

アウトバースト初期に short burst が頻発

Absorbed 2-10 keV (Swift, RXTE)

1mCrab

~10日のプラトー後に
減光する (硬X線も同様)

数年かけて静穏期に戻る 
(多くは検出限界以下)

磁場が弱いほど早い減衰？

星内部 or 磁気圏の磁場エネルギー解放後の冷却過程

主に星表面の放射が観測

➡硬X線フォローアップ
   は大切 (FORCEなど)



Poloidal Field 
Bp ~ 1014-15 GAccelerated particle

Short Burst

Magnetosphere Deformation 
⇒ Reconnection ⇒ Fireball

Higher multipole

Magnetar Outbursts

core

outer core

outer crust

Toroidal Field 
Bt ~ 1015-16 G ?

inner crust

Starquake@crust  
Emagnetic ⇒ Ethermal

(glitch etc)

Heat Conduction 
⇒ Hot Spot

Energy Reserver

 Thermal X-rays Hard X-ray



すざく広帯域スペクトル: 再解析 14

強磁場
• 定常的に明るい９天体 (16観測) + 6個の突発天体 (10個のToO観測) の全データ

弱磁場

• 「すざく」で観測出来た硬Ｘ線: F15-60 > 1-10×10-11 erg s-1 cm-2 (~0.7-7.1 mCrab) 
• 2011年に発見の弱磁場マグネター Swift J1822.3−1606 (B~1.4×1013 G) ToO 
• 軟Ｘ線は検出 (kT~0.4 keV), 硬Ｘ線は上限値 F15-60 < 1.2×10-11 erg s-1 cm-2 

• 1E 1048.1−5937, 1E 2259+586, AX J1818.8−1559 などでも硬Ｘ線は上限値

弱磁場マグネター マグネター候補 
(周期不明)

定常的に明るい

1 102 5 20 5010
32

10
33

10
34

10
35

10
36

νF
ν (

erg
 s−1

)

Energy (keV)
1 102 5 20 5010

32
10

33
10

34
10

35
10

36
νF
ν (

erg
 s−1

)

Energy (keV)
1 102 5 20 5010

32
10

33
10

34
10

35
10

36
νF
ν (

erg
 s−1

)

Energy (keV)
1 102 5 20 5010

32
10

33
10

34
10

35
10

36
νF
ν (

erg
 s−1

)

Energy (keV)

(A) SGR 1806−20 (2.4×1015 G)
(B) 1RXS J170849.0−400910 (4.7×1014 G)
(C) 1E 1547.0−5408 (3.2×1014 G)
(D) 4U 0142+61 (1.3×1014 G)

(A) 

(B)

(C) 

(D) 

SXC HXC軟Ｘ線放射 硬Ｘ線放射



２成分比の磁場相関 15

Period (sec)
1 10

)-1
Pe

rio
d D

eri
va

tiv
e (

s s

-1510

-1410

-1310

-1210

-1110

-1010

-910 1806-20

0100-72

0142+61

0418+57

0501+45

0526-66
1048-591547-54

1622-49

1627-41 1708-40

1714-38

1745-29
1810-19

1822-16

1833-08
1834-08

1841-04

1852+00

1647-45

1900+14

2259+58

Magnetar  w/ hard X-ray
SNR  w/ radio

Pulsar RRATXDINS

1015 G

1014 G

1013 G

10 kyr

1 Myr

Death line

Photon split

パルス周期 (s)

周
期
変
化
率
 (s
/s
)

1310 1410 1510
-210

-110

1

10

1806-20

1900+14

1841-04

1714-38

1708-40

1048-59
1547-541833-08

0142+61

2259+581822-16

1818-15
0501+45

0501+45

Surface dipole magnetic field (G)  

Ha
rdn

ess
 ra

tio
 η=

F1
5-6

0/F
1-1

0

Suzaku
NuSTAR
during outburst

表面磁場の強さ (ガウス)

ハ
ー
ド
ネ
ス
比
率
 F

15
-6

0 
ke

V 
/ F

1-
10

 k
eV

硬Ｘ線放射/熱的放射

•2010年以降に新天体からの硬Ｘ線の検出なし 
•新たに得られた上限値も、ハードネス比と磁場
の相関 (η-B correlation) に無矛盾 
•NuSTAR での硬Ｘ線観測はどうか？

SGR 0501+4516  
2008年に新発見。硬Ｘ線検出 
(Enoto+2009, 10, Nakagawa+2011) 

2009, 10, 13年に追加観測 
09年以降は、硬Ｘ線は上限値

1E 1547.0-5408 (AXPとして既知天体) 
2009年に増光。硬Ｘ線を発見 (Enoto et al., 2010, 12) 

1年後に硬Ｘ線を検出。ハードネス低下 (Iwahashi et al., 2013) 
自由歳差の兆候の検出 (Makishima et al., 2015)

弱磁場マグネター 
Swift J1822.3-1606 
2011年 ToO 上限値
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上限値

表面磁場の強さ (ガウス)

すざくでも検出していた 
4U 0142+614

すざくでは検出できなかった 
1E 2259+586

検出

検出

すざく結果と一致する結果 
4U 0142+614, 1E 1842-045

1E 2259+586 でも 
相関の予想の上に検出

Swift

Swift NuSTAR

NuSTAR

1E 1048.1-5937は未検出 
(ひとみ衛星で見えるか？)

硬Ｘ線は普遍的な放射で(将来的なターゲット)、強度は磁場によって進化する？

• すざくで検出できなかった天体について NuSTAR は、 
• 1E 2259+586 から検出 (Vogel et al. 2014) : F15-60 ~ 3.1×10-12 ergs s-1 cm-2    

• 1E 1048.1−5947 からは未検出 (Yang et al., 2015) : F15-60 < 6.7×10-12 ergs s-1 cm-2  (3σ)
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Figure 1. Sketch of an activated magnetic loop. Relativistic particles are injected
near the star where B > BQ = 4.4 × 1013 G. Large e± multiplicity M ∼ 100
(Equation (11)) develops in the adiabatic zone B > 1013 G (shaded in blue).
The outer part of the loop is in the radiative zone; here the scattered photons of
energy E = hνsc escape and form the hard X-ray spectrum that is calculated
in Section 3. The outflow decelerates (and annihilates) at the top of the loop,
shaded in pink; here it becomes very opaque to the thermal keV photons flowing
from the star. Photons reflected from the pink region have the best chance of
being upscattered by the relativistic outflow in the lower parts of the loop, and
control its deceleration (Section 2.2).

magnetosphere attached to a conducting sphere (neutron star).
The theory predicts that the magnetic twist concentrates on field
lines that extend far from the conducting star, forming an ex-
tended bundle of electric currents. This “j-bundle” is heated by
ohmic dissipation and emits radiation. The currents are nearly
force-free, j × B = 0, and sustained by a longitudinal voltage
Φ along the magnetic field lines. The net current circulating
through the magnetosphere, I, generates ohmic power L = IΦ
that feeds the observed activity.

Similar ohmic heating occurs in ordinary pulsars, and it may
be useful to compare them with magnetars. In ordinary pulsars,
the magnetospheric twist is pumped at the light cylinder by
the rotation of the star, and ohmic dissipation occurs on the
open field lines. The electric current is then roughly given by
I ∼ cµ̂/R2

lc (where Rlc is the light-cylinder radius and µ̂ is the
magnetic dipole moment of the star), and voltage Φ can exceed
1012 V. The dissipated power IΦ is always smaller than the
spin-down luminosity of the star. In magnetars, surface motions
twist the closed magnetosphere. Then the electric current may
be as large as I ∼ cµ̂/R2, where R is the star radius. The
characteristic voltage is Φ ∼ 109 V (Beloborodov & Thompson
2007). The dissipated power IΦ is typically much larger than
the spin-down power.

Ohmic dissipation tends to gradually remove electric currents
from the closed magnetosphere as described in B09. This pro-
cess creates a growing “cavity” with vanished current density
j = 0. The currents have the longest lifetimes on magnetic field
lines with large apex radii Rmax ≫ R. As a result, the magne-
tospheric activity becomes confined to the bundle of extended
field lines. This theoretical picture agrees with observations (see
Beloborodov 2011 for a review).

Consider magnetic field lines that extend sufficiently far from
the star into the region where B is smaller than a given value
B1. Luminosity that can be generated on these field lines may
be estimated as follows. Approximating the magnetic field by a
dipole configuration with a dipole moment µ̂, one finds that the
field lines reaching the region B < B1 carry the magnetic flux
!1 = 2πµ̂/R1 filling the hemisphere of radius R1 = (µ̂/B1)1/3.

If the field lines are twisted with amplitude ψ , they must carry
electric current (according to the Stokes theorem; see B09 and
Appendix C),

I1 ≈ cψ!1

8πR1
= c µ̂ψ

4R2
1

. (1)

The twist amplitude ψ is measured in radians. It denotes
the relative azimuthal position of the northern and southern
footpoints of the magnetospheric field line. The generated power
is L = I1Φ, which yields

L ≈ 1036 ψ

(
µ̂

1033 G cm2

)1/3 (
Φ

4 × 109 V

)

×
(

B1

1012 G

)2/3

erg s−1. (2)

Strong twists tend to inflate the magnetosphere (Wolfson 1995;
Parfrey et al. 2012a, 2012b). As long as ψ ! 1, this effect is
modest (it scales as ψ2 at ψ < 1; see B09), and the poloidal
field may be well approximated by a dipole configuration with
dipole moment µ̂.

2.2. Interaction of Outflowing Particles with Radiation Field

Discharge with voltage Φ ∼ 109 V injects electrons (or
positrons) with high Lorentz factors γ ∼ eΦ/mec

2 ∼ 103.
The relativistic plasma created near the star expands along the
magnetic field and forms a relativistic outflow, resembling the
outflow along open field lines in ordinary pulsars (however,
here plasma moves along closed field lines and is trapped in
the magnetic loops around the neutron star). Magnetars are hot
and bright; their dense radiation exerts a strong drag on the
magnetospheric particles and controls the outflow velocity. On
the other hand, the plasma significantly changes the radiation
field around the magnetar. The interaction of the flowing e±

plasma and radiation may be described as a self-consistent
radiative transfer problem. This problem is solved numerically
in an accompanying paper (B12). The results can be summarized
as follows.

The outflow interacts with radiation via resonant scattering;
other processes turn out to be unimportant. Consider an outflow-
ing electron (or positron) with Lorentz factor γ = (1 −β2)−1/2,
and a target photon of energy Et propagating at an angle ϑ with
respect to the outflow direction. Resonant scattering can occur
if the photon energy in the electron rest frame,

Ẽ = γ (1 − β cos ϑ)Et, (3)

matches Landau energy h̄ωB ,

Ẽ = h̄ωB = b mec
2, b ≡ B

BQ

. (4)

The relativistic outflow in the low parts of magnetic loops
interacts with thermal keV radiation that has been reflected by
plasma trapped at the top of the magnetic loops (Figure 1). The
outflow sees the reflected photons as main targets because they
propagate at the most favorable angles for resonant scattering
(Appendix A).

Scattering of thermal keV radiation gives a huge energy boost
to photons, on average by a factor of ∼γ 2. The relativistic
outflow experiences significant energy losses by scattering a tiny
fraction of photons around the magnetar. The outflow adjusts so
that its scattering rate is just enough for the self-consistent

2

Beloborodov, “On the Mechanism of  Hard X-ray  Emission from Magnetars”, ApJ 2013 
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Figure 7. Spectrum from the axisymmetric j-bundle, observed at four different
angles with respect to the magnetic axis: 15o, 30o, 60o, and 90o. The spectrum
is normalized to the total luminosity of the j-bundle L given by Equation (35).
(A color version of this figure is available in the online journal.)

or the “pulsed spectrum,”

L
puls
E ≡ Lmax

E − Lmin
E . (37)

If the emission is not resolved in rotational phase, its observed
spectrum is obtained by averaging the instantaneous LE over the
rotation period,

L̄E = 1
2π

∫ 2π

0
LE dϕ. (38)

The result depends on α, β, and ζ . If the emitting region
(j-bundle) is symmetric about the magnetic axis, the result only
depends on α and β.

4.2. Aligned Rotator

The aligned rotator has α = 0 (magnetic axis parallel to
the rotation axis). Then ϕ = φ and averaging over rotation
is the same as averaging over the magnetic azimuthal angle
φ. The shape of the averaged spectrum L̄E does not depend
on the azimuthal extension of the j-bundle φ⋆; e.g., one may
chose φ⋆ = 2π (axisymmetric j-bundle).

The spectrum produced by the axisymmetric j-bundle is
shown in Figure 7. It strongly depends on the angle between
the line of sight and the magnetic axis. In particular, the posi-
tion of the high-energy peak significantly varies around 1 MeV.
One can qualitatively understand the variations in the spectrum
with changing inclination by combining the following facts.
(1) Emission from the loop is generated on field lines that have
footpoints at co-latitudes θ ∼ 0.3 and reach the equatorial plane
at radii Rmax = 10–20. (2) Emission is strongly beamed out-
ward along the magnetic field lines. (3) Photons of a given
energy E are mainly generated where b ≈ 0.1(E/mec

2)1/2

(see Equation (25)). Note also that observers in the equato-
rial plane (inclination θ = 90o) are special—by symmetry,
both hemispheres equally contribute to the observed spectrum.
At small inclinations, one hemisphere strongly dominates hard
X-ray emission; however, the contribution of the other hemi-
sphere is still significant in the soft-X-ray band.

Figure 8. Upper panel: spectrum from the axisymmetric j-bundle, LE , averaged
over the object inclination to the line of sight. Lower panel: relative contributions
of ⊥ and ∥ to the total spectrum LE = L⊥

E + L
∥
E .

If the emission shown in Figure 7 is averaged over the cosine
of the inclination angle one obtains the spectrum shown in
Figure 8. Below 1 MeV, it approximately follows the power
law ELE ∝ E1/2 in agreement with Equation (26) derived in
Section 3.4. It corresponds to photon index Γ = 1.5 (which
is defined by LE ∝ E−Γ+1). This does not imply that, given a
random inclination, the most probable observed spectrum has
Γ = 1.5. Significantly harder slopes Γ ∼ 1 are observed in
Figure 7. In a range of inclinations, the spectra have breaks well
below 1 MeV, and after averaging over inclination this gives the
featureless power law with a softer slope Γ = 1.5.

Approximately 3/4 of photons scattered in the j-bundle have
⊥ polarization. Therefore at energies E < 1 MeV (where the
splitting of ⊥ photons is negligible), the produced emission is
dominated by the ⊥ polarization; see the lower panel in Figure 8.

The inclination-averaged spectrum exhibits a significant
hump at E ! 1 MeV. It is the result of photon splitting. The
daughter photons produced by splitting have the ∥ polarization,
and the splitting-dominated component is particularly visible in
the lower panel of Figure 8 that shows the polarization of emit-
ted photons. Note that Figure 8 does not take into account the
possible multiple scattering of high-energy photons on their way
out of the j-bundle (Section 3.5). Additional scattering weakly
changes the spectrum of escaping radiation, however it can sig-
nificantly affect polarization of the MeV hump. Scattering of
daughter photons after splitting switches polarization from ∥ to
⊥ with probability of 3/4 and tends to bring the polarization to
the same value as below 1 MeV.

No pulsations are produced by the aligned rotator if the
j-bundle is axially symmetric, φ⋆ = 2π . Strong pulsations are
produced if φ⋆ < 2π , i.e., if the j-bundle is confined to a smaller
range of azimuthal angles. The pulsations are the consequence
of strong beaming of high-energy emission along the magnetic
field lines, which makes the emission almost invisible when the
line of sight is outside the interval 0 < φ < φ⋆. The pulse width
is proportional to φ⋆, and the pulse fraction can approach 100%.
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• 硬X線の光度は、表面の熱的放射の光度を上回る（観測と一致） 
• 硬X線スペクトルは 10 keV から MeV 帯域まで伸び、強くパルス（観測と一致） 
• スペクトルは 1 MeV 付近以下で extraordinary mode の偏光になると予言。 
• 磁気ループの先で 511 keV の対消滅線が出ると予言。Lann ~ 0.1 L

磁気ループ

相対論的粒子の注入
B>BQED=4.4x1013 G

e±増幅 M~100

磁気圏から抜ける光子
➡硬X線

理論モデルのスペクトル予想

強い偏光と対消滅線

位相分けした 
MeV 観測が鍵



マグネターの Sub-MeV 放射の観測可能性

3: 2030年頃の目標感度＠1 Ms 
eASTROGAMの例 
•  ESA-M5 (2029) 提案。大型 (重量2-3 t)。MeVだけで
なくGeVまでカバーするアイデア。 

• ベースは既存技術(DSSDとCsI)だが、1x1x1 m3 の大型
検出器で技術的チャレンジも大きい。 

•  2030年頃の目標感度の指標として例示したもの。 

• 長期目標=ここへ向け
て独自技術、サイエン
スの発展が必要。 
• MeVとGeVの融合が特
徴。この方向性は有効
効だろうか？ 
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中澤さんのスライドより

Magnetar

マグネター
定常放射

明るいとき？



マグネターの Sub-MeV 放射の観測可能性
２:現状技術で実現可能な感度＠100 ks 

(2020-25年頃) 
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10mCrab F(2−10 keV) = 2e−10 erg/s/cm2

INTEGRL- 
SPI感度 1 Ms 

BAT 1 Ms 

COMPTEL 
1 Ms 

10 mCrab 

＊Hitomi SGD-Sの半
導体コンプトンカメラ
9台並列版 100 ks 

＊電子トラックガス
コンプトンカメラ 2
気圧版 (SMILE II+) 
100 ks 

2-1 計算した感度 
•  有効積分時間は100 ksとする。 
•  感度は統計3σ。連続成分に対し、dE/E 
= 0.5 で計算。精度は factor 2程度。 

2-2 結果 
•  100 ks 気球で、現状の衛星(INTEGRAL-
SPIなど)の ~1 Ms 感度が実現。 

•  検出器の改良で、2倍、10倍を目指す。 

0.2-2 MeVの帯域で、「100 ks で
100 mCrab級の感度」を実現 

この5-10年は「工夫」の時代 
• 視野の大小でBGDの大小!感度の小大。 
• 見る天体で観測効率が。天の北極や南極
付近なら観測効率が25% ! 100 %にな
るかも。あるいは４つの天体を、赤経方
向に90degずつ離してリストできる？ 
• 狙うエネルギー帯域を絞ることも有効。 

��
���������

明るいとき？



マグネターの Sub-MeV ガンマ線放射
1. マグネターからの Sub-MeV 放射の特徴 

巨大フレア(initial spike)や明るいショートバーストでは 1 MeV 前後にカッ
トオフがあり、定常放射でも 1 MeVを超えたあたりで折れ曲がるようだ。
放射機構は未解明だが、光子分裂のような強磁場の物理や、マグネター特
有のねじれ磁場の寄与が期待されている。 

2. マグネターの Sub-MeV 観測の科学的意義 
ガンマ線パルサーの GeV 帯域の折れ曲がりを Fermi が測定したことで、
磁気圏での粒子加速や放射の理解が進んだように、折れ曲がり形状が放射
機構の同定に有効であろう。より重要な点は、マグネター強磁場に由来す
る「強い偏光」や「対消滅線」といった信号が予想されることである。 

3. マグネターの Sub-MeV 帯域の観測可能性 
マグネター定常放射の ~1 MeV 強度は典型的に~10-100 mCrab で　　　
e-ASTROGAM 感度では十分なターゲットだが、現状技術 100 ks 観測
ではやや感度が足りない。ただし、巨大フレア直後や突発増光した際の明
るくなった定常放射やバースト観測は有効かもしれない。


