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目には見えないＸ線で
輝く中性子星の研究
(マグネター 1E 1547.0-5408)

 (C) Photo, ESA/XMM-Newton

The Galactic Center region

Takeshi Go Tsuru

Figure 1: The X-ray image of the Galactic center region obtained with the Suzaku XIS. The colors indicate

X-ray energy bands - red (0.5–2.0 keV), green (2.0–5.0 keV), and blue (5.0–8.0 keV).

Figure 2: The averaged spectrum
of the Sgr A

region in the 5.5-11.5 keV
band taken with the Suzaku XIS

[1]. The spectrum
is fitted with a model of a collisional ionization equilibrium

plasma plus a power-law
with

three Gaussian lines and an iron absorption edge.

1. Introduction

The X-ray Imaging Spectrometer (XIS) on board the Suzaku satellite is the X-ray CCD
camera

system
which has the large effective area, the low

and the stable non X-ray background
in the 0.3–

12 keV
band. The diffuse hard X-ray emission

from
the Galactic center region, particularly

in the

iron
K-shell band, is the

best target for Suzaku.
W
e
have

been
making

survey
observation

as a

Suzaku key project. W
e have finished about 60 pointings with a total exposure time of

∼
3000 ksec

and published 22 papers so far (Figure 1). Figure 2 shows an excellent spectrum
of the Sgr A

region

[1]. The results from
the key project can make a Suzaku legacy in the X-ray astronomy.

The spectrum
of the diffuse X-rays from

the Galactic center region exhibits many K-shell lines

from
iron

and nickel atoms in the 6–9
keV

band
(Figure 2). The strong

emission
lines seen in the

spectrum
are neutral iron K

α
at 6.4 keV, He-like iron K

α
at 6.7 keV, H-like iron Lyα

at 6.9 keV
and

2

Ｘ線

Tsuru et al. 2010

Image Credit: Yoshida w/ permission



Image Credit: Yoshida w/ permission

R. P. ファインマン 「ファインマン物理学教程」より

もっとも印象的な発見は, 
星をたえず燃やしつづけているエネルギーの源泉である。
星を輝かせるのには核反応がおこっているに違いない, 
と気がついた発見者は, 夜, 彼女と外に出ていた。

「なんて星がきれいなんでしょう」と彼女がささやく.
  彼は言った,
「そうだね. 星がなぜ光るか, その訳をしっているのは, いま世界で僕だけなんだ」                                       

… 一説によれば、H. A. Bethe (ベーテ) の逸話

星がどのように輝くかは大きな謎



可視光で見た銀河 (天の川)  X線で見た銀河 (天の川)  X線で見た銀河 (天の川)

核融合エネルギー

恒星(大質量星)

H・A・ベーテ (1938年)

中性子星

回転エネルギー重力エネルギー

ブラックホール

電波パルサーの発見
ノーベル物理学賞(1974年)

小田稔(1971年)
日本のX線天文学の発展

 宇宙観測で確立
！

超新星爆発

マグネター？

軟ガンマ線リピーター
特異X線パルサー

磁場エネルギー?

未解明 !!

星の輝き方は想像を超えて多様 !?
磁場エネルギーで輝く星は存在するか？
(中性子星・ブラックホールの発見と同じ科学的意義)



§1. 中性子星の基本物理量

§2. 中性子星の多様性

§3. 強磁場の体 マグネター

§4. 将来観測

トピック



(Credit: NASA and the Night Sky Network)
http://imagine.gsfc.nasa.gov/science/objects/stars1.html

星の進化と物質の循環
太陽のような軽い星

100万年10億
年

重い星 (>8-10Msun)
原始星

赤色
超巨星

超新星爆発

ブラックホール

中性子星

白色矮星

赤色巨星

惑星状星雲

星間ガス
星形成領域

http://imagine.gsfc.nasa.gov/science/objects/stars1.html
http://imagine.gsfc.nasa.gov/science/objects/stars1.html


核融合反応 : pp チェーン
陽子 陽電子

ニュートリノ

重水素

(1) 1H+1H→2H+e++νe
(1)

ヘリウム３

(2) 2H+1H→3He+γ+5.49 MeV

(2)

ヘリウム４
(3) 3He+3He→4He+1H+1H+12.86 MeV

pp1分岐と呼ばれる。他に、pp2,pp3の分岐がある。

(3)

太陽程度かそれ以下の軽い星

４つの水素からヘリウムを作りエネルギーを放出



星の中での元素合成はどこまで続くか？

(c) http://staff.orecity.k12.or.us/les.sitton/Nuclear/313.htm

質量数 A (陽子と中性子の数の和)
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鉄(A=56)付近で最大。最も安定になる

核融合

p-p チェーン(軽い星)や CNO サイクル(重い星)などで重い元素が合成されていく

核分裂

エネルギー放出(発熱反応)

最も安定な鉄まで核融合が進みながら星を支える。
鉄の核反応はエネルギーを吸収し(吸熱)で星を支えられない。

http://staff.orecity.k12.or.us/les.sitton/Nuclear/313.htm
http://staff.orecity.k12.or.us/les.sitton/Nuclear/313.htm
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重力崩壊 原子中性子星の誕生

衝撃波の発生 超新星爆発

大質量星の終末: 超新星爆発



 ©NASA/JPL-Caltech/CXC/SAO, Grefenstette et al., 2014, Nature

超新星残骸 カシオペア座A

4-6 keV X-rays (white)
Fe (red)
Si, Mg (green)
Ti (blue)
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Figure 1. Chandra ACIS image, 51′′ × 39′′, of the Cas A CCO and its surroundings in the 0.6–6 keV band, after applying the subpixel event reposition tool by Mori
et al. (2001). The pixel size is 0.′′123 (i.e., 1/4 of the original ACIS pixel size). The inner circle around the CCO shows the source extraction region of 1.′′476 radius
used for the spectral analysis, while the annulus between 2.′′46 and 3.′′94 (white circles) is the background extraction region. The CCO is surrounded by nonuniform
SNR emission, with the average surface brightness of 89 counts arcsec−2 in the 2.′′46–3.′′94 annulus.
(A color version of this figure is available in the online journal.)

For the simulation, we chose the spectral model wabs × nsa
with the best-fit parameters (see Section 3.2 and Table 1) and
simulated an ACIS-S3 observation for the same position on the
detector and the same exposure time, 61.735 ks, as the those of
the actual observation. The width of the simulated point-spread
function (PSF) depends on the value of the MARX parameter
DitherBlur. This parameter accounts for the ACIS pixelization
and aspect reconstruction errors, which may be different for
different observations. We simulated the PSF for a number of
DitherBlur values, from 0.′′20 to 0.′′40, and found that the best
match of the simulated PSF to the core of the observed image is
provided by DitherBlur ≃ 0.′′30. Figure 2 shows the simulated
PSF radial profile and the radial distribution of the detected
events up to 4.′′3 from the source centroid. To calculate and plot
these profiles, we rebinned the observed and simulated images
to 1/8 of the original ACIS pixel and measured the numbers
of counts in circular annuli with widths of 0.′′123 (1/4 of the
original pixel size). We see from this figure that the observed
radial profile exceeds the simulated PSF at r ! 1′′, remaining
approximately constant at r ! 2′′, with the average surface
brightness of 89.6 ± 1.5 counts arcsec−2 in the 2′′ < r < 4′′

annulus. The morphology of this extended emission on larger
scales (see Figure 1) suggests that it originates from the Cas
A SNR (possibly belongs to a faint SNR filament), i.e., the
extended emission is not a nebula generated by the CCO. This
conclusion is supported by the presence of emission lines in the
spectrum of this extended emission (see Section 3.2), which are
not expected in the synchrotron spectrum of a PWN.

The sum of the simulated PSF and the uniform surface bright-
ness of 89.6 counts arcsec−2, shown by the red histogram in
Figure 2, is generally very close to the observed radial profile
within the r < 4.′′3 circle. It lies slightly below the observed
data (i.e., the observed profile is slightly broader than the sim-
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Figure 2. Radial profiles of the observed data (black) and the MARX-simulated
PSF (blue) in the 0.6–6 keV band. The surface brigthness was measured in
the images with pixel size of 0.′′0615 (1/8 of the original ACIS pixel) in 35
circular annuli with 0.′′123 widths. The simulated PSF profile is for the MARX
DitherBlur parameter of 0.′′30. The red histogram shows the sum of the sumulated
PSF and the model constant background, 89.6 counts arcsec−2.
(A color version of this figure is available in the online journal.)

ulated one) at 0.′′7 " r " 1.′′2, but the statistical significance
of this difference is marginal (e.g., the largest discrepancy, in
the 7th annulus, is significant at the 2σ level). The difference
might be caused by a nonuniformity of the extended emission
component at such radii or a minor inaccuracy of the MARX
simulation, but it is hard to believe that the data excess is due to
a PWN-like emission in this narrow region. An additional sup-
port for the pointlike structure of the CCO image is provided by
the image deconvolution with the aid of the arestore script in

中性子星

Pavlov & Luna (2009)

3”



(C) Scientific American より改変

中性子星の内部 (巨大な原子核)
中性子星の大気
水素, ヘリウム, 炭素 (H, He, C)

(とても薄い)

アウタークラスト
原子核(鉄ほか)＋電子

インナークラスト
中性子過剰核＋電子＋(超流動)中性子原子核密度の2倍

1015 g/cm3

原子核密度 
2x1014 g/cm3

neutrino drip
4x1011 g/cm3

アウターコア
(超流動)中性子＋電子＋(超伝導)陽子

インナーコア
なんかやばいことになっているらしい
ハイペロン？

内部は地上実験では到達できない高密度
原子核物理の盛んな研究対象

半径 10-12 km



重力
白色矮星

中性子の縮退圧で支える星 (ref) http://www.maa.mhn.de/Scholar/Starlife/evolutnc.html

重力

中性子星

p + e− → n + ν
陽子

電子

中性子

ニュートリノ

電子の縮退圧 中性子の縮退圧
より正確には「核力」が効いて支えられる

ガス圧+放射圧

重力
主系列星

ブ
ラ
ッ
ク
ホ
ー
ル

http://www.maa.mhn.de/Scholar/Starlife/evolutnc.html
http://www.maa.mhn.de/Scholar/Starlife/evolutnc.html


ミクロとマクロを結ぶ 封筒の裏

須藤靖「ものの大きさ」東京大学出版会, beautiful formulae by Landau
Burrows & Ostriker, “The Astronomical Reach of Fundamental Physics”, PNAS (2014)
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重力
Pd ⇠ ~c

✓
⇢
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縮退圧(相対論的)

チャンドラセカール質量 白色矮星の最大質量
典型的な中性子の質量

�G = Gm2
p/�c = 5.9� 10�39

重力微細構造定数

ミクロな量マクロな量

白色矮星

中性子星

MWDR3
WD = ��3

G me�
3
e

MNSR3
NS = ��3

G mp�
3
p

RWD ⇠ R�/100 ⇠ 104 km

RNS ⇠ RWD/1000 ⇠ 10 km

中性子星の質量と半径の推定 → 核力, 一般相対論の効果

質量

半径



様々な状態方程式の理論が提案
(P,ε) は (M,R)と対応

Lattimer, Annu. Rev. Nucl. Part. Sci. (2012)

温
度

密度ρ0

通常核物質 中性子星

クォーク・グルーオ
ン・プラズマ(QGP)相
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Figure 1
(a) Schematic hadronic (solid curves) and pure strange quark matter (dashed curves) equations of state. (b) The
corresponding M−R relations. Arrows connect specific central energy density and pressure values with their
corresponding (M, R) points. The numbers labeling hadronic arrows denote central baryon densities nc /ns ,
and those labeling strange quark matter arrows indicate εc /εs . The uppermost arrows in each case mark the
maximum mass configurations.

For the case in which γ ∼ 4/3, valid for hadronic matter at densities below ρs /3 (where the
pressure is dominated by relativistic degenerate electrons), M ∝ K 3/2 R0, which is independent
of radius. At extremely large radii (R ! 300 km), the mass starts to increase as configurations
approach the white dwarf (WD) range (such configurations have much larger proton concentra-
tions). Thus, there is a minimum stable mass for neutron stars, which is approximately 0.09 M ⊙

(11), when R ∼ 200–300 km.
For higher densities, in the range εs − 3εs , the typical behavior of hadronic EOSs is γ ∼ 2

(Figure 2). In this case, the scaling becomes R ∝ K 1/2 M 0, and the radii are nearly independent
of mass.

In the hadronic case, both asymptotic behaviors are apparent in Figure 1, and the transition
between them occurs near nc ∼ ns . At high densities, general relativity becomes dominant and
causes the formation of a maximum mass. In the case of SQM stars at low densities, the large value
of B essentially results in γ → ∞ so that R ∝ K 0 M 1/3, a behavior also shown in Figure 1.

An interesting feature of Figure 1 is that the SQM and hadronic EOSs predict very similar
M−R trajectories in the range 1.5 < M /M ⊙ < 2. It would clearly be difficult, on the basis of
observational M−R data alone, to distinguish these trajectories. This observation suggests that
other data, such as neutron star cooling information (12), will be necessary to confirm the existence
of SQM stars.

It is useful to display M−R curves for various realistic EOSs, as demonstrated in Figure 3 for
several of the EOSs plotted in Figure 2. Those hadronic EOSs with extreme softening (due to
a kaon or pion condensate, high abundances of hyperons, or a low-density quark-hadron phase
transition) do not have pronounced vertical segments, but they also do not allow the existence of a
2-M ⊙ neutron star (see Section 3) and, therefore, cannot be physical. The M−R curves that have
attained sufficient mass have vertical segments with radii varying from 10 to 16 km (the extreme
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free neutron 

MS0

Lattimer, Annu. Rev. Nucl. Part. Sci. (2012)
Free neutron case by K. Hotokezaka
Oppenheimer & Volkov, Phys. Rev. (1939)

GS1

中性子星の質量と半径

MPA1
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MS2

MS1FSU

GM3
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質量と半径の測定は内部状態の解明へ



中性子星はどんな天体か？
大質量星の鉄コア

中性子星

封筒の裏
計算

半径 
R~3000 km

(おおらかな気持ちで見てネ)

半径 
R~10 km

半径が収縮
R前/R後~103

角運動量の保存 M R2 Ω = 一定
(質量) (半径) (回転各周波数) 

Ω ∝ (R前/R後)2

磁束の保存 R2 B = 一定
(半径) (磁場の強さ) 

B ∝ (R前/R後)2

(6桁近くも) 高速で自転し磁場の強い星が生まれる！



かにパルサー(中性子星)

Chandra, Hubble, and Spitzer image (NGC 1952)
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David A. Moffett et al., ApJ 468, 779-783 (1996) 
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かにパルサー(中性子星)

Chandra, Hubble, and Spitzer image (NGC 1952)
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(C) NASA
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中性子星の多様な種族
パルサー
超新星残骸に付随
連星に存在
連星・サイクロトロン共鳴を検出

電波トランジェント (RRAT)
孤立した熱的X線源 (XINS)
マグネター

超新星残骸に付随

臨界磁場 

(a)軟ガンマ線リピーター
SGR 1806-20
特異Ｘ線パルサー
1E 1547.0-5408

回転駆動型
かにパルサー

パル
サー
活動
の死
の線

P-Pdot diagram
→ 中性子星の観測的多様性を示す

Manchester et al., 2005, ATNF Pulsar Catalog
榎戸輝揚,物理科学月刊誌パリティ2015年8月号



中性子星の放射エネルギー源
熱エネルギー: 超新星爆発後の残熱

超新星残骸の中心の熱放射をする中性子星
回転エネルギー: 非熱的な放射
大多数の電波パルサーや一部のミリ秒パルサー

重力エネルギー: 連星での質量降着
Ｘ線連星での明るい放射(複数のサブ種族)

磁場エネルギー: 磁場が強い種族
マグネター(SGR,AXP)と呼ばれる新種族

いずれの場合もＸ線に卓越した放射が現れる！



残熱で輝く中性子星
X-ray Dim Isolated Neutron Stars Compact Central Objects

Image credit: Chandra X-ray Observatory

地球に最も近い孤立中性子星
RX J1856.5-3754

X線画像

 ©NASA/JPL-Caltech/CXC/SAO

X線画像
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Figure 1. Chandra ACIS image, 51′′ × 39′′, of the Cas A CCO and its surroundings in the 0.6–6 keV band, after applying the subpixel event reposition tool by Mori
et al. (2001). The pixel size is 0.′′123 (i.e., 1/4 of the original ACIS pixel size). The inner circle around the CCO shows the source extraction region of 1.′′476 radius
used for the spectral analysis, while the annulus between 2.′′46 and 3.′′94 (white circles) is the background extraction region. The CCO is surrounded by nonuniform
SNR emission, with the average surface brightness of 89 counts arcsec−2 in the 2.′′46–3.′′94 annulus.
(A color version of this figure is available in the online journal.)

For the simulation, we chose the spectral model wabs × nsa
with the best-fit parameters (see Section 3.2 and Table 1) and
simulated an ACIS-S3 observation for the same position on the
detector and the same exposure time, 61.735 ks, as the those of
the actual observation. The width of the simulated point-spread
function (PSF) depends on the value of the MARX parameter
DitherBlur. This parameter accounts for the ACIS pixelization
and aspect reconstruction errors, which may be different for
different observations. We simulated the PSF for a number of
DitherBlur values, from 0.′′20 to 0.′′40, and found that the best
match of the simulated PSF to the core of the observed image is
provided by DitherBlur ≃ 0.′′30. Figure 2 shows the simulated
PSF radial profile and the radial distribution of the detected
events up to 4.′′3 from the source centroid. To calculate and plot
these profiles, we rebinned the observed and simulated images
to 1/8 of the original ACIS pixel and measured the numbers
of counts in circular annuli with widths of 0.′′123 (1/4 of the
original pixel size). We see from this figure that the observed
radial profile exceeds the simulated PSF at r ! 1′′, remaining
approximately constant at r ! 2′′, with the average surface
brightness of 89.6 ± 1.5 counts arcsec−2 in the 2′′ < r < 4′′

annulus. The morphology of this extended emission on larger
scales (see Figure 1) suggests that it originates from the Cas
A SNR (possibly belongs to a faint SNR filament), i.e., the
extended emission is not a nebula generated by the CCO. This
conclusion is supported by the presence of emission lines in the
spectrum of this extended emission (see Section 3.2), which are
not expected in the synchrotron spectrum of a PWN.

The sum of the simulated PSF and the uniform surface bright-
ness of 89.6 counts arcsec−2, shown by the red histogram in
Figure 2, is generally very close to the observed radial profile
within the r < 4.′′3 circle. It lies slightly below the observed
data (i.e., the observed profile is slightly broader than the sim-
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Figure 2. Radial profiles of the observed data (black) and the MARX-simulated
PSF (blue) in the 0.6–6 keV band. The surface brigthness was measured in
the images with pixel size of 0.′′0615 (1/8 of the original ACIS pixel) in 35
circular annuli with 0.′′123 widths. The simulated PSF profile is for the MARX
DitherBlur parameter of 0.′′30. The red histogram shows the sum of the sumulated
PSF and the model constant background, 89.6 counts arcsec−2.
(A color version of this figure is available in the online journal.)

ulated one) at 0.′′7 " r " 1.′′2, but the statistical significance
of this difference is marginal (e.g., the largest discrepancy, in
the 7th annulus, is significant at the 2σ level). The difference
might be caused by a nonuniformity of the extended emission
component at such radii or a minor inaccuracy of the MARX
simulation, but it is hard to believe that the data excess is due to
a PWN-like emission in this narrow region. An additional sup-
port for the pointlike structure of the CCO image is provided by
the image deconvolution with the aid of the arestore script in

Pavlov et al. 2009

超新星残骸 カシオペア座A
Cassiopeia A (Cas A)

若い超新星残骸の中心の軟X線源で、
電波は出さずＸ線パルスも未検出か弱い。

地球近傍の電波放射のない孤立中性子星
で、数秒の自転周期で熱的Ｘ線を示す。

中性子星の表面の黒体放射から温度を測ることができる
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Figure 3. Thermal evolution of NSs with TNI6u-EOS, of medium stiffness. The upper four solid curves refer to stars with gravitational mass M = 1.26 M⊙, with
the maximum vortex creep heating with the heating parameter K = 1037 ergs m−3/2 s2 (highest thick solid curve), moderate heating with K = 5 × 1036 ergs m−3/2

s2 and 1036 ergs m−3/2 s2 (middle two thin solid curves), and no heating (lower thick solid curve), respectively, in the decreasing order. The uppermost dashed curve
shows a model which is the same as the lowest thick solid curve (a 1.26 M⊙ star with no heating) but with the envelope contaminated with hydrogen. The rest of the
curves (the lower four curves) represent nonstandard hyperon cooling of stars with gravitational mass of 1.47 M⊙, 1.52 M⊙, 1.53 M⊙, and 1.6 M⊙, respectively, all
without heating, in the order of decreasing luminosity. The observation data for various sources are shown as bars and crosses for detection and downward arrows for
upper limits. The sources are: (A) RX J0822−4247 (in Puppis A), (B) 1E 1207.45−5209, (C) RX J0002+6246, (D) PSR 0833−45 (Vela pulsar), (E) PSR 1706−44,
(F) PSR 0538+2817, (G) PSR 0656+14, (H) PSR 0630+1748 (Geminga), (I) RX J1856.5−3754, (J) PSR 1055−52, (K)RX J0720.4−3125, (1) CXO J232327.8 (Cas
A), (2)PSR 0531+21 (Crab pulsar), (3) PSR J0205+6449 (in 3C 58), (4) PSR 1124−5916 (in G292.0+1.8), (5) PSR 1509−58 (in MSH-15-52), (6) RX J0007.0+7302
(in CTA 1), (7) PSR 1046−58 (Vela twin), (8) PSR 1823−13 (Vela-like), (9) PSR B2334+61, (10) PSR B1951+32 (CTB 80), (11) PSRJ0154+61, (12) PSR 2224+61,
(13) PSR 2043+2740, (14) PSR 0628−28, (15) PSR 1929+10, and (16) PSR B0823+26.

mass (observed mass), central matter density (sum of num-
ber density times rest mass of constituent particles), central
energy density (mass density including gravitational and nu-
clear forces), and pressure, respectively. The results from our
thermal evolution calculations are summarized in Figures 3–
6, where surface photon luminosity which corresponds to sur-
face temperature (both to be observed at infinity), is shown
as a function of age.9

Figure 3 shows thermal evolution for TNI6u NS mod-
els with the EOS of medium stiffness. The upper four solid
curves refer to stars with gravitational mass MG = 1.26 M⊙,
with the maximum heating with the heating parameter K =
1037 ergs m−3/2 s2 (highest thick solid curve) (see Equation (2)
for definition of K), moderate heating with K = 5 ×
1036 ergs m−3/2 s2 and 1036 ergs m−3/2 s2 (middle two thin solid
curves), and no heating (lowest thick solid curve), respectively,
in the decreasing order. The parameter K represents a measure
of strength of heating which is consistent with the vortex creep
theories (see e.g., UTN95; T98). The uppermost dashed curve
shows a model which is the same as the lowest thick solid curve
(a 1.26 M⊙ star with no heating) but with the crust contaminated
by hydrogen (with maximum H fraction consistent with theo-
ries; see PCY97). Since for all these stars the central density
ρc < ρY

tr , they are NSs going through standard cooling.
The rest of the curves (the lower four curves) represent

nonstandard cooling of 1.47 M⊙, 1.52 M⊙, 1.53 M⊙, and 1.6 M⊙

9 See Section 4 for the reason why we use luminosity rather than temperature
in these figures.

hyperon stars, respectively, all without heating, in the order of
decreasing luminosity. For the medium TNI6u-EOS adopted,
we find that ρc = ρY

tr for a 1.4 M⊙ star. Therefore, our stars with
mass larger than ∼ 1.4 M⊙ contain a hyperon-mixed core and
hence the predominant cooling mechanism is the nonstandard
hyperon direct Urca process. Note that after the superfluidity sets
in, the superfluid critical temperature first increases, reaches a
peak and then decrease to zero as density increases—see e.g.,
Figure 2 (also Figure 1 of T09). Massive 1.6 M⊙ star (the
coolest curve) cools very fast because the internal density is so
high that Λ-superfluidity disappears, and thereby very efficient
Λ ↔ p process goes without superfluid suppression. For the
intermediate mass stars with 1.47 M⊙, 1.52 M⊙, and 1.53 M⊙,
however, the superfluid suppression is effective, and therefore
their cooling curves lie between the standard curves and non-
suppressed hyperon cooling curve. This is due to the moderate
strength of Λ-superfluidity (see Figure 2). The superfluid gap for
Σ− hyperons is so large that the suppression is complete, which
means the direct Urca emissivity for Σ− hyperons gets lower
than for the standard processes, and hence cooling is essentially
governed by the Λ direct Urca (Ta06).

The effect of vortex creep heating for stars of different
masses is shown in Figures 4 and 5 for TNI6u NS models10—
Figure 4 with the heating parameter K = 1036 ergs−3/2 s2

which is medium in strength according to theoretical estimates
(UTN95; T98), while Figure 5 for the maximum heating with

10 Note that the vortex creep heating is the only important heat source as long
as the magnetic field < 1013 Gauss, which applies to our case.

Tsuruta et al., (2009)

標準的なモデル

Cas A

RX J0720.4-3125

太陽光度
3.8x1033 erg/s
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混入

ニュートリノ冷却 放射冷却

星内部の組成や状態を探ることができる。

ニュートリノ冷却

中性子星の冷却 (熱進化) 軟ガンマ線リピーター
特異Ｘ線パルサー



回転で輝くパルサー: 磁場を見積もる
孤立中性子星は減速していく　→ 回転エネルギー Lrot が減少していく
真空中で回転する磁石とみなす→ 磁気双極子放射 Lmag で放出する

Lmag = Lrot
(注) Lrot はスピンダウン光度と呼ばれます

Lrot =
dErot

dt
= � d

dt

�
1
2
I�2

�
= 3.9� 1046 Ṗ

P 3
erg/s

Lmag =
2

3c3
|µ̈|2 =

2
3c3

|µ|2�4 sin2 � �
B2

P 4

θ = 回転軸と磁軸のなす角度
μ = BR3 = 磁気双極子モーメント(磁石の強さ)
I  = 慣性モーメント ~ 1045 g cm2

Ω = 角周波数 = 2π / P

B = 1.0� 1012

����
�

P

1 s

� �
Ṗ

10�15 s/s

�
G

双極子磁場 
(表面)

回転軸 磁軸
チャンドラＸ線望遠鏡

Hester+2002

パルス周期の観測から磁場を推定することができる



中性子星の進化は未解決
磁場減衰していれば
 (Colpi et al, 1999), 

dB

dt
= �aB1+�

(α = 0 is plotted)

Period (sec)

-310 -210 -110 1 10 210

)
-1

Pe
rio

d 
D

er
iv

at
iv

e 
(s

 s

-2110

-2010

-1910

-1810

-1710

-1610

-1510

-1410

-1310

-1210

-1110

-1010

-910

10 15 G

10 14 G

10 13 G

10 12 G

強磁場

弱磁場

P-Pdot diagram

Period (sec)

-310 -210 -110 1 10 210

)
-1

Pe
rio

d 
D

er
iv

at
iv

e 
(s

 s

-2110

-2010

-1910

-1810

-1710

-1610

-1510

-1410

-1310

-1210

-1110

-1010

-910

 G
1110

 G
1210

 G
1310

 G
1410

 G
1510

0.1 kyr

10 kyr

1 Myr

100 Myr

Pulsar
Pulsar w/ SNR
Pulsar in Binaries
RRAT
XINS
Magnetar
Magnetar w/ SNR

Pulsar
SNR
in Binary
RRAT 
XINS
Magnetar

0.1 kyr

10 kyr

1 Myr

100 Myr

若い

老齢

中性子星の進化
B �

�
PṖ
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かに星雲の長期観測 2000年11月~2001年4月

Ｘ線 (チャンドラ衛星) 可視光 (ハッブル宇宙望遠鏡)

パルサー風が吹き出している現場が観測されている



質量降着で輝くＸ線パルサー
重力ポテンシャル

普通の星

高密度天体
(ブラックホール, 中性子星)

降着流

弱磁場の中性子星 (~108 G)

降着円盤は星の表面付近まで到達。
星全体に広く降着 ⇒ パルスは見えない
質量降着によってスピンアップ

RA~108 cm

強磁場の中性子星 (~1012 G)

磁気圧で止められ磁力線に沿って降着。
磁極に絞られて降着 ⇒ X線パルスが発生
パルス周期は比較的遅い(数十秒~数百秒)

mr�2 =
GmM

r2 v = r� =
�

GM

r

● 物質がケプラー回転しながら降着

B2

8�
= �v2

● 星からの距離 r で磁場は B ∝ r-3 で減衰

アルフベン半径



電子サイクロトロン共鳴で磁場を測る

En = n��c = mec
2 B

Bc
· n

磁場中の電子

B

e

11 keV の共鳴 → B=1012 G

Bcr =
m2

ec
3

�e
= 4.4� 109 T

E1

E2

E3

E4
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Fig. 3.—The 9–100 keV spectrum of X0115!63 observed by BeppoSAX
in the descending edge of the main peak. Count rate spectra from the HPGSPC
and PDS, together with the best-fit model, which includes the NPEX contin-
uum, and three absorption features are shown in the upper panel. The lower
panel shows the residuals in units of j revealing evidence for an absorption
feature at ∼48 keV.

Fig. 4.—Unfolded spectrum of the descending edge of the main peak of
X0115!63.

TABLE 1
Best-Fit Spectral Parametersa

Value

Parameter NPEX Cutoff Power Law

a1 . . . . . . . . . . . . . . 1.37 ! 0.05 1.3 ! 0.05
a2 . . . . . . . . . . . . . . 0.41 ! 0.05 )
kT (keV) . . . . . . . 11.0 ! 0.05 17.4 ! 0.5
E (keV) . . . . . .cyc
1 12.74 ! 0.08 12.78 ! 0.08

j1 (keV) . . . . . . . . 1.34 ! 0.25 1.52 ! 0.14
D1 . . . . . . . . . . . . . . 0.21 ! 0.04 0.23 ! 0.02
EW1 . . . . . . . . . . . . 0.75 ! 0.04 0.87 ! 0.07
E (keV) . . . . . .cyc
2 24.16 ! 0.07 24.0 ! 0.07

j2 (keV) . . . . . . . . 2.11 ! 0.18 1.94 ! 0.11
D2 . . . . . . . . . . . . . . 0.52 ! 0.02 0.50 ! 0.02
EW2 . . . . . . . . . . . . 2.7 ! 0.07 2.4 ! 0.1
E (keV) . . . . . .cyc
3 35.74 ! 0.35 36.00 ! 0.35

j3 (keV) . . . . . . . . 2.53 ! 0.5 1.98 ! 0.4
D3 . . . . . . . . . . . . . . 0.46 ! 0.04 0.43 ! 0.04
EW3 . . . . . . . . . . . . 2.8 ! 0.4 2.13 ! 0.3
E (keV) . . . . . .cyc
4 49.5 ! 1.2 49.8 ! 1.4

j4 (keV) . . . . . . . . 6.3 ! 2.3 4.8 ! 2.0
D4 . . . . . . . . . . . . . . 0.35 ! 0.06 0.3 ! 0.06
EW4 . . . . . . . . . . . . 5.2 ! 1.0 3.4 ! 1.0

(dof) . . . . . . .2xdof 1.24 (262) 1.34 (262)
a Uncertainties at 90% confidence level for a single

parameter.

and (2) a power law with a"a !a1 2(AE ! BE ) exp ("E/kT )
high-energy cutoff, . Here f(E) is the"af (E) = AE exp ("E/kT )
photon flux, kT is the e-folding energy, and a is the photon
index. Independent of the continuum model used, at least three
absorption-like features were required in the fit. These features
were introduced in the model(s) as Gaussian filters in absorp-
tion, i.e., , wherecyc 2 2G (E) = 1" D exp ["(E" E ) /(2j )]i i i i

, ji, and Di are the centroid energy, width, and depth ofcycEi
each feature. Introducing the third absorption feature at
∼38 keV (in addition to the first two harmonics at ∼12 and 24
keV) led to a pronounced improvement in the fit, with the
reduced decreasing from 2.5 (268 degrees of freedom [dof])2xdof
to 1.7 (265 dof) in the case of the NPEX model. An F-test
shows that the probability of chance improvement is ∼10"21.
The HPGSPC and PDS count spectra of the descending edge

of the main peak (pulse phase 0.2–0.3) together with the best-
fit model described above are shown in Figure 3 (upper panel):
an additional feature centered around ∼48 keV is clearly ap-
parent in the residuals of both the HPGSPC and PDS spectra
(Fig. 3, bottom panel). This prompted us to introduce a fourth
absorption feature, G4, in the model; the minimum de-2xdof
creased to 1.24 (262 dof, NPEX continuum), corresponding to
an F-test probability of chance improvement of ∼10"15. Fig-
ure 4 shows the unfolded spectrum of X0115!63. Best-fit
parameters and equivalent widths are summarized in Table 1.
In the same table, best-fit parameters obtained by using the
power law with an exponential cutoff are also given.
We also performed a fit with all the line centroids constrained

to an integer harmonic spacing. The resulting minimum is2xdof
1.58 (259 dof) for the NPEX model and 1.67 (259 dof) for the
power-law plus cutoff model. An F-test gives a probability of

chance improvement for the models with nonconstrained line
centroids less than 10"10 in both cases.
A preliminary analysis of the spectra from other phase in-

tervals also shows significant variations of the line features
with the pulse phase confirming previous findings from Ginga
and RXTE (Heindl et al. 1999; Nagase et al. 1991). Variations
up to 10% in centroid energy are observed. Three lines are

電子サイクロトロン共鳴
これまでに約20天体から検出
(4U 0115+63の例, Santangelo+99)

磁場が強い中性子星の場合
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電子サイクロトロン共鳴で磁場を測る

En = n��c = mec
2 B

Bc
· n

磁場中の電子

11 keV の共鳴 → B=1012 G

Bcr =
m2

ec
3

�e
= 4.4� 109 T

B

e

En = ��2

2
mec

2 · Z2

n2

原子に束縛された電子

+Z

e

En~ 13.6 eV   for H (Z=1)
       7~9 keV  for Fe (Z=26)

P-Pdot とは別の中性子星の磁場の有効な診断方法



中性子星の放射エネルギー源
熱エネルギー: 超新星爆発後の残熱

超新星残骸の中心の熱放射をする中性子星
回転エネルギー: 非熱的な放射
大多数の電波パルサーや一部のミリ秒パルサー

重力エネルギー: 連星での質量降着
Ｘ線連星での明るい放射(複数のサブ種族)

磁場エネルギー: 磁場が強い種族
マグネター(SGR,AXP)と呼ばれる新種族

→ 表面温度や冷却曲線を調べる → 自転周期の測定から磁場を推定

→ 電子サイクロトロン共鳴で磁場 → これから説明



超新星残骸パルサー星雲

磁軸

磁場 B
(~1012 G, 8桁ほどの分布)

自転周期 P
(角運動量)
自転軸

(~1 s, ~7桁ほどの分布)

質量 M
半径 R

(~1.4M⊙, 1桁ほどの分布)
(~10 km, 1桁ほどの分布）

温度 T
(~105-7 K, ~3-4桁ほどの分布)

質量降着率 M•

普通の星
白色矮星

中性子星の
多様性の源

易

易

難

難

さらに難

中性子星を特徴づける物理量
中性子星: 高密度、強磁場、高速回転など極限的な環境が発現する宇宙の実験室

中性子星の基本的な物理量の違いに加え、周辺環境との
相互作用で多様な系が現れる。特に鍵になるのは磁場！？



中性子星の進化: 周期 vs. 磁場
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(軟ガンマ線リピーター)

(特異Ｘ線パルサー)

残熱で輝く中性子星
X-ray dim isolated neutron stars

電波トランジェント
Rotating radio transients

熱エネルギーで輝く？
Compact Central Objects中性子星の多様性！統一的理解へ

鍵は磁場！？

超新
星残
骸に
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(磁場減衰なし) 進化
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Magnetar （マグネター）
= magnet+star （磁石星）

(C) Scientific American より改変



バースト活動で ~5 天体ほど発見. 他の中性子星にない特徴.

軟ガンマ線リピーター (Soft Gamma Repeater)

巨大フレア (歴史上 3 件)
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特異Ｘ線パルサー (Anomalous X-ray Pulsar)
定常的で明るい X 線源として ~15 天体ほどが発見. 

1E 1841-045 (SNR Kes73)

Chandra Image (c)CXO

いくつかは SNR に付随

比較的若いパルサーを示唆

パルスした定常 X 線放射 (<10 keV)

(全てのマグネターから検出)
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温度 kT ~ 0.4 keV 黒体放射

4U 0142+61
White+96

星表面近くからの熱的な放射

通常の中性子星 ~0.08 keV

パルス1周期

Lx>Lsd で回転では説明できない。連星の証拠がなく降着型でもない。
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X線光度 vs. スピンダウン光度
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回転エネルギーの
減少でX線放射を
説明できる領域

昔から知られていた
古典的な

回転駆動型パルサー

突発増光型 SGR/AXP

SGR/AXP は回転駆動型では説明できない！

定常的に明るいSGR/AXP

パルス周期から求まる
回転エネルギー減少率

Lsd � Ṗ /P 3



マグネター仮説

1. SNR に付随, 遅い自転 P & Pdot 大 ⇒ 若く (τ<100 kyr) & 強磁場B~1014-15 G
2. X線光度 Lx >> スピンダウン光度 Lsd ⇒ 回転駆動型パルサーではない
3. 連星の兆候なし ⇒ 降着駆動型パルサーでない
4. エディントン光度を超えるフレア現象 ⇒ B > 1014 G で散乱断面積の抑制?
5. 陽子サイクロトロン共鳴の兆候 ⇒ B > 1014 G を示唆
6. バースト活動 ⇒ 磁気エネルギーの散逸 (e.g., 磁気リコネクション)??

B~1014-15 G ときわめて磁場の強い特殊な高密度天体で、内部に蓄えた莫大な
磁場エネルギーを解放して輝く磁気駆動型の天体、マグネターではないか？

Thompson & Duncan+95, 96

QED 臨界磁場
散乱断面積の抑制　　原子の変形  光子の自然分裂 真空の複屈折

マグネターは地上で到達できない極限物理を調べる実験室！

榎戸,天文月報,2012年7月号,skylight 解説記事
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Figure 1. Number of confirmed magnetars discovered over time.
Labels in italics indicate the source was either discovered or later
detected by an all-sky X-ray/soft gamma-ray burst monitor. The
dashed and dot-dashed lines mark the launches of Swift in 2005
and Fermi in 2008, respectively.

which were later detected (and therefore could have been
discovered) by one, are highlighted in italics, for this rea-
son.
Many known magnetars have thus been found via their

bursting behavior, which raises an important point re-
garding how they are named. Because burst monitors
have tended to find them, magnetars have often been
named with the designation “SGR” in recent years (see
Tables). We argue strongly that this naming conven-
tion requires amendment because as discussed in this
work and extensively elsewhere (e.g. Gavriil et al. 2002;
Kaspi et al. 2003; Woods & Thompson 2006; Mereghetti
2008; Kaspi 2010; Mereghetti 2013; Rea & Esposito
2011) the distinction between sources designated as
“AXP” and “SGRs” has been largely erased via the dis-
covery of objects which have properties previously as-
cribed to both categories. It is today very hard to
classify some sources as one or the other; rather it
has become clear that there is a continuous spectrum
of magnetar-type activity which can even include some
high-B rotation-powered pulsars (e.g. PSR J1846−0258;
Gavriil et al. 2008). Sources discovered via bursting
seem like an SGR but may later lie dormant and burst-
less for decades and seem like an AXP (e.g. SGR
0526−66; Kulkarni et al. 2003). Meanwhile sources dis-
covered in quiescence and showing no bursts, therefore
initially classified as AXPs, may later begin bursting (e.g.
1E 1547.0−5408; Gelfand & Gaensler 2007; Israel et al.
2010; Kaneko et al. 2010). A source’s fixed designation
can clearly not depend on behavior that is constantly
evolving. One possibility would be to keep names as
with other X-ray sources, for which the initial prefix is
informative regarding the discovery telescope, as for, e.g.
XTE J1810−197, discovered by RXTE. We suggest this,
and other possible alternatives, be discussed seriously by

the community.

3.1. Spatial Properties

Figure 2 shows a top-down view of the Galactic Plane
with the Galactic Center at coordinate (0,0). The
greyscale is the distribution of free electrons from the
model of Cordes & Lazio (2002) and delineates the ap-
proximate locations of the spiral arms. Galactic disk
radio pulsars from the ATNF catalog3 are denoted
with blue crosses. The so-called ‘X-ray Isolated Neu-
tron Stars’ (XINSs; see Kaspi et al. 2006; Haberl 2007;
Kaplan 2008 for reviews) are shown in yellow and are
without exception very close to the Sun. The magne-
tars are shown as red circles, with their estimated dis-
tance uncertainties indicated. Note the magnetar SGR
J1745−2900 whose location is consistent with the Galac-
tic Center. This plot clearly indicates the preponder-
ance of magnetars in the direction of the inner Galaxy,
but with several notable exceptions in the outer Galaxy.
The lack of clustering around the solar system of magne-
tars, particularly compared with the known radio pulsar
population, suggests that fewer selection effects exist in
the known magnetar population, apart from selection for
bursting, particularly in the Swift and Fermi eras.
Figure 3 presents histograms of the distribution of

ATNF Galactic radio pulsars and magnetars in Galactic
longitude l. The radio pulsars are color-coded for age as
indicated and the magnetars are indicated by the hatched
red region. As surmised from Figure 2, the known Galac-
tic magnetars are more concentrated in the inner Galaxy,
which is not a mere selection effect, again given the all-
sky nature of the burst detectors. While, again, selection
effects in radio pulsar surveys may hinder the detection
of the youngest objects in the very inner Galaxy where
scattering is important, we can nevertheless compare the
l-distributions of the magnetars and young radio pulsars
using a Kolmogorov-Smirnov (KS) test to see if they are
consistent with having been drawn from the same distri-
bution. For radio pulsars having τ < 10 kyr, we find a
KS probability of the null hypothesis of p = 0.14, and
likewise we also find p = 0.14 for τ < 100kyr. Hence we
cannot exclude that the two distributions are consistent
with being drawn from the same underlying distribution.
Figure 4 presents histograms of the distribution of

ATNF Galactic disk radio pulsars and magnetars in
Galactic latitude b in degrees, with a zoom-in to the most
populated region to better highlight the magnetars which
are relatively few in number. Note that with the excep-
tion of just one magnetar (SGR 0418+5729), all known
Galactic magnetars lie within 2◦ of the Galactic Plane,
consistent with their interpretation as a population of
young objects. The physical scale height in pc, however,
is more relevant in understanding the Galactic distribu-
tion, which we discuss below.

3.1.1. Magnetar Scale Height

In Figure 5 (bottom panel) we plot a histogram of the
distribution of magnetars as a function of their height
above the Galactic Plane z ≡ d sin(b) in pc, where d
is the distance to the object in pc. It is evident that
the distribution does not peak at z = 0, meaning that

3 http://www.atnf.csiro.au/research/pulsar/psrcat/ , ver-
sion 1.47

Swift
Suzaku

NuSTAR

Olausen+2013Swift 衛星は年に 1-2 天体ほどの新マグネターを発見
知られているマグネター数は ~28個ほどに増加 !!

Swift

ショートバースト検出
軟Ｘ線でのフォローアップ
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Figure 5. Light curves of the individual short burst events detected by the present Suzaku observation. From top to bottom, panels
refer to those obtained with XIS0, with HXD-PIN, and with HXD-GSO, in the 2–10, 10–70, and 50–150 keV respectively. The time bin
is 15.6 msec.
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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)
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XIS (X線 CCD カメラ)

HXD (硬 X 線検出器)

日本で 5 番目の宇宙 X 線観測衛星 (2005年7月に打ち上げ, 570 kmへ)
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AXP 1E 1547.0-5408 の X 線アウトバースト(1)
周期 2.1 秒の比較的暗く、定常的に光っている特異Ｘ線パルサー. 
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Figure 5. Light curves of the individual short burst events detected by the present Suzaku observation. From top to bottom, panels
refer to those obtained with XIS0, with HXD-PIN, and with HXD-GSO, in the 2–10, 10–70, and 50–150 keV respectively. The time bin
is 15.6 msec.
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特徴1: きわめて明るい、短時間バースト(Short Burst)を頻発。
継続時間 ~百ミリ秒、2 温度の黒体放射スペクトル (kT ~ 4, 11 keV)
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特徴2: 定常Ｘ線が~2-3 桁も突発増光。数ヶ月かけて減光。
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星表面の熱放射 ハード成分
kT ~ 0.7 keV

Γ ~ 1.5

Γ ~ 1.11 (-0.1, +0.1)

kT ~ 0.65 keV 
(2.9 km)

Iwahashi et al 
consistent with Kuiper+2012

アウトバースト中の天体から明確はハード成分を世界で初めて発見。
１年後の追観測でもハード成分を検出。両成分とも徐々に減光していた。

特徴2: 定常Ｘ線が~2-3 桁も突発増光。数ヶ月かけて減光。
星表面の熱的放射と 10 keV 以上で卓越するハード成分が共に増光

Enoto et al. PASJ (2009)
MNRAS (2012)



AXP 1E 1547.0-5408 の X 線アウトバースト(4)

特徴3: 自転周期の変化率にとび（グリッジ）が観測されることがある

Kuiper+12
X 線カウントレート

周期変化率

2009年
アウトバースト

11-34 keV

4-34 keV

バースト前

11-34 keV

4-34 keV

バースト後

バーストの前後でパルス波形の変化 ⇒ 星表面にホットスポットの出現
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4.

磁気構造の変化
⇒ リコネクション
⇒ ファイヤーボール形成 ⇒バースト？

3.

Ｘ線アウトバーストにおけるエネルギー解放

マグネター 磁気圏

星表面へ熱の伝導
⇒ ホットスポットの形成

2. 星表面の熱的放射

バースト放射磁力線

トロイダル磁場
Bt ~ 1015-16 G ?

星内部でクラストの破壊
⇒ 星震の発生
⇒ グリッジの発生

磁場エネルギー ⇒ 熱エネルギー

1.
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• すざく観測: 2005年7月-2015年8月
• マグネター約23個中の15天体を観測 
• 突発天体から硬Ｘ線を発見 (TE+2010)
• 磁場強度は硬Ｘ線スペクトルに影響？
• (Enoto et al. ApJL 2010)

• 弱磁場マグネターの発見

No. 2] Suzaku Observation of an Activated Magnetar 1E 1547.0!5408 481

Fig. 6. (a) Persistent phase-averaged X-ray spectra of 1E 1547.0!5408, fitted simultaneously with a model consisting of a blackbody (green) and a hard
power-law (red). Related background spectra are also shown. (b) Fit residuals. The XIS 1 and XIS 3 data are shown in gray and black. (c) An unfolded
source spectrum (!F! form) of panel (a) using Model (A).

Fig. 7. Same as figure 6c, but using Model B (left panel) and Model C (right panel).
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弱磁場マグネター



1310 1410 1510
-210

-110

1

10
1806-20

1900+14

1841-04

1714-38

1708-40

1841-04

1048-59

1048-59

1547-54

1547-54

1833-08

0142+61
0142+612259+58

2259+58
1822-16

1818-15

0501+45

0501+45

Surface dipole magnetic field (G)  
Ha

rdn
ess

 ra
tio

 ξ=
Lh

/Ls

Suzaku
NuSTAR
during outburst

日本の X 線衛星「すざく」による系統的な観測
 新たに見つかったハード成分を「すざく」で次々検出

Energy (keV)
  1                                 10                               100

ke
V

2  (
ph

 c
m

-2
 s-1

 k
eV

-1
) 

no
rm

al
iz

ed
 a

t 2
 k

eV
 

SGR 1806-20 (0.22 kyr)
1E 1547.0-5408 (1.4 kyr)

1RXS J170849.0-400910 (9.0 kyr)
4U 0142+61 (70 kyr)(Enoto+2010)

強磁場・若い

弱磁場・老齢

  SGR 1806-20  (2.1x1011 T)
     1E 1547-54   (2.2x1010 T)
1RXS J1708-40 (4.7x1010 T)
     4U 0142+61  (1.3x1010 T)

 黒体放射  ハード成分
 マグネターの広帯域スペクトルの系統的進化を発見

ハ
ー
ド
成
分
/黒
体
放
射
 (ξ
=L
h/
L s
)

エネルギー (keV)    磁場強度 (テスラ)        

強磁場・若い

弱磁場・老齢

マグネター広帯域スペクトルは、パルサーの特性年齢や磁場強度に伴い、
スペクトル進化する兆候を発見。SGR/AXP に統一的な解釈できる？

Enoto et al., ApJL (2010), 2016

Suzaku Magnetar Catalog 9

Table 5
Best-fit parameters of SGR/AXP observations using the CBB+PL model with Suzaku and NuSTAR.

Name ObsID F1−10 F15−60 Unabsorbed Fs,Fh NH kT R Γs Γh χ2
ν (dof)

Month SXC HXC (1022 cm−2) (keV) (km)

Suzaku observations
1806−20 401092010 12.6+0.1

−0.1 33.7+4.4
4.4 6.3+0.9

−0.8 58.4+1.4
−1.4 6.7(3) 0.61(4) 1.8 · · · 1.62(5) 0.97 (377)

1806−20 401021010 10.5+0.1
−0.2 21.1+3.3

3.3 3.4+0.9
−0.8 50.1+2.9

−2.6 5.5(5) 0.68(9) 1.1 · · · 1.51(9) 1.18 (171)

1806−20 402094010 8.9+0.1
−0.2 27.1+4.3

4.3 5.9+1.0
−0.8 42.2+1.8

−1.7 6.5(5) 0.65(6) 1.5 · · · 1.50(7) 1.22 (193)

1841−04 401100010 19.4+0.1
−0.1 48.9+0.3

0.3 35.1+1.4
−1.4 50.9+2.2

−2.1 2.5(1) 0.27(1) 21.1 3.41(10) 0.87(8) 1.22 (2087)

1900+14 401022010 5.3+0.5
−0.5 20.6+5.5

5.5 4.6+0.1
−0.6 25.0+3.2

−3.4 1.8(3) 0.57(2) 2.5 · · · 0.96(14) 1.13 (44)

1900+14 404077010 4.3+0.1
−0.1 16.5+3.5

3.5 4.5+0.3
−0.3 26.3+2.9

−2.5 1.9(1) 0.52(2) 3.0 · · · 0.78(9) 1.34 (57)

1714−38 501007010 1.7+0.1
−0.1 · · · 5.0+0.5

−0.3 · · · 3.5(1) 0.24(4) 15.7 3.25(8) · · · 1.28 (179)

1708−40 404080010 38.1+0.5
−0.2 24.4+4.4

4.4 69.1+3.5
−3.3 28.4+2.8

−2.7 1.3(1) 0.26(2) 14.2 3.48(9) 0.67(24) 0.98 (394)

1708−40 405076010 35.8+0.4
−0.1 24.4+4.0

4.0 55.0+4.0
−2.7 33.4+2.1

−2.2 1.2(1) 0.30(1) 9.5 3.80(21) 1.14(16) 1.05 (540)

1048−59 403005010 9.9+0.1
−0.1 < 13.2 12.3+0.2

−0.2 < 19.5 0.47(3) 0.45(1) 4.7 4.88(20) · · · 1.32 (78)

0142+61 402013010 122.0+0.1
−0.1 35.1+6.4

6.4 185.1+0.7
−0.7 38.3+2.3

−2.3 0.61(1) 0.28(1) 19.0 4.68(2) 0.24(7) 1.43 (1725)

0142+61 404079010 115.6+0.2
−0.2 26.2+5.8

5.8 176.8+1.5
−1.5 27.1+2.3

−2.2 0.62(1) 0.28(1) 18.6 4.71(4) 0.39(14) 1.15 (1401)

0142+61 406031010 108.3+1.1
−0.9 24.3+3.7

3.7 164.8+4.6
−4.4 41.3+4.1

−4.0 0.63(3) 0.28(1) 18.0 4.65(10) 0.32(21) 1.08 (1062)

0142+61 408011010 107.8+0.4
−0.4 19.1+2.8

2.8 162.7+1.4
−1.4 32.9+2.3

−2.2 0.60(1) 0.28(1) 17.9 4.81(4) 0.26(11) 1.37 (838)

2259+58 404076010 30.4+0.1
−0.1 < 10.1 44.8+0.5

−0.5 < 14.9 0.55(1) 0.29(1) 7.8 4.85(4) · · · 1.20 (510)

1818−15 406074010 1.0+0.1
−0.1 · · · 1.4+0.1

−0.1 · · · 2.1(21) 1.61(6) 0.1 · · · · · · 1.31 (83)

1547−54 903006010 59.7+0.9
−0.8 110.2+5.2

5.2 50.6+1.7
−1.7 158.7+3.3

−3.3 2.8(1) 0.67(2) 1.9 · · · 1.53(4) 1.29 (140)

1547−54 405024010 11.1+0.1
−0.2 13.5+3.3

3.3 17.5+0.6
−0.6 23.4+2.5

−2.4 2.8(1) 0.62(1) 1.3 · · · 1.15(12) 1.23 (69)

0501+45 903002010 36.2+0.3
−0.2 28.1+6.5

6.5 42.2+0.6
−0.8 30.4+4.0

−3.7 0.40(2) 0.49(1) 2.7 4.35(17) 0.00(100) 1.23 (206)

0501+45 404078010 2.9+0.1
−0.1 < 20.9 3.8+0.3

−0.2 < 30.8 0.44(10) 0.30(3) 2.2 4.16(27) · · · 0.92 (77)

0501+45 405075010 1.7+0.1
−0.1 < 16.2 2.0+0.2

−0.2 < 23.9 0.24(13) 0.30(4) 1.6 4.20(45) · · · 0.80 (34)

0501+45 408013010 1.7+0.1
−0.1 < 12.7 2.3+0.1

−0.1 < 18.8 0.41(7) 0.26(2) 2.3 3.79(15) · · · 0.96 (367)

1833−08 904006010 3.8+0.1
−0.1 17.6+4.5

4.5 7.9+0.3
−0.2 35.6+9.3

−8.8 9.6(5) 1.08(4) 0.7 · · · -1.00(100) 1.37 (167)

1647−45 901002010 27.2+0.1
−0.1 · · · 45.9+0.5

−0.5 · · · 1.7(1) 0.49(1) 3.4 4.39(6) · · · 1.26 (248)

1822−16 906002010 18.2+0.4
−0.3 < 4.9 18.5+0.5

−0.4 < 7.2 0.02(4) 0.54(2) 0.7 5.86(71) · · · 1.41 (59)
NuSTAR observations

0142+61 2014 March 114.6+0.3
−0.1 21.7+0.3

−0.3 167.1+0.6
−0.6 27.4+0.4

−0.4 0.58(2) 0.30(1) 15.7 4.84(2) 0.61(2) 1.11 (765)

2259+58 2013 April 28.9+0.1
−0.9 3.1+0.3

−0.2 51.1+2.8
−2.3 3.7+0.3

−0.3 0.84(4) 0.28(1) 8.9 5.00(5) 0.58(13) 1.07 (404)

2259+58 2013 May 24.9+0.1
−2.3 3.1+0.3

−0.2 42.0+4.9
−3.7 3.4+0.2

−0.2 0.81(7) 0.30(1) 7.0 5.06(7) 0.58(9) 0.95 (223)
1048−59 2013 July 8.9 < 6.7 18.3 < 6.3 from Yang et al. (2015)

a F1−10: Absorbed 1-10 keV flux (10−12 erg s−1 cm−2)
b Unabsorbed flx Fs and Fh of the SXC and HXC in the 1–60 keV band.
c Radius is evaluated from R = 0.09643× (d/kpc)(T/keV)−2(Fs/10−11 erg s−1 cm−1)0.5

than those of η as,

ξ=Lh/Ls (5)

= (0.045+0.024
−0.016)× (Bd/BQED)

1.44±0.19 (6)

= (3.02+0.58
−0.48)× (τc/1 kyr)

−0.67±0.06 (7)

= (0.59+0.08
−0.07)× (Ṗ /10−11 s s−1)0.72±0.06. (8)

The slopes of Eq. 6 and 7 are consistent with those
from Paper I within error bars. We thus reconfirm, and
reinforce, the evolution in η and ξ as reported in Paper I.

3.2.2. Photon index Γh of HXC vs. magnetic field

The second prediction of Paper I is the HXC spectral
hardening toward weaker-Bd objects, as seen in repre-
sentative νFν spectra in Figure 11 (top). We plotted ξ
or η as a function of Γh in Figure *.
Figure 11 (bottom) also shows the HXC photon index

Γh as a function of Bd, which is fitted as

Γh = (0.19± 0.17)× (Bd/BQED)
0.76±0.16. (9)

The Γh values are stable on a long-time scale for persis-
tently bright sources such as 4U 0142+61, SGR 1806−20,

and 1E 1841−045, while some transients show slope
change during the outbursts. This was also re-
ported during the ∼400 days INTEGRAL monitoring of
1E 1547.0−5408 changing from Γ ∼ 1.4 to ∼ 0.9 (Kuiper
et al. 2012). This figure clearly indicates a peculiar trend
that relatively weaker HXC intensity sources show harder
spectral slope of the HXC.

3.2.3. Surface temperature kT of SXC vs. Bd

The surface temperature Ts of the SXC is plotted as a
function of Bd in Figure 12 where we also added Ts of
other isolated neutron stars from previous studies. This
plot indicates 1) higher Ts of magnetars than that of
other isolated neutron stars, 2) a tendency of the posi-
tive correlation between Ts and Bd in the quiescent neu-
tron star sample, and 3) increase of Ts during transient
magnetar outbursts. All these properties suggest that
the values of Ts reflect the effects of magnetic energy dis-
sipation, which is an implicit but direct consequence of
the magnetar hypothesis.
The magnetic field decay in the high field regime Bd !

1013 G (Goldreich & Reisenegger 1992), postulated in the
magnetar hypothesis, may be formulated as (Colpi et al.
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Table 5
Best-fit parameters of SGR/AXP observations using the CBB+PL model with Suzaku and NuSTAR.

Name ObsID F1−10 F15−60 Unabsorbed Fs,Fh NH kT R Γs Γh χ2
ν (dof)

Month SXC HXC (1022 cm−2) (keV) (km)

Suzaku observations
1806−20 401092010 12.6+0.1

−0.1 33.7+4.4
4.4 6.3+0.9

−0.8 58.4+1.4
−1.4 6.7(3) 0.61(4) 1.8 · · · 1.62(5) 0.97 (377)

1806−20 401021010 10.5+0.1
−0.2 21.1+3.3

3.3 3.4+0.9
−0.8 50.1+2.9

−2.6 5.5(5) 0.68(9) 1.1 · · · 1.51(9) 1.18 (171)

1806−20 402094010 8.9+0.1
−0.2 27.1+4.3

4.3 5.9+1.0
−0.8 42.2+1.8

−1.7 6.5(5) 0.65(6) 1.5 · · · 1.50(7) 1.22 (193)

1841−04 401100010 19.4+0.1
−0.1 48.9+0.3

0.3 35.1+1.4
−1.4 50.9+2.2

−2.1 2.5(1) 0.27(1) 21.1 3.41(10) 0.87(8) 1.22 (2087)

1900+14 401022010 5.3+0.5
−0.5 20.6+5.5

5.5 4.6+0.1
−0.6 25.0+3.2

−3.4 1.8(3) 0.57(2) 2.5 · · · 0.96(14) 1.13 (44)

1900+14 404077010 4.3+0.1
−0.1 16.5+3.5

3.5 4.5+0.3
−0.3 26.3+2.9

−2.5 1.9(1) 0.52(2) 3.0 · · · 0.78(9) 1.34 (57)

1714−38 501007010 1.7+0.1
−0.1 · · · 5.0+0.5

−0.3 · · · 3.5(1) 0.24(4) 15.7 3.25(8) · · · 1.28 (179)

1708−40 404080010 38.1+0.5
−0.2 24.4+4.4

4.4 69.1+3.5
−3.3 28.4+2.8

−2.7 1.3(1) 0.26(2) 14.2 3.48(9) 0.67(24) 0.98 (394)

1708−40 405076010 35.8+0.4
−0.1 24.4+4.0

4.0 55.0+4.0
−2.7 33.4+2.1

−2.2 1.2(1) 0.30(1) 9.5 3.80(21) 1.14(16) 1.05 (540)

1048−59 403005010 9.9+0.1
−0.1 < 13.2 12.3+0.2

−0.2 < 19.5 0.47(3) 0.45(1) 4.7 4.88(20) · · · 1.32 (78)

0142+61 402013010 122.0+0.1
−0.1 35.1+6.4

6.4 185.1+0.7
−0.7 38.3+2.3

−2.3 0.61(1) 0.28(1) 19.0 4.68(2) 0.24(7) 1.43 (1725)

0142+61 404079010 115.6+0.2
−0.2 26.2+5.8

5.8 176.8+1.5
−1.5 27.1+2.3

−2.2 0.62(1) 0.28(1) 18.6 4.71(4) 0.39(14) 1.15 (1401)

0142+61 406031010 108.3+1.1
−0.9 24.3+3.7

3.7 164.8+4.6
−4.4 41.3+4.1

−4.0 0.63(3) 0.28(1) 18.0 4.65(10) 0.32(21) 1.08 (1062)

0142+61 408011010 107.8+0.4
−0.4 19.1+2.8

2.8 162.7+1.4
−1.4 32.9+2.3

−2.2 0.60(1) 0.28(1) 17.9 4.81(4) 0.26(11) 1.37 (838)

2259+58 404076010 30.4+0.1
−0.1 < 10.1 44.8+0.5

−0.5 < 14.9 0.55(1) 0.29(1) 7.8 4.85(4) · · · 1.20 (510)

1818−15 406074010 1.0+0.1
−0.1 · · · 1.4+0.1

−0.1 · · · 2.1(21) 1.61(6) 0.1 · · · · · · 1.31 (83)

1547−54 903006010 59.7+0.9
−0.8 110.2+5.2

5.2 50.6+1.7
−1.7 158.7+3.3

−3.3 2.8(1) 0.67(2) 1.9 · · · 1.53(4) 1.29 (140)

1547−54 405024010 11.1+0.1
−0.2 13.5+3.3

3.3 17.5+0.6
−0.6 23.4+2.5

−2.4 2.8(1) 0.62(1) 1.3 · · · 1.15(12) 1.23 (69)

0501+45 903002010 36.2+0.3
−0.2 28.1+6.5

6.5 42.2+0.6
−0.8 30.4+4.0

−3.7 0.40(2) 0.49(1) 2.7 4.35(17) 0.00(100) 1.23 (206)

0501+45 404078010 2.9+0.1
−0.1 < 20.9 3.8+0.3

−0.2 < 30.8 0.44(10) 0.30(3) 2.2 4.16(27) · · · 0.92 (77)

0501+45 405075010 1.7+0.1
−0.1 < 16.2 2.0+0.2

−0.2 < 23.9 0.24(13) 0.30(4) 1.6 4.20(45) · · · 0.80 (34)

0501+45 408013010 1.7+0.1
−0.1 < 12.7 2.3+0.1

−0.1 < 18.8 0.41(7) 0.26(2) 2.3 3.79(15) · · · 0.96 (367)

1833−08 904006010 3.8+0.1
−0.1 17.6+4.5

4.5 7.9+0.3
−0.2 35.6+9.3

−8.8 9.6(5) 1.08(4) 0.7 · · · -1.00(100) 1.37 (167)

1647−45 901002010 27.2+0.1
−0.1 · · · 45.9+0.5

−0.5 · · · 1.7(1) 0.49(1) 3.4 4.39(6) · · · 1.26 (248)

1822−16 906002010 18.2+0.4
−0.3 < 4.9 18.5+0.5

−0.4 < 7.2 0.02(4) 0.54(2) 0.7 5.86(71) · · · 1.41 (59)
NuSTAR observations

0142+61 2014 March 114.6+0.3
−0.1 21.7+0.3

−0.3 167.1+0.6
−0.6 27.4+0.4

−0.4 0.58(2) 0.30(1) 15.7 4.84(2) 0.61(2) 1.11 (765)

2259+58 2013 April 28.9+0.1
−0.9 3.1+0.3

−0.2 51.1+2.8
−2.3 3.7+0.3

−0.3 0.84(4) 0.28(1) 8.9 5.00(5) 0.58(13) 1.07 (404)

2259+58 2013 May 24.9+0.1
−2.3 3.1+0.3

−0.2 42.0+4.9
−3.7 3.4+0.2

−0.2 0.81(7) 0.30(1) 7.0 5.06(7) 0.58(9) 0.95 (223)
1048−59 2013 July 8.9 < 6.7 18.3 < 6.3 from Yang et al. (2015)

a F1−10: Absorbed 1-10 keV flux (10−12 erg s−1 cm−2)
b Unabsorbed flx Fs and Fh of the SXC and HXC in the 1–60 keV band.
c Radius is evaluated from R = 0.09643× (d/kpc)(T/keV)−2(Fs/10−11 erg s−1 cm−1)0.5

than those of η as,

ξ=Lh/Ls (5)

= (0.045+0.024
−0.016)× (Bd/BQED)

1.44±0.19 (6)

= (3.02+0.58
−0.48)× (τc/1 kyr)

−0.67±0.06 (7)

= (0.59+0.08
−0.07)× (Ṗ /10−11 s s−1)0.72±0.06. (8)

The slopes of Eq. 6 and 7 are consistent with those
from Paper I within error bars. We thus reconfirm, and
reinforce, the evolution in η and ξ as reported in Paper I.

3.2.2. Photon index Γh of HXC vs. magnetic field

The second prediction of Paper I is the HXC spectral
hardening toward weaker-Bd objects, as seen in repre-
sentative νFν spectra in Figure 11 (top). We plotted ξ
or η as a function of Γh in Figure *.
Figure 11 (bottom) also shows the HXC photon index

Γh as a function of Bd, which is fitted as

Γh = (0.19± 0.17)× (Bd/BQED)
0.76±0.16. (9)

The Γh values are stable on a long-time scale for persis-
tently bright sources such as 4U 0142+61, SGR 1806−20,

and 1E 1841−045, while some transients show slope
change during the outbursts. This was also re-
ported during the ∼400 days INTEGRAL monitoring of
1E 1547.0−5408 changing from Γ ∼ 1.4 to ∼ 0.9 (Kuiper
et al. 2012). This figure clearly indicates a peculiar trend
that relatively weaker HXC intensity sources show harder
spectral slope of the HXC.

3.2.3. Surface temperature kT of SXC vs. Bd

The surface temperature Ts of the SXC is plotted as a
function of Bd in Figure 12 where we also added Ts of
other isolated neutron stars from previous studies. This
plot indicates 1) higher Ts of magnetars than that of
other isolated neutron stars, 2) a tendency of the posi-
tive correlation between Ts and Bd in the quiescent neu-
tron star sample, and 3) increase of Ts during transient
magnetar outbursts. All these properties suggest that
the values of Ts reflect the effects of magnetic energy dis-
sipation, which is an implicit but direct consequence of
the magnetar hypothesis.
The magnetic field decay in the high field regime Bd !

1013 G (Goldreich & Reisenegger 1992), postulated in the
magnetar hypothesis, may be formulated as (Colpi et al.

熱的放射と非熱的放射の強度比は磁場に相関 硬Ｘ線成分の光子指数も磁場に相関



Origin of Hard X-rays: QED effect? 
B > QED Critical Field

Photon Splitting (Heyl & Hernquist 2007, Beloborodov 2013
 Trumper+2010, Kuiper+2006)

Several models
- Thermal Bremsstrahlung
- Resonant Compton up-scattering
- Others

(Thompson & Beloborodov 05)
(Baring & Harding 07)

Photon splitting process appeared in B-
field exceeding the QED critical field?

e-

e-

Strong field in magnetar 
magnetosphere

(or near stellar surface)
~MeV 

source

MeV source
(e.g., 511 keV)

down-cascade
due to the photon splitting

surface
emission

strong B-field

weak B-field

18/24



Ｘ線アウトバーストにおけるエネルギー解放
ハード放射

加速された粒子？
4.

磁気構造の変化
⇒ リコネクション
⇒ ファイヤーボール形成 ⇒バースト？

3.

マグネター 磁気圏

星表面へ熱の伝導
⇒ ホットスポットの形成

2. 星表面の熱的放射

バースト放射磁力線

トロイダル磁場
Bt ~ 1015-16 G ?

星内部でクラストの破壊
⇒ 星震の発生
⇒ グリッジの発生

磁場エネルギー ⇒ 熱エネルギー

1.



Toroidal Magnetic Field 
Huge energy reserver is needed inside the magnetars 

  ⇒ Strong toroidal Field inside NSs? (can not be measured by P-Pdot)

Braithwaite+09

Poloidal

Toroidal

Angular 
Momentum

L
Axis of 

symmetry
X3

4U 0142+61 Suzaku Spectrum
Enoto+2011

Maximum 
photon 

emissivity
ξ
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I
� 10�4
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1016 G

�2

Toroidal B-field ⇒ Prolate shape
(C) http://faculty.ifmo.ru/butikov/Applets/Precession.html

Free Precession with period Q

(see., e.g., Landau & Lifshitz textbook)

Q =
Pspin

�

X3 ≠ ξ
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at the same period as in the XIS data [19]: some changes
must have taken place in the hard component. Specif-
ically, the hard X-ray power, originally at eq. (1) (and
its harmonics), is likely to have been scattered out over a
period range of Fig. 1. Such smearing may be caused by
pulse-amplitude and/or pulse-shape changes which was
suggested in our 2007 observation [19], or more likely,
by pulse-phase modulations which will more strongly af-
fect the underlying periodicity. We thus came to suspect
that the hard X-ray pulses in the 2009 data suffer, for
unspecified reasons, some phase modulations.
We hence assumed that the 8.69 sec X-ray pulsation in

the 2009 HXD data is slowly phase-modulated, so that
the peak timing t of each pulse is periodically shifted by
∆t = A sin(2πt/T−φ), where T , A, and φ are the period,
amplitude, and initial phase of the assumed modulation,
respectively. Such effects would be effectively removed
by shifting the arrival times of individual HXD photons
by −∆t. Employing a trial triplet (T,A,φ), we hence
applied these time displacements to the HXD data, and
re-calculated the Z2

n
periodograms over an error range

of eq.(1) (with a step 2 µsec) to see whether the pulse
significance changes. Then, we searched for the highest
pulse significance, by scanning the three parameters over
a range of A = 0 − 1.2 sec (0.02–0.05 sec step), φ =
0 − 360◦ (3◦ − 10◦ step), and T = 35 − 70 ksec (1–2.5
ksec step). The search upper limit of A = 1.2 was set in
order to limit ourselves to the cases of A ≪ Psoft. The
range of T was determined considering that the subpeaks
in Fig. 1(b) arise as beats between Psoft and T . The Z2

n

harmonic parameter was chosen to be n = 4. The overall
analysis is very similar to that employed by [22].
This “demodulation” analysis has yielded results

shown in Fig. 3. Under a particular condition of T = 55.0
ksec, the pulse significance has indeed increased drasti-
cally to Z2

4 = 39.2 (panel a) when φ = 75◦±30◦ (panel b)
and A = 0.7 ± 0.3 sec (panel c) are employed. Further-
more, as in panel (d), the modulation period has been
well constrained as T = 55 ± 4 ksec. The errors of φ,
A, and T are represented by the standard deviations of
Gaussians fitted to the distributions (above a uniform
background) in Fig. 3(b)-(d). When the data are demod-
ulated with these conditions, the HXD Z2

4 periodogram,
previously in Fig. 1 (b), changed into Fig. 1 (c); it reveals
a prominent single peak at Phard = 8.68899±0.00005 sec
which is consistent with Psoft.
Figures 2 (b) and (c), respectively, show the HXD pulse

profiles before and after the demodulation, both folded
at Phard. The latter exhibits a significantly larger pulse
amplitude and richer fine structures than the former.
Furthermore, the demodulation process has brought the
HXD pulse-peak phase closer to that of the XIS, in agree-
ment with previous observations [15]. When the HXD
data are divided into two halves with approximately the
same exposure, and demodulated with the same param-
eters as determined above, they gave consistent peri-

odograms and consistent pulse profiles.

If the signals were random, the chance probability
of finding a Z2

4 value higher than the peak in Fig. 3
(Z2

4 = 39.2 = 4.9 × 8) is very low, 4.0× 10−6. To evalu-
ate its actual significance, we must however multiply it by
the number of independent trials in T , A, φ, and P ; these
were estimated respectively as 10=(70-30)/4, 4=1.2/0.3,
12=360/30, and 3, by assuming that two trials in, e.g.,
A, can be regarded as independent if the two values of A
are separated by more than the error ∆A ∼ 0.3 sec as es-
timated above. Multiplying all these numbers, we obtain
a probability of 4.0 × 10−6 × 1440 = 5.8 × 10−3 for the
peak to appear by chance. Since this is still much smaller
than unity, we conclude that the pulse-phase modulation
is real. Analysis with n = 2 and 3 gave consistent results,
though with somewhat lower significances.

For further examination, we applied exactly the same
demodulation search to three blank-sky HXD data sets
with exposure of 95, 10, and 41 ksec, and another data
set for the Crab Nebula (105 ksec) representing high
count-rate signals. However, the Z2

4 statistics always
remained < 30 (with the expected occurrence number
being > 0.30 for each data set). Thus, we can rule out
any instrumental origin for the 55 ksec pulse-phase mod-
ulation in 4U 0142+61. We next re-analyzed the 2007

FIG. 3: Results of the Z2
4 “demodulation” analysis, obtained

by assuming a periodic phase shift in the 15–40 keV HXD
pulses in 2009. (a) A two-dimensional color map, on the (φ, a)
plane, of the Z2

4 maximum found over the period range of
eq.(1). The modulation period is assumed to be T = 55.0
ksec. (b) The projection of panel (a) onto the φ-axis, where
the vertical data scatter reflects differences in A. (c) The same
as panel (b), but projected onto the A axis. (d) The grand
maximum values of Z2

4 found in maps as panel (a), plotted
as T is scanned. The red line indicates the values of Z2

4 for
A = 0 (i.e., without demodulation).

Evidence for Precession

� � 8.69 s
1.5 h

� 1.6� 10�4 Toroidal B-field Bt ~ 1016 G
Makishima, TE et al., PRL, 2014

Prototypical AXP 4U 0142+61 (P=8.69 s, Poloidal field Bd~1.3x1014 G)

2

with the HXD in 15–70 keV. Both are comparable within
∼ 15% to those recorded 2 years before [19]. After con-
verting individual photon arrival times to those at the
Solar system barycenter, and analyzing the XIS data via
standard epoch folding analysis with chi-square evalu-
ation, we obtained a soft X-ray periodogram shown in
Fig. 1 (a). Thus, the soft X-rays are clearly pulsed at a
barycentric period (as of 2009 August 12) of

Psoft = 8.68891± 0.00010 sec (1)

which agrees with previous measurements of the period
of this source and its derivative [20]. The folded soft
X-ray pulse profile is shown in Fig. 2 (a).
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FIG. 1: (a) A 1–10 keV XIS periodogram, calculated via stan-
dard folding analysis using 16 phase bins per cycle. Data from
XIS0, XIS1, and XIS3 were co-added, without removing back-
ground. (b) Periodograms from the background-inclusive 15–
40 HXD-PIN data, calculated using the Z2

n
technique with

n = 3 (black) and n = 4 (red). Ordinate is chosen to be
Z2

n
/2n. (c) The same Z2

4 periodogram as in (b), but after
applying the demodulation correction employing the best-
estimate conditions (see text).

Results.— We also searched the 15–40 keV HXD data
for the expected hard X-ray pulsation. Because of lower
statistics of the HXD data, we employed the Z2

n
technique

[21] which, unlike the chi-square technique, is free from

the event binning ambiguity. It plots individual photons
on a unit circle, with the azimuth representing their ar-
rival phases for the assumed period. The overall photon
distribution on the circle is Fourier analyzed, and the
power is summed up to a specified n-th harmonic. If no
periodicity, the data points should distribute uniformly
on the circle, and the Z2

n values should obey a chi-square
distribution of 2n degrees of freedom. Since the hard X-
ray pulse profile of 4U 0142+61 is double-peaked [12, 15]
with possible structurs [19], we tried n=2, 3, and 4.
As presented in Fig. 1 (b), the HXD periodograms with

n = 3 and 4 both show a small peak at ∼ 8.6890 sec,
within the error range of eq.(1), but its significance is
rather low, and higher peaks are seen at different peri-
ods. (The case with n = 2 is similar.) This result was un-
expected, as the hard X-ray intensity and the observing
time were both very similar to those in the 2007 observa-
tion, wherein the hard X-ray pulses were clearly detected
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FIG. 2: (a) A soft X-ray pulse profile, obtained by folding
the 1–10 keV XIS data at the period of Psoft of eq. (1) and
shown for two cycles. (b) The background-inclusive 15–40
keV HXD-PIN data, similarly folded at Phard. A running av-
erage over three adjacent bins was applied. The background
level corresponds to 0.26 c s−1. The error bar represents sta-
tistical ±1 sigma, considering the running average. (c) The
same as (b), but after the demodulation procedure.
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with the HXD in 15–70 keV. Both are comparable within
∼ 15% to those recorded 2 years before [19]. After con-
verting individual photon arrival times to those at the
Solar system barycenter, and analyzing the XIS data via
standard epoch folding analysis with chi-square evalu-
ation, we obtained a soft X-ray periodogram shown in
Fig. 1 (a). Thus, the soft X-rays are clearly pulsed at a
barycentric period (as of 2009 August 12) of

Psoft = 8.68891± 0.00010 sec (1)

which agrees with previous measurements of the period
of this source and its derivative [20]. The folded soft
X-ray pulse profile is shown in Fig. 2 (a).
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FIG. 1: (a) A 1–10 keV XIS periodogram, calculated via stan-
dard folding analysis using 16 phase bins per cycle. Data from
XIS0, XIS1, and XIS3 were co-added, without removing back-
ground. (b) Periodograms from the background-inclusive 15–
40 HXD-PIN data, calculated using the Z2

n
technique with

n = 3 (black) and n = 4 (red). Ordinate is chosen to be
Z2

n
/2n. (c) The same Z2

4 periodogram as in (b), but after
applying the demodulation correction employing the best-
estimate conditions (see text).

Results.— We also searched the 15–40 keV HXD data
for the expected hard X-ray pulsation. Because of lower
statistics of the HXD data, we employed the Z2

n
technique

[21] which, unlike the chi-square technique, is free from

the event binning ambiguity. It plots individual photons
on a unit circle, with the azimuth representing their ar-
rival phases for the assumed period. The overall photon
distribution on the circle is Fourier analyzed, and the
power is summed up to a specified n-th harmonic. If no
periodicity, the data points should distribute uniformly
on the circle, and the Z2

n values should obey a chi-square
distribution of 2n degrees of freedom. Since the hard X-
ray pulse profile of 4U 0142+61 is double-peaked [12, 15]
with possible structurs [19], we tried n=2, 3, and 4.
As presented in Fig. 1 (b), the HXD periodograms with

n = 3 and 4 both show a small peak at ∼ 8.6890 sec,
within the error range of eq.(1), but its significance is
rather low, and higher peaks are seen at different peri-
ods. (The case with n = 2 is similar.) This result was un-
expected, as the hard X-ray intensity and the observing
time were both very similar to those in the 2007 observa-
tion, wherein the hard X-ray pulses were clearly detected
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FIG. 2: (a) A soft X-ray pulse profile, obtained by folding
the 1–10 keV XIS data at the period of Psoft of eq. (1) and
shown for two cycles. (b) The background-inclusive 15–40
keV HXD-PIN data, similarly folded at Phard. A running av-
erage over three adjacent bins was applied. The background
level corresponds to 0.26 c s−1. The error bar represents sta-
tistical ±1 sigma, considering the running average. (c) The
same as (b), but after the demodulation procedure.
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also from 1E 1547.0-5408 (Makishima, TE et al., PASJ, 2015) and two more sources (NuSTAR)



マグネターに関わる諸問題
1. SGRとAXPのエネルギー源は磁場？マグネター仮説と対立仮説の検証！
2. 中性子星の磁場はどのように保持され進化する？観測とどう整合する？
3. 磁場エネルギー散逸の場所は？ 内部(クラスト)？磁気圏？表面大気？
4. 電磁波の放射は？QED磁場は硬Ｘ線に？軟Ｘ線の偏光？電波・可視は？
5. 強磁場パルサーは静穏期マグネターか？老齢なマグネターは隠れてる？
6. 陽子サイクロトロン、自由歳差(トロイダル磁場)をどう検証していくか？
7. 定常Ｘ線とバースト放射(short burst)の関係は？グリッジとの関係は？
8. 超新星爆発でマグネターはどう生まれるか？キック速度、初期磁場は？
9. なぜマグネター星雲(PWN)は見えないか?宇宙線は流れ出しているのか？
10.QPO 観測, 星振学, 星の内部構造へのアプローチを深めるには？
11.ガンマ線バースト、超新星爆発でマグネター誕生は見えているのか？
12.ULX Pulsar (M82), 銀河中心マグネター, Fast Radio Burst との関係？
13.ASTRO-H, NICER, PRAXyS の将来計画で独自視点でどう切り込む？
14.巨大フレアのメカニズムは？次に起きたらどんな観測を行えば良いか？

1. SGRとAXPのエネルギー源は磁場？マグネター仮説と対立仮説の検証！
2. 中性子星の磁場はどのように保持され進化する？観測とどう整合する？
3. 磁場エネルギー散逸の場所は？ 内部(クラスト)？磁気圏？表面大気？
4. 電磁波の放射は？QED磁場は硬Ｘ線に？軟Ｘ線の偏光？電波・可視は？
5. 強磁場パルサーは静穏期マグネターか？老齢なマグネターは隠れてる？
6. 陽子サイクロトロン、自由歳差(トロイダル磁場)をどう検証していくか？
7. 定常Ｘ線とバースト放射(short burst)の関係は？グリッジとの関係は？
8. 超新星爆発でマグネターはどう生まれるか？キック速度、初期磁場は？
9. なぜマグネター星雲(PWN)は見えないか?宇宙線は流れ出しているのか？
10.QPO 観測, 星振学, 星の内部構造へのアプローチを深めるには？
11.ガンマ線バースト、超新星爆発でマグネター誕生は見えているのか？
12.ULX Pulsar (M82), 銀河中心マグネター, Fast Radio Burst との関係？
13.ASTRO-H, NICER, PRAXyS の将来計画で独自視点でどう切り込む？
14.巨大フレアのメカニズムは？次に起きたらどんな観測を行えば良いか？



物理科学月刊誌「パリティ」に解説記事
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 2015index  7月号目次

8月号予告 
特集：マグネター

7月24日発売
定価（本体1,400円＋税）

特集記事

超強力な磁場をもつ天体「マグネ
ター」は多くの謎に包まれてきた。本
特集では，観測の進展や理論研究から
明らかになった「マグネター」の最前
線に迫る。

宇宙最強の磁石星：マグネター
観測で垣間見る極限物理
強磁場が中性子星に及ぼす影
響：定常状態にある磁場星の構
造をめぐって
ニュートリノと宇宙最強の磁石
星
クォークとマグネター

超新星残骸とマグネター

 top index

なぜある量子状態が選択さ
れるのか
シュレーディンガーの猫の思考実験は
有名であるが，私たちは猫の生死のど
ちらか，ある選択された状態のみを経
験する。このような量子状態の選択に
関する新しい理論である「量子論的
ダーウィニズム」について解説する。

ナノ液滴における量子渦
協同性が引き起こす自己複製す
るひび割れパターン

クローズアップ：量子雑音のス
クイージング
　風力発電の発電効率を上げる
魚群の流体力学
　時間分解熱力学量でみるタン
パク質ゆらぎと反応

講座：一般相対論，その世紀と
現在
第5回　一般相対論にもとづく
宇宙像

随想：創刊30周年，歴代編集委
員の思い

コラム：私はこうして物理を選
んでしまった

http://pub.maruzen.co.jp/book_magazine/magazine/pub-zassi-j.html
http://pub.maruzen.co.jp/book_magazine/magazine/pub-zassi-j.html


将来のＸ線観測

6.5 m

「すざく」
2005-2015

2015年8月26日に10年
近くに及ぶ運用を停止

すざく打ち上げ (2005年)

PRAXyS 

Astrophysics Subcommittee 
Oct 23, 2015 

Principal Investigator: Keith Jahoda 
Project Scientist:  Tim Kallman 
Science Team Lead: Chryssa Kouveliotou 

Spacecraft Provider: Orbital ATK 
Instrument Developer: GSFC 

PRAXyS
2020-

Ｘ線偏光観測

6 m

14 m

「ひとみ」ASTRO-H
2016

精密Ｘ線分光
dE/E ~ 0.1%

NICER
2017-大面積・高時間分解能

Aeff: 2x of XMM-newton



ひとみ衛星 (ASTRO-H) の打ち上げ

ISAS/JAXA

日本の5代目のＸ線衛星、種子島から H-IIA ロケットで打上に成功



中性子星の内部を探る NICER プロジェクト

国際宇宙ステーション
~109 m

ExPRESS
Logistic Carrier

Neutron star Interior Composition ExploreR (NICER)

~0.8 m

~0.8 m~1.1 m

NICER

• 56 個 の (Ｘ線集光系+シリコンドリフト)
• 0.2-12 keV: NS 表面のホットスポットの    
熱放射 (T~0.3 keV) に最適化
• Aeff > 2000 cm2 at 1.5 keV, XMM の2倍
• △t ~200 ns (△E~85 eV at 1 keV)

2017年春にISSへ搭載 !!

強度変動するコンパクト天体の超精密時間解析に威力!



内部の高密度状態は質量と半径の精密測定が必要

2.5
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Shapiro delay
J1614-2230

Precise radio measurements
(e.g., Demorest et al. 2010)
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EoS Curves from Demorest et al. 2010

Causality

Rotation

Double NS
systems

Quiescent LMXB emission
(e.g., Guillot & Rutledge 2014)

X-ray burst method (e.g., X7
from Steiner et al. 2010)

A lot of papers of M/R measurements 
(see review in detail, Bhattacharyya 2010)

If we can measure a compactness,     
M/R without uncertainties of distance?

Nearest NS RX J1856.5-3754
(e.g., T. M. Braje et al. 2002)

Astronomical observations
of M & R (our or my dream)



中性子星の半径の精密測定には？
• 質量 M は、パルサーの連星運動から精度の良い測定が可能 (電波)。
• 半径 R は、NS 表面の放射(X線)で計測。きわめて難しい。
• 不定性：天体までの距離、星の大気組成、磁場の影響。

• M/R は重力赤方偏移 z (~0.2) から。距離によらない。 1 + z =
�

1� 2GM

c2R

��1/2

方法1: スペクトル中の吸収線 方法2: 表面パルスの重力場変形

⇒ 高エネルギー分解能 (ひとみ衛星) ⇒ 光子統計と高い時間分解能

13
 

 

Cottam et al. 2002

XMM-Newton 衛星による EXO 0748-676 からの検
出、その後の観測で追試できず(Cottam+08)

パルス位相

パ
ル
ス
強
度

ホットスポット

中性子星

small R large R 

large R 

small R 



海外での武者修行の時に参加、成果に期待！

(c) NASA http://www.nasa.gov/press-release/goddard/2016/nasa-s-nicer-mission-arrives-at-kennedy-space-center

NICER (Neutron star Interior ExploreR)

http://www.nasa.gov/press-release/goddard/2016/nasa-s-nicer-mission-arrives-at-kennedy-space-center
http://www.nasa.gov/press-release/goddard/2016/nasa-s-nicer-mission-arrives-at-kennedy-space-center


Ｘ線偏光は未開拓の観測手法
Ｘ線天文学では、撮像、分光、時間変動に加えて４つ目の観測軸が「偏光」
1970年代に弾道ロケット/OSO-8衛星での僅かな観測例の後、30年間の空白
2000年代に技術的な進展 (INTEGRAL, IKAROS-GAP, PoGoLITE ほか)

2’

N

E

S

W

僅かな観測事例
Crab Pulsarの
偏光角

パルサー自転軸
124°±0.1°

 (Ng+04)

X-ray (2.6, 5.2 kev)
155.8°±1.4° (19%)

(OSO8, Weisskopf+78)

可視光 (V~16.6)
139.8°±0.2° (9.7%)

(Smith+88,Slowikowska+09)

Hard X-ray (0.1-1 MeV)
123°±11° (46%)

(INTEGRAL SPI, Dean+08)

高い偏光度が予想される天体を狙い、Ｘ線偏光に特化した専門衛星

偏光のサイエンス
・マグネター仮説の検証

・パルサー粒子加速域の決着
・Ｘ線パルサーの降着モデル
・ブラックホール時空構造の検証

強磁場で散乱断面積が偏光に大きく依存
B

k

O-mode
photon

B

k

X-mode
photon

電子は自由
に動く

動きに制限
(共鳴)

σ(O) > σ(X)



Ｘ線偏光の専門衛星 PRAXyS 
Polarimeter for RelAtivistic X-ray Sources

P-043 
第15回宇宙科学シンポジウム 

2015年1月6～7日 

X線偏光計の開発状況 

光電効果を用いたX線偏光計 

リファレンス 
＊ Jahoda et al., 2010, SPIE, 7732, 77320W 
＊ Jahoda et al., 2014, SPIE, 9144, 91440N 
＊ Black et al., 2007, NIMA, 581, 755 
＊ Black et al., 2010, SPIE, 7732, 77320X 
＊ Tamagawa et al., 2009, NIMA, 608, 390 
＊ Hill et al. 2012, SPIE, 8443 84431Q 

1) 2014年12月に、NASA小型衛星(SMEX)として、世界初の
Ｘ線偏光観測専用衛星 PRAXyS 計画を提案 

2) 2012年にプロジェクト停止となったGEMS衛星のデザイン
をほぼ踏襲し、各コンポーネントの準備レベルは高い 

3) 日本チームはJAXA小規模プロジェクトBの枠組みで参加、
X線偏光計、ミラー、シミュレーション、解析ソフトに貢献 

4) 過去の観測に比べ最小偏光検出感度が2桁ていど向上し、 
10 mCrabの天体で1%までの直線偏光を観測可能 

5) ブラックホール、中性子星、超新星残骸など、Ｘ線で精密に 
研究されてきた天体から、全く新しい物理情報を取得 

プロジェクト概要 
PRAXyS Polarimeter for Relativistic X-ray Sources 
!  GEMS衛星 (Jahoda+10, +14) はNASAの小型衛星と
して採択されたが、予算超過の懸念により、CDR
直後の2012年に計画停止 

!  2014年12月にNASA小型衛星計画（SMEX）
に再提案。衛星名を GEMS から PRAXyS へ 

! 日本チームの貢献 (Enoto+14, Kitaguchi+14) 
- JAXA小規模プロジェクトB の枠組みで参加 
- X線偏光計の製作および較正（理研・JAXA） 
- 偏光計シミュレータの開発（理研） 
- X線ミラー熱シールドの製作（名大） 

まとめと今後 

7 m 
4.5 m Telescope 

optical  
boom 

Sun shades　 
Mirror 
optical 
bench 

Instrument 
support  
structure 

Spacecraft bus 

光軸 

Gas Electron Multiplier (GEM) 

理研で開発 (Tamagawa+09) 

ピッチ 140 μm  
穴径 70 μm 

純粋なジメチルエーテルガスを 
1/4大気圧で封入 
• 検出効率 ~ 20% @ 6 keV 
• 電子の飛距離 ~ 2 mm @ 6 keV 

Ｘ線偏光を用いた天体物理学を開拓 
はじめに 

1970年代  弾道ロケット/OSO-8衛星 
         -------------- 30年の空白期間 -------------- 
2000年代  PHENEX、INTEGRAL、IKAROS-GAP、
PoGoLITE（かに星雲、ガンマ線バースト等数例のみ） 

X線偏光観測の歴史 

画像 偏光 

？ 
時間 エネルギー 

X線の持つ４つの物理情報 
高感度の 

偏光計製作は
技術的に困難
であった 

世界初 
X線偏光観測専用の衛星 
  PRAXySの提案 

X線偏光天文学の本格的な幕開け 

＊ Enoto et al., 2014, SPIE 9144, 91444M 
＊ Kitaguchi et al., 2014 SPIE 9144, 91444L 
＊ Schnittman et al., 2009, ApJ, 701, 1175 
＊ 榎戸, 2012, 天文月報, 105, 431 
＊ Lai et al., 2002, ApJ, 566, 373 
＊ Lai et al., 2003, ApJ, 588, 962 
＊ Bamba et al., 2003, ApJ, 589, 827 

PRAXyS衛星 Ｘ線偏光で開拓するサイエンス 

! 光電子の飛跡を精密測定して、 
偏光方向を決定 

! 飛跡測定に Time Projection 
Chamber 技術を利用 

! 理研で開発した電子増幅器を使用 

(Schnittman+09) 

BHスピンの違いで、X線偏光
度のエネルギー依存性が変化 

※ mCrab=標準光源であるカニ星雲の1/1000の明るさ 

B"

k"
X-mode 

B"

k"

O-mode 

電子の動きは自由 

動きに制限 

Fan beam Pencil beam 

強く偏光 無偏光 

• 2-10 keV で OSO-8 衛星より2桁ていど高感度な観測 
• 100 ks 観測で 10 mCrab 天体から１%までの直線偏光を検出可 
• 極限状態での物理を、偏光という新しいプローブで探査 

ブラックホール時空構造の検証 

多様な観測ターゲット 

マグネター仮説の検証 

超新星残骸での粒子加速の検証 

降着パルサー物理の決着 
強磁場ではトムソン散乱断面積が偏光方向
により大きく変化: σ(O) > σ(X) 

日経サイエンス 

マグネター想像図 

マグネターが本当に 1014-15 G の超強磁場パ
ルサーなら、X線偏光は強く、かつパルス周
期に対して変化するはず (ASTRO-H 衛星と
共にマグネター仮説の検証へ) (榎戸+12) 

X線観測の黎明期から知られるＸ線パル
サーでは、降着円筒の放射機構が未解明 

Fan/pencil beam で偏光度が異なるので、
X線放射機構を決定 
 

他にも、回転駆動型パルサーでの粒子加速領域を偏光
によって切り分ける、超強磁場下での真空偏極の効果
を捉えるなどの観測テーマあり (Lai+02,03) 

GEMSの視野 

Chandra衛星による 
SN 1006 のイメージ 

細いフィラメント状な粒子加速の現場 (~1015 eV) (Bamba+03) 
衝撃波面の磁場構造は揃っているのか、もつれているのか、
偏光を用いた電波とX線の観測比較から切り分け 

(Schnittman+09) 

スピン (a/10Msun) = 0.99
を仮定した、BH近傍のＸ線
強度および偏光の予想 

円盤表面からの偏光Ｘ線は、ブラッ
クホール(BH)で歪んだ時空の影響
を受けることから、一般相対論の検
証やBHスピンの測定に期待 

X線天文学の黎明期の明るい天体 (ブレーザー、パルサー
星雲、銀河中心の分子雲など) を偏光を用いて再観測 

光電子の飛跡 

φ 

X線 電気ベクトル (偏光方向と定義) 

光電子は電気ベクトルの 
方向に飛び出しやすい 

信号読み出しボード 

GEM 

偏光計筐体 

エレキの取り付け 

偏光計 
デザイン 

!  偏光計はGEMSのものとほぼ同一品を搭載。GEMS偏光計は"Technology"
Readiness"Level"6"の評価を受け、Preliminary"Design"Review"をクリア (Hill+12)"

!  フライト相当品は完成、全パーツはベーキング済、アウトガスは要求レート
以下（寿命>2年をクリア）、偏光計として電気性能試験をパス"

!  フライト相当品1/4プロトタイプを用い、ブルックヘブン研究所の放射光施設
で偏光X線を照射して性能評価。エネルギー毎に偏光検出能を測定し要求性能
を満たしていることを確認 

(Black+07,10) 

フライト相当品の各パーツの写真 

中性子星 中性子星 

X線偏光観測衛星PRAXySの提案 
玉川徹1,2、早藤麻美1、北口貴雄1、榎戸輝揚1,3、岩切渉1、吉川瑛文1,2、武内陽子1,2、窪田恵1,2、西田和樹1,2、 

田原譲4、幅良統5、林田清6、水野恒史7、幸村孝由2、山田真也8、Keith Jahoda3、Joanne Hill3、 
ほか PRAXyS チーム、 

(1.理研、2.東理大、3.NASA/GSFC、4. 名大、5.愛教大、6.阪大、7.広大、8.首都大)  

・2-10 keV で OSO-8 より
　2桁ほど高感度の観測
・100 ks で 10 mCrab 天体
　から 1% の直接偏光の検出
・光電子の飛跡を精密測定し、
　偏光方向を決定する。
・Time Projection Chamber 
　技術を応用し飛跡決定。

NASA, 理研, 名古屋大, 広島大, 京都大を中心に開発中！



Image Credit: Yoshida w/ permission

1. 中性子星は、強重力場・高密度・強磁場・
高速回転など極限的な物理環境が実現する
宇宙の実験室である。

2. 熱、回転、重力、磁場などをエネルギー源
として、多様な中性子星が知られている。
物理量で整理した統一理解へ。

3. 宇宙で最強の磁場をもつマグネター(磁石星)
は特異な磁気活動を示し、磁場の進化を通
して中性子星の統一理解する鍵となる。

まとめ


