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磁場エネルギーの解放と星の内部
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特殊なＸ線源の発見: 超強磁場のパルサー？
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- 銀河系内に ~20 天体
- 電波放射がなくX線で輝く
- 遅い自転. 急速に減速.

- 磁場が強く若い天体



２種族のマグネター; バースト放射と定常放射

軟ガンマ線リピーター (SGR) 特異 Ｘ 線パルサー (AXP)
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主に再帰的なバースト放射で発見

巨大フレア (歴史上 3 件)

L > 8.3x1044 erg/s0.35 秒

400 秒
E = 1.2x1044 erg 

(kT~20 keV)

400 秒にわたり数十keVのプラズマを
閉じ込めるには、B>1010 T が必要

パルスした明るいＸ線源として発見
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通常の中性子星 ~0.08 keV

パルス1周期

Ｘ線放射 >> 回転エネルギー
磁場エネルギー⇒ 星表面の熱放射か？



Ｘ線放射のエネルギー源は？
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・ Ｘ線放射をまかなえない

星の回転エネルギーで
Ｘ線放射をまかなえる

Ｘ線放射 Lx = 自転エネルギー Esd 
・

回転エネルギーを越えるＸ線放射 ⇒ 磁場エネルギーを解放している天体。
Ｘ線光度が桁で変動 : マグネターの特徴「X 線アウトバースト(突発増光)」
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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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Short bursts from the Magnetar 1E 1547.0−5408 5
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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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AXP 1E 1547.0-5408 の X 線アウトバースト(2)
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. 

00:00 04:00 08:00 12:00 16:00 20:00

10
5

10
4

10
3

カ
ウ
ン
ト
レ
ー
ト
 (c

n
ts

 s
-
1
)

3 hour Suzaku/HXD-WAM

カ
ウ
ン
ト
レ
ー
ト

 (c
nt

/s
)

2009年1月22日 「すざく」衛星 WAM 検出器
4 時間

すざく緊急観測

すざく追観測

Swift/XRT 

X 
 (e

rg 
s-1  c

m-2 )

10-10

10-12

10-9

10-8

10-11

10-13
Sep Mar Sep Mar Sep Mar Sep Mar Sep
2007 2008 2008 2009 2009 2010 2010 2011 2011

6 month

1 mCrab level1 mCrab level

00:00 04:00 08:00 12:00 16:00 20:00

105

104

103

カ
ウ
ン
ト
レ
ー
ト
 (c

nts
 s-1 )

3 hour Suzaku/HXD-WAM

Suzaku/XIS

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

Enoto+09

Γ ~ 1.11 (-0.1, +0.1)

kT ~ 0.65 keV 
(2.9 km)

Iwahashi et al., in prep
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



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



相次ぐ新マグネターの発見
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これまで考えられていた以上に多く、銀河系内にマグネターが存在
（Ｘ線アウトバーストは磁場エネルギーの解放の本質的な過程を反映）

新天体

X線アウトバースト
(短時間バースト、定常Ｘ線の増光、グリッジ)

2006年  CXOU J164710-455216

2008年  SGR 0501+4516, SGR 1627-41, 1E 1547-5408
2009年  1E 1547-5408, SGR 0418+5729

2010年  SGR 1833-0832

2011年  Swift J1822.3-1606, Swift J1834.9-0846

12 N. REA ET AL.
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Fig. 9.— Period–period derivative diagram for all known isolated pulsars. Black dots are radio pulsars (from the ATNF Catalog;
Manchester et al. 2005), while red symbols are all known magnetars. Asterics denote PSRJ1846−0258 and PSR1622−4950, and empty
stars are Swift J1822.3–1606 and SGR 0418+5729. Empty grey circles are the X-ray Dim Isolated Neutron Stars (XDINS: Turolla 2009).
The dashed line represents the value of the critical electron magnetic field.

followed by a much flatter power-law (see Woods et al.
2004; Israel et al. 2007; Esposito et al. 2008). However,
we note that the source has not reached the quiescent
level yet; hence the modeling of the outburst, and rela-
tive timescale, might change slightly when adding further
observations until the complete quiescent level is reached.
We have also compared the observed outburst decay

with the more physical theoretical model presented in
Pons & Rea (2012). We have performed numerical sim-
ulations with a 2D code designed to model the magneto-
thermal evolution of neutron stars. The pre-outburst pa-
rameters are fixed by fitting the timing properties to the
secular thermal evolution presented in section §7.1. We
assume that Swift J1822.3–1606 is presently in an evo-
lutionary state corresponding to that of the model pre-
sented in Figure 7 at an age of 550kyr. We then model
the outburst as the sudden release of energy in the crust,
which is the progressively radiated away. We have run
several of such models varying the total injected energy
(between 1040− 1044 erg), as well as the affected volume,
which are the two relevant parameters affecting the out-
burst decay (coupled with the initial conditions which
were explored in §7.1). The depth at which the energy is
injected and the injection rate bear less influence on the
late-time outburst evolution (Pons & Rea 2012).
In Figure 8 we show our best representative model

that reproduce the observed properties of the decay of
Swift J1822.3–1606 outburst. This model corresponds
to an injection of 4 × 1025 erg cm−3 in the outer crust,
in the narrow layer with density between 6 × 108 and
6 × 1010 g cm−3, and in an angular region of 35 degrees
(0.6 rad) around the pole. The total injected energy was
then 1.3× 1042 erg .
However, we must note that this solution is not unique

and the parameter space is degenerate. Equally accept-
able solutions can be found varying the injection energy
in the range 1−20×1025 erg cm−3 and adjusting the other
parameters. The outer limit (low density) of the injection
region affects the timescale of the rise of the light curve,

which is probably too fast (1-10 hours) to be observable
in most of the cases. On the other hand, most of the light
curve turns out to be insensitive to the inner limit (high
density) of the injection region. Only the outburst tail
(at > 50 days) is affected by this parameter, but this ef-
fect is hard to be distinguished from similar effects from
other microphysical inputs (e.g. varying the impurity
content of the crust). Finally, variations of the angu-
lar size can be partially compensated by changes in the
normalization factor which at present is undetermined
(unknown distance). This changes the volume implied
and therefore the estimate of the total energy injected.
Thus we need to wait for the full return to quiescence,
and combine our study with the complete analysis of the
pulse profile and outburst spectrum, before we can place
better constraints on the affected volume and energetics.

7.4. Radio and optical constraints

A recent study on the emission of radio magnetars has
shown that all magnetars which exhibited radio pulsed
emission, have a ratio of quiescent X-ray luminosity to
spin-down power Lqui/Lrot < 1 (Rea et al. 2012). This
suggests that the radio activity of magnetars and of ra-
dio pulsars might be due to the same basic physical
mechanism, while its different observational properties
are rather related to the different topology of the ex-
ternal magnetic field (e.g. a dipole and a twisted field;
Thompson (2008).
In the case of Swift J1822.3–1606, inferring the quies-

cent (bolometric) and spin-down luminosities from our
ROSAT data and our timing results (see §?? and §3.2),
we derive Lqui/Lrot # 4×1032 erg s−1/1.7×1030 erg s−1#
235 . This value is in line with the source not showing any
radio emission (see Rea et al. 2012 for further details).
Concerning the optical and infrared observations, the

bright optical fluxes of the sources S1–S3, much brighter
than that of any other SGR in outburst for a compa-
rable distance and interstellar extinction, as well as the
lack of relative flux variability, suggest that objects S1–

Rea+11



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.

Ｘ線アウトバーストにおけるエネルギー解放

(補) ハード成分は磁気圏での光子分裂の効果？加速粒子が
表面に叩き込まれてホットスポットが発生する可能性？

マグネター 磁気圏

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.

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
特徴1

特徴2

特徴3



星内部の熱解放から予想されるＸ線光度The Astrophysical Journal Letters, 750:L6 (5pp), 2012 May 1 Pons & Rea

Figure 1. Luminosity vs. time after energy injection. Left panel: effect of the total energy injected. The models correspond to Eoc = 1.7 × 1041 erg (solid line),
1.7 × 1042 erg (dotted line), 1.7 × 1043 erg (dashed line), and 1.7 × 1044 erg (dash-dotted line). Right panel: comparison of models with the same energy injection
(Eoc = 1.7 × 1044 erg) but varying the initial state (quiescent luminosity).

relaxation of the crust). This happens on a longer timescale
(months to years).

4. Dependence on the total energy input. A minimum value of
Eoc is needed to have a visible effect. For Eoc < 1040 erg the
event is barely observable as a slight luminosity variation.
The most relevant result is an interesting saturation effect
for Eoc > 1043 erg. A larger energy release does not vary
the final result. The reason for this saturation is that,
as soon as the crust reaches (3–4) × 109 K, neutrino
processes in the outer crust are strongly reactivated, and the
temperature cannot be further increased because the system
self-regulates by neutrino emission. However, it should
be noted that the two most important neutrino emission
processes in this regime are plasmon and pair annihilation
(see Yakovlev et al. 2001 and Yakovlev & Pethick 2004 for
reviews on neutrino processes and neutron star cooling), but
these two processes in the presence of very strong magnetic
fields have not been properly calculated. Further work in
this line is needed to fully understand magnetar cooling
curves.
Figure 1 (left panel) shows the temporal variation of
the luminosity for four representative cases, varying Eoc
from 1041 to 1044 erg. In all cases heat is deposited in
a region with a depth of about 200 m (between densities
ρ ∼ 108–1011 g cm−3, and covering a small area 3% of the
star surface, which corresponds to an angle of 0.5 rad). The
delay (a few hours) between the injection of energy and
the luminosity peak is caused by the time needed for the
internal heat wave to reach the star surface. The saturation
when Eoc > 1043 erg is clearly visible. A larger energy
release does not change the peak luminosity, which only
can be increased by enlarging the area affected.

5. Dependence on the initial state. The other fundamental
parameter to understand magnetar outbursts is the initial
state. The combination of the quiescent luminosity with
the saturation effect mentioned above is crucial to under-
standing magnetar phenomenology. Increasing the total en-
ergy injected does not result in higher surface temperatures,
which are limited to 0.5–0.6 keV (maybe a short transient
flash of a few minutes can reach slightly higher tempera-
tures). Therefore, the maximum thermal luminosity is also

limited.3 This means that, if the initial state is a very bright
magnetar, the luminosity cannot be increased by more than
a factor of a few. On the other hand, if the initial state
consists of a dim source, we have room to increase its lu-
minosity in 2–3 orders of magnitude.

This is illustrated in Figure 1 (right panel) where we compare
results from different models that only differ in the initial state
(luminosity). In order to tune the luminosity of the initial state in
the stationary regime, we have varied the core temperature
between 2 × 108 and 2 × 109 K, and the value of the poloidal
field between 5 × 1013 and 2.5 × 1014 G, which fixes the
heating rate by magnetic field dissipation in the crust. For
simplicity, we assumed that no toroidal field is present. The
strength of the internal toroidal field is also related to the
luminosity of the initial state, but it does not change our
conclusions. All of the models have the same energy input:
Eoc = 1.7 × 1044 erg in the same region as before. In the figure
we can see that, for low quiescent luminosity (Lq = 3 × 1033

erg s−1), a starquake that releases ≈1044 erg produces an
increase in the luminosity of two orders of magnitude in about
1 day and its cooling curve can be followed for several years.
Conversely, exactly the same type of event in a very bright
magnetar (Lq = 3 × 1035 erg s−1) is barely seen as a small
variation of luminosity in a factor of two and lasting only a
few days.

4. DISCUSSION

We have discussed how the connection between outbursts,
short X-ray bursts, and glitches might appear rather erratic.
Theoretically, glitches and short X-ray bursts are believed to
be correlated to starquakes induced by the progressive increase
of magnetic stresses in the crust. When the local conditions
are such that the system cannot stand the tension any longer,
crustal fractures occur. They may have associated the ejection
of particles and the reorganization of the magnetosphere. At

3 Resonant Comptonization in the magnetosphere can be very effective in
reshaping the spectrum, but it does not vary the total luminosity, which is fixed
by the seed thermal photons from the surface. Only in the very extreme case
where most of the electrons are ultrarelativistic can the luminosity be visibly
enhanced.

3
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• ニュートリノ放出の可能性 ?

• 最大 X線光度 (1035-36 erg/s) ?

• 静穏時に暗い天体ほどＸ線アウト
バーストでの増光が大きい？
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Figure 2. Quiescent luminosity vs. outburst maximum flux increase (all in the
1–10 keV band), for all magnetars showing bursts, glitches, or outbursts. Errors
in the measurements include the uncertainties in the flux values and in the
distances. Triangles indicate objects with no reported distance uncertainties.

the same time or shortly after, when the heat wave caused by
the release of energy reaches the surface, it is also expected
to increase the star temperature, and therefore its persistent
emission. However, the lack of detection of outbursts correlated
with the glitching and bursting activity of several magnetars
(see Section 2) posed several questions about the validity of this
interpretation, which we now can answer.

In Section 3 we studied the rise of the surface temperature of
a magnetar and its subsequent cooling when a certain amount
of energy is injected into the outer crust. Because of the strong
temperature dependence of the neutrino emission processes, the
system can efficiently self-regulate its temperature. The result is
an upper limit to the temperature (and luminosity) at the outburst
peak: even releasing a much larger amount of energy, the
luminosity will reach a maximum between 1035–1036 erg s−1,
with the precise number depending on the area affected by the
event. In other words, any event with an energy release in the
outer crust >1043 erg s−1 will show a similar maximum outburst
luminosity, regardless of their dipolar magnetic field strength,
quiescent luminosity, or any other parameter involved.

In Figure 2 we have plotted the quiescent luminosity of all
magnetars that showed glitches and/or bursts, as a function of
the maximum persistent flux increase observed in each source.
We only consider flux variability on timescales longer than a
few days to avoid the contamination from bursts and flares.
Furthermore, to select a sample as unbiased as possible, we have
neglected flux variations detected with instruments with poor
angular and temporal resolution which could not disentangle the
contribution from single short bursts (such as RXTE-ASM, and
older generation instruments). Among these, we only consider
the events for which the outburst decay was also monitored
with good resolution instruments (as for XTE J1810−197 and
1E 2259+586).

Although it is almost impossible to have a good quantitative
estimate of how many outbursts from magnetars we might
have missed in the past years, we note that since the launch
of Swift in 2004 (Gehrels et al. 2004), we can rely on a
daily coverage of the whole sky with the BAT (which has a
field of view of about 1/6 of the sky; 15–150 keV), and a
rapid follow-up with the Swift X-Ray Telescope (0.3–10 keV).

Swift allowed us to collect more than a dozen outbursts in the
past eight years, as well as to discover five new magnetars
through their outburst activity (see Rea & Esposito 2011 for a
detailed review). This makes us relatively confident of having
a good sky coverage and outburst sample, and we believe
that only a few events might have been missed during the
Swift era.

Looking at Figure 2, a clear trend is present, with brighter
objects showing less flux enhancement than dim magnetars.
However, we warn that these numbers must be taken with
caution due to (1) current distance uncertainties which might
well be underestimated, (2) the use of a reduced energy band of,
e.g., 1–10 keV, that in combination with the spectral softening
during the outburst decay can result in the underestimate of
the quiescence luminosity, and (3) the uncertainty in the exact
peak flux for many of those objects. For sources having a
good pre-outburst monitoring we plot the estimate of the flux
enhancement, while we only quote lower limits for the most
uncertain cases. In any case, all these caveats may be estimated
in about factors of two, and the correlation shown in the figure
extends over three orders of magnitude in both axes. Note also
that the peak luminosity in all cases is in the expected range
of ∼1035–1036 erg s−1. In particular, fitting the data in Figure 2
(excluding the sources for which we have only lower limits
in the peak flux) we find a mean outburst peak luminosity of
∼3.5 × 1035 erg s−1.

The general conclusions we can extract from our results can
be summarized in the following assertions.

1. The definition of “transient” magnetars (AXPs or SGRs) as
opposed to the so-called persistent magnetars is spurious:
it only reflects their different quiescent luminosities.

2. Bursts and glitches are probably always accompanied by a
radiative enhancement.

3. Given the same typical outburst energetics, large relative
flux enhancements can only be observed in faint quiescent
objects.

4. Large, long flux enhancements from bright magnetars will
never be observed, since their peak radiative luminosi-
ties cannot exceed ∼1036 erg s−1, which in most cases
is undetectable. At most, it may simply appear as sub-
tle flux variations (as are the cases of 1E 1841−045 or
1RXS J1708−4009).

The line dividing the historical separation between AXPs and
SGRs has been erased during the last decade and now they
are thought to represent two regions of the same distribution.
With the results presented here, we also show that the same can
be said for the separation between “transient” and “persistent”
magnetars. As better data are collected and more theoretical
work is being done, the separation of magnetars in different
classes according to burst activity, timing noise, or spectral
properties becomes more and more blurred. This leads to the
conclusion that the distribution of neutron stars with relatively
high magnetic fields is a continuum with no fundamental
intrinsic separation in classes.

This work was partly supported by Compstar, a Research
Networking Programme of the European Science Foundation
and grants AYA2010-21097-C03-02, GVPROMETEO2009-13
(J.A.P.) and AYA2009-07391, SGR2009-811, iLINK 2011-
0303, and TW2010005 (N.R.). N.R. is supported by a Ramón y
Cajal fellowship through Consejo Superior de Investigaciones
Cientı́ficas (CSIC).
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定常放射

定常Ｘ線はバーストの重ね合わせか？

多数の小さなエネルギーの解放が積み重なって定常放射になる可能性？

バーストの強度分布 (HETE-2 衛星)No. 2] Short Bursts from Soft Gamma Repeaters 673

Fig. 9. Cumulative 2–100 keV number–intensity distribution for
SGR 1806!20. The dashed line represents the observational data. The
solid stepwise line represents the data corrected for the observational
efficiency, and the solid straight line represents the fit to it. The
dot-dashed stepwise line shows the corrected distribution using the data
in 2004 and the dot-dashed straight line shows its fitting result. The star
symbol is for the intermediate flare.

The power-law cumulative number–intensity distribution of
SGR bursts is similar to that of earthquakes (e.g., Kagan
1999) or solar flares (e.g., Dennis 1985); the former relation
is sometimes referred to as the Gutenberg–Richter law. These
imply that the SGR bursts could be due to starquakes, or a
similar process to solar flares. Considering that the slopes for
earthquakes are thought to be influenced by, for example, such
as the plate convergence rate (e.g., Kagan 1999), the difference
in the slopes for SGR bursts might reflect the intrinsic activities
of the SGRs; in other words, starquakes in different zones of a
neutron star surface would give different slopes.

4.2. Temporal Properties

Figure 10 shows light curves with 0.5 ms and 5 ms time bins
for six bright bursts. These are classified as “single” peaked
bursts by the procedure using 5 ms time bin data (see section 2).
However, more complex and spiky structures are evident in the
light curves with 0.5 ms time bins. Clearly the classification
between single- and multiple-peaked bursts is not based only
on the intrinsic nature of the bursts, themselves, but is also
highly dependent on the time resolution and/or statistics of the
observations.

We find a delay of the softer emission compared with that
in the 30–100 keV band in short bursts from SGR 1806!20;
Tlag = 2:2 ˙ 0:4 ms for 2–10 keV, and Tlag = 1:2 ˙ 0:3 ms for
6–30 keV. Unfortunately the number of bursts is too small to
estimate Tlag for SGR 1900+14. One possible explanation
is rapid spectral softening. Considering that the samples
do not show a clear spectral evolution with a 20 ms time

resolution, spectral softening with a much faster time scale
(a few milliseconds) should be required. The cooling time
scale of the emission from the higher blackbody component
of 2BB is

!bb = 0:08

!
kTHT

11keV

"4! RHT

4:5km

"3! LHT

1040 ergs!1

"!1

ms; (1)

where LHT is the luminosity of the emission from the higher
blackbody component of 2BB. Assuming that kTHT " 11 keV,
RHT " 4.5 km, and LHT " 1040 erg s!1, !bb turns out to be
0.08 ms, which is much smaller than 20 ms. Therefore, the
hypothesis of very rapid spectral softening is plausible. In
addition, the time lag, Tlag, between the 2–5 keV and 5–10 keV
time histories is Tlag = 1:2 ˙ 0:7 ms. Although there is not
enough statistics, the positive time lag may be due to spectral
softening.

An alternative explanation would be the effect of separate
emission regions. Figure 11 shows the two spectral components
of the 2BB model for #3387. We now evaluate which
component dominates, and by how much, in the 2–10 keV,
6–30 keV, and 30–100 keV bands for this burst. The ratios
of counts expected from the lower temperature component to
counts from the higher temperature component are 5.3, 2.6,
and 0.3 for 2–10 keV, 6–30 keV, and 30–100 keV, respectively.
Therefore, the 2–10 keV energy range represents the lower
temperature component, a nonzero Tlag between 2–10 keV and
30–100 keV implies that these two components come from
different regions and/or different radiation mechanisms, even
though the 2BB model may only be empirical. Thus, the
presence of a time lag supports a multiple-component model;
at least, the spectra of short bursts consists of a softer and a
harder emission component.

It is noteworthy that the small, but clear, time lag for SGR
short bursts is different from the large time lags claimed for
the long GRBs (e.g., Norris 2002). Furthermore, this is also
different from the zero time lag for the short GRBs (e.g., Norris
& Bonnell 2006), while the short GRBs remain possible to
be generated from SGR giant flares in some scenarios (e.g.,
Hurley et al. 2005).

We find three bursts (indicated by d in table 3) with clear
spectral softening, while three short bursts (indicated by e
in table 3) might have a hard component later in the burst.
A possible origin for spectral softening in giant flares is the
cooling of a trapped fireball. As we argue in subsection 4.1
and some theoretical works suggest (Duncan & Thompson
1994; Lyutikov 2003), the giant flares are presumably due to
different physical processes. And hence, the trapped fireball
does not seem to be appropriate for short bursts. Duncan
and Thompson (1994) suggested that a small-scale crustal
cracking of a neutron star may trigger a short burst. The
crustal cracking causes a shift of the magnetic field footpoints.
The shift generates Alfvén waves, which accelerate electrons.
Considering the short durations of " 100 ms of the short
bursts, the accelerated electrons do not have to be trapped by
a magnetic field, or a fireball. Consequently, the accelerated
electrons can simply lose their energies, which may cause the
spectral softening. On the other hand, a possible emission
mechanism for the hard component could be inverse Compton
scattering by a hot plasma located at most a few thousand
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In Figure 9 (a4), (b4) and (c4), the above two best-fit
spectral models (the CutPL and 2BB) are compared in νFν

forms. They give relatively similar spectral shapes, except
in the higher energy range above ∼100 keV where the mod-
els become unconstrained. In both models, spectral peaks
appear in the HXD-PIN band (∼50–100 keV). Employing
conventionally the CutPL model, absorption-corrected 0.2–
300 keV fluences of Burst-7, Burst-14, and Burst-16, are
obtained as 1.1×10−7, 9.3×10−8, and 8.7×10−8 erg cm−2,
respectively. The fluence becomes ∼4–8×10−8 erg cm−2 if
calculated in the 10–70 keV band.

In Figure 10a, we compare the spectrum of the brightest
Burst-7 with the persistent X-ray spectrum recorded during
the same observation (Paper I). While the persistent spec-
trum is apparently composed of two components, the burst
spectrum is more curved, without apparent evidence for such
two-component nature.

3.2 Weak short bursts

As shown in Figure 8, the remaining 13 short bursts have
considerably lower 10–70 keV fluences than the three stud-
ied above, distributed below 2 × 10−8 erg cm−2. They have
poorer statistics, and also tend to show similar harness ra-
tios around ∼1.0. Therefore, we have stacked their spectra
together for detailed analysis, with accumulated total expo-
sure of 3.7 sec. In order to justify the stacking procedure, we
took spectral ratios of each burst to the stacked one, to find
that the ratios can be fitted in each case successfully by a
constant with a reduced chi-square of !1.0. Therefore, the
13 bursts are concluded to have consistent spectral shapes,
and hence the stacking procedure can be justified. The de-
rived 13 constant ratios are distributed from 0.55 to 3.3, with
the average and standard deviation of 1.56 and 1.05, respec-
tively. This distribution, ranging by a factor of 6, agrees with
that of the fluecne shown in Figure 8. The analysis here uti-
lized the same responses as those of the brighter three short
bursts, and in the same way as the previous analyses; the
background was subtracted from the XIS0 and HXD-GSO
data.

Figure 11 shows a stacked light curve of these weaker
short bursts accumulated with reference to their peak times.
Thus, the burst emission is highly significant even in the
HXD-GSO band. Figure 12a shows the raw spectrum of this
cumulative weak-burst data after the background subtrac-
tion. Its average 10–70 keV flux is by an order of magnitude
lower than those of the three brightest ones. The HXD-GSO
background becomes comparable to the signal level around
∼130 keV, and we can claim the HXD-GSO detection at
least up to 150 keV at 2.8σ.

As summarized in Table 3, a PL model with the fixed
NH failed to give an acceptable fit (χ2

ν ∼ 2.1; Figure 12b),
while a PL with free NH was more successful (χ2

ν ∼ 1.3),
yielding Γ = 1.57 ± 0.04 and NH = 5.4+0.8

−0.5 × 1022 cm−2

(Figure 12c). In order to further improve the fit especially
in higher energy range, we again tried the CutPL and 2BB
fits with the same column density fixed at NH = 3.2 × 1022

cm−2. As summarized in Table 3 and shown in Figure 12d,
the CutPL model gave an acceptable fit (χ2

ν ∼ 0.8) with
Γ = 1.03 ± 0.07 and Ecut = 62.9+14.5

−10.8 keV, implying a mild
spectral curvature. Since Γ and Ecut couple with each other,
we show in Fig. 13 the fit confidence contours on the Γ
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Figure 10. (a) Comparison of X-ray spectra of 1E 1547.0−5408
in νFν forms. Top (black), middle (red), and bottom (blue) spec-
tra represent Burst-7, the accumulated weak short bursts, and
the persistent emission from Paper I, respectively. The CutPL
model was employed to deconvolve the Burst-7 (Table 2) and
the accumulated weak-burst spectra (Table 3), while a PL plus a
BB for the persistent emission. The column density of the photo-
absorption was fixed at 3.2×1022 cm−2 in all cases. (b) The ratio
between the red and blue spectra in panel (a). (c) Same as panel
(b), but after eliminating the BB component from the persistent
emission.

vs. Ecut plane. In contrast to the successful CutPL model,
the more convex 2BB model, which was successful on the
brightest three bursts (§3.1), became much less successful
(χ2

ν ∼ 1.6; Figure 12e). Thus, the weaker bursts are consid-
ered to have a flatter 10–70 keV HXD-PIN spectrum than
the brightest bursts, particularly Burst 7 and 16.

To make the above spectral difference clearer, we added
this stacked weak bursts to Figure 10a in νFν form, where
we employed the CutPL model for deconvolution in the same
way as Burst-7. The weaker bursts are by ∼2 orders of mag-
nitude brighter than the persistent emission, and by ∼1
order of magnitude fainter than Burst-7. As visualized by
this plot, the cumulative burst shows a hard X-ray spec-
trum which is less curved than that of Burst 7 and is sim-
ilar to that of the persistent X-rays. In fact, the value of
Γbst = 1.57 ± 0.04, obtained above by the PL fit with free
NH, is consistent with Γper = 1.54+0.03

−0.04 of the persistent
hard component (Table 3). Although the CutPL model gave
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In Figure 9 (a4), (b4) and (c4), the above two best-fit
spectral models (the CutPL and 2BB) are compared in νFν

forms. They give relatively similar spectral shapes, except
in the higher energy range above ∼100 keV where the mod-
els become unconstrained. In both models, spectral peaks
appear in the HXD-PIN band (∼50–100 keV). Employing
conventionally the CutPL model, absorption-corrected 0.2–
300 keV fluences of Burst-7, Burst-14, and Burst-16, are
obtained as 1.1×10−7, 9.3×10−8, and 8.7×10−8 erg cm−2,
respectively. The fluence becomes ∼4–8×10−8 erg cm−2 if
calculated in the 10–70 keV band.

In Figure 10a, we compare the spectrum of the brightest
Burst-7 with the persistent X-ray spectrum recorded during
the same observation (Paper I). While the persistent spec-
trum is apparently composed of two components, the burst
spectrum is more curved, without apparent evidence for such
two-component nature.

3.2 Weak short bursts

As shown in Figure 8, the remaining 13 short bursts have
considerably lower 10–70 keV fluences than the three stud-
ied above, distributed below 2 × 10−8 erg cm−2. They have
poorer statistics, and also tend to show similar harness ra-
tios around ∼1.0. Therefore, we have stacked their spectra
together for detailed analysis, with accumulated total expo-
sure of 3.7 sec. In order to justify the stacking procedure, we
took spectral ratios of each burst to the stacked one, to find
that the ratios can be fitted in each case successfully by a
constant with a reduced chi-square of !1.0. Therefore, the
13 bursts are concluded to have consistent spectral shapes,
and hence the stacking procedure can be justified. The de-
rived 13 constant ratios are distributed from 0.55 to 3.3, with
the average and standard deviation of 1.56 and 1.05, respec-
tively. This distribution, ranging by a factor of 6, agrees with
that of the fluecne shown in Figure 8. The analysis here uti-
lized the same responses as those of the brighter three short
bursts, and in the same way as the previous analyses; the
background was subtracted from the XIS0 and HXD-GSO
data.

Figure 11 shows a stacked light curve of these weaker
short bursts accumulated with reference to their peak times.
Thus, the burst emission is highly significant even in the
HXD-GSO band. Figure 12a shows the raw spectrum of this
cumulative weak-burst data after the background subtrac-
tion. Its average 10–70 keV flux is by an order of magnitude
lower than those of the three brightest ones. The HXD-GSO
background becomes comparable to the signal level around
∼130 keV, and we can claim the HXD-GSO detection at
least up to 150 keV at 2.8σ.

As summarized in Table 3, a PL model with the fixed
NH failed to give an acceptable fit (χ2

ν ∼ 2.1; Figure 12b),
while a PL with free NH was more successful (χ2

ν ∼ 1.3),
yielding Γ = 1.57 ± 0.04 and NH = 5.4+0.8

−0.5 × 1022 cm−2

(Figure 12c). In order to further improve the fit especially
in higher energy range, we again tried the CutPL and 2BB
fits with the same column density fixed at NH = 3.2 × 1022

cm−2. As summarized in Table 3 and shown in Figure 12d,
the CutPL model gave an acceptable fit (χ2

ν ∼ 0.8) with
Γ = 1.03 ± 0.07 and Ecut = 62.9+14.5

−10.8 keV, implying a mild
spectral curvature. Since Γ and Ecut couple with each other,
we show in Fig. 13 the fit confidence contours on the Γ
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Figure 10. (a) Comparison of X-ray spectra of 1E 1547.0−5408
in νFν forms. Top (black), middle (red), and bottom (blue) spec-
tra represent Burst-7, the accumulated weak short bursts, and
the persistent emission from Paper I, respectively. The CutPL
model was employed to deconvolve the Burst-7 (Table 2) and
the accumulated weak-burst spectra (Table 3), while a PL plus a
BB for the persistent emission. The column density of the photo-
absorption was fixed at 3.2×1022 cm−2 in all cases. (b) The ratio
between the red and blue spectra in panel (a). (c) Same as panel
(b), but after eliminating the BB component from the persistent
emission.

vs. Ecut plane. In contrast to the successful CutPL model,
the more convex 2BB model, which was successful on the
brightest three bursts (§3.1), became much less successful
(χ2

ν ∼ 1.6; Figure 12e). Thus, the weaker bursts are consid-
ered to have a flatter 10–70 keV HXD-PIN spectrum than
the brightest bursts, particularly Burst 7 and 16.

To make the above spectral difference clearer, we added
this stacked weak bursts to Figure 10a in νFν form, where
we employed the CutPL model for deconvolution in the same
way as Burst-7. The weaker bursts are by ∼2 orders of mag-
nitude brighter than the persistent emission, and by ∼1
order of magnitude fainter than Burst-7. As visualized by
this plot, the cumulative burst shows a hard X-ray spec-
trum which is less curved than that of Burst 7 and is sim-
ilar to that of the persistent X-rays. In fact, the value of
Γbst = 1.57 ± 0.04, obtained above by the PL fit with free
NH, is consistent with Γper = 1.54+0.03

−0.04 of the persistent
hard component (Table 3). Although the CutPL model gave
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星震と磁場エネルギー解放に地震との関連性？
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Ｘ線アウトバーストの減光の法則
X 線フラックス (erg/s/cm2) 

現在進行中



「すざく」 マグネター 緊急観測 現在進行中

Ｘ線アウトバースト中のハード成分の挙動は今後５年で解明が進む。
次期Ｘ線天文衛星 ASTRO-H でもマグネター観測の検討を開始。

マグネターのＸ線アウトバーストごとに緊急観測を実施。
• SGR 0501+4516 (新発見のマグネター)    ⇒ ハード成分を発見 (Enoto+09)
• 1E 1547.0-5408 (多数の短時間バースト)  ⇒ ハード成分を発見 (Enoto+09)
• SGR 1833-0832  (新発見のマグネター)    ⇒ ハード成分の兆候 (Nishioka in prep)

• Swift J1822.3-1606  (新発見のマグネター)  ⇒ TBD

[Nishioka et al., PASJ, in prep]

kT ~ 1.22 keV

Γ = 0.87±0.67
Fx=5.0(-2.8,+3.6)e-11 erg/s/cm2
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ハード成分の放射機構 
Thermal Bremsstrahlung ? Resonant Compton up-scattering?

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

Photon Splitting Effect?
(Harding+97; Enoto+10; Takata+12)
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マグネターの観測は地上では到達できない強磁場
極限物理を調べる宇宙の実験室！



マグネターと原子核物理の関わり
• マグネターが B~1010-11 T もの磁場をどのように保持するのか？
• 観測的に未開拓の分野であり、他の中性子星と違い、

• “質量”も“半径”も観測的に不明。
• 巨大フレアからの準周期振動の検出も活用 (Israel+05, Sotani+08) 

• Ｘ線アウトバーストは星内部+磁気圏の「新しい」診断手法？ 

(Sotani+08)

Alfvén QPOs in magnetars L9

Table 1. Frequencies of lower and upper Alfvén QPOs and their ratios, for a representative sample of equilibrium models, constructed with various EOSs and

masses and for a magnetic field strength of B = Bµ (see text for details).

Model M/R fL0 (Hz) fU0 (Hz) ratio fL1 (Hz) fU1 (Hz) ratio fU2 (Hz)

A+DH14 0.218 15.4 25.0 0.616 30.7 49.4 0.621 74.4

A+DH16 0.264 11.7 18.3 0.639 23.5 35.7 0.658 54.0

WFF3+DH14 0.191 17.9 29.8 0.601 36.2 59.2 0.611 89.8

WFF3+DH18 0.265 11.7 18.0 0.650 23.5 35.5 0.662 53.3

APR+DH14 0.171 20.4 34.1 0.598 41.3 68.6 0.602 104.6

APR+DH20 0.248 12.8 20.6 0.621 26.0 40.3 0.645 61.0

L+DH14 0.141 23.7 40.8 0.581 47.5 81.6 0.582 123.8

L+DH20 0.199 16.4 27.8 0.590 33.1 54.7 0.605 82.6

Figure 5. Quadratic fits in terms of the compactness of the star, M/R, of

the lower and upper fundamental Alfvén QPO frequencies, obtained for a

representative sample of equilibrium models with various EOSs and masses.

The magnetic field was set to B = Bµ.

would then be integer multiples of the fundamental upper QPO

frequency (three times and five times, correspondingly). With this

identification, our empirical relations equations (14) and (15) con-

strain the magnetic field strength of SGR 1806−20 (if is dominated

by a dipolar component) to be between 3 × 1015 and 7 × 1015G. Fur-

thermore, an identification of the observed frequency of 26 Hz with

the frequency of the fundamental torsional ! = 2 oscillation of the

magnetar’s crust (equation 79 of Paper I) implies a very stiff equa-

tion of state and a mass of about 1.4 to 1.6 M#. For example, for the

1.4 M# model constructed with EOS L+DH, one obtains the fol-

lowing frequencies: 2t0 = 25.8 Hz, fL0
= 17.5 Hz, fU0

= 30.0 Hz,

fU3
= 90.1 Hz and fU5

= 150.2 Hz, for B = 2.94 × 1015 G.

Alternatively, one could also identify the 18- and 30-Hz observed

frequencies with overtones (which are also at a near 0.6 ratio). In

this case, the strength of the magnetic field derived above is only an

upper limit and the actual magnetic field may be weaker. Then, if

one assumes that the observed frequency of 26 Hz is due to the fun-

damental ! = 2 crust mode for a weak magnetic field, our numerical

data agree best with a 1.4-M# model constructed with an EOS of

moderate stiffness. For example, for the 1.4-M# model constructed

with the APR+DH EOS one obtains 2t0 = 25.9 Hz, fL1
= 17.7 Hz,

fU1
= 30.0 Hz, fU5

= 90.1 Hz and fU9
= 150.1 Hz, for B = 1.77 ×

1015 G.

6 D I S C U S S I O N

We have already verified that our main QPO frequencies agree with

frequencies obtained with an independent, fully non-linear numer-

ical code (Cerdá-Durán et al., in preparation), for the same initial

model. We caution, however, that we have not yet considered the

crust–core interaction, different magnetic field topologies or the cou-

pling to the exterior magnetosphere. These effects have to be taken

into account and already Sotani et al. (2007c), find that the observed

QPOs could lead to constraints on the magnetic field topology. To

complete the picture, a three-dimensional numerical simulation, that

includes a proper coupling of the crust to the MHD interior and to

the exterior magnetosphere will be required and our current results

provide a good starting point. Extensive details of our computations

will be presented in Sotani, Kokkotas & Stergioulas (in preparation).
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まとめ

日本天文学会 天文月報 7月号 「硬X線によるマグネター研究の進展 ~宇宙で最強の磁石星？~」
Google で “天文月報”、”マグネター” で検索

http://www.asj.or.jp/geppou/contents/2012_07.html

• 通常の中性子星より２-３桁も磁場の強いマグネターは、銀河
内に予想以上に多く存在し、その磁場の起源、内部構造、エ
ネルギー放射の理解は天文学と核物理の両面で重要である。

• Ｘ線衛星「すざく」により、マグネターのハード成分(10-100 
keV)の観測とＸ線アウトバーストの観測事例が増えている。
14 年打ち上げの ASTRO-H による更なる進展が期待できる。

• 通常の中性子星とは異なるマグネターの特徴は、質量・半径
の推定とは別の方法(e.g.,熱伝導)でも、星内部の診断を行える
可能性を秘めている。

http://www.asj.or.jp/geppou/contents/newest.html
http://www.asj.or.jp/geppou/contents/newest.html
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