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Variety of Neutron Star; Energy Source
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Magnetar Class
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- Soft Gamma Repeater
- Anomalous X-ray Pulsar
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- Strong Field ( B > 1E+14 G)
- Young ( τ < 100 kyr)
- Lx ~ 1e+35 erg/s

Ultra-strongly Magnetized NS?

Rotation-powered
Accretion-powered
SGR/AXP



Discovered by “Giant Flares” or recurrent burst activities. ~ 5 SGRs

Soft Gamma Repeater (SGR)

Giant Flare (3 events)
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E = 1.2x1044 erg 
(kT~20 keV)

Hurley+07

(c) Duncan

fireball?

- Exceeding the Eddington Luminosity (~1038 erg/s) by ~6 orders of magnitudes
- B > 1014 G is required to confine a few dozen keV plasma for ~400 sec

Short Bursts

SGR 0501+4516

a few hundred millisecond
empirically two Blackbody

Enoto+09
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Anomalous X-ray Pulsar (AXP)

1E 1841-045 (SNR Kes73)

Chandra Image (c)CXO

Discovered as pulsed bright persistent X-ray sources. ~15 AXPs

P
ho

to
ns

 / 
(c

m
2  s

 k
eV

)

(Detected from all the AXPs)
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kT ~ 0.4 keV quasi Blackbody

4U 0142+61

White+96

Standard Neutron Star ~0.08 keV

Pulse Period

Persistent X-ray EmissionAssociated with SNR

- Exceeding the Spin-down luminosity by ~2 orders of magnitudes (Lx >> Lsd)
- Magnetic Energy => NS surface emission? 



Persistent X-ray Luminosity of SGR/AXP
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Energy Source?

Enough Rotation Energy

Lx = Esd 
・

Lx >> Spin-down Esd, no evidence for a binary companion (e.g., Kaspi+99)
Magnetars; Magnetically-powered Pulsars? 

Enoto+12



Recent Progress 
Transient Magnetars
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Quiescent Level

Outburst of persistent emission 

2-10 keV

Hard X-ray Component

4U 0142+61 (XMM+INTEGRAL)

[den Hartog+2008]

discovered above 10 keV
[Kuiper+2006]

brighter by 1-2 orders of magnitude 

Challenge to provide a more uni!ed characterization of Magnetars
Soft Component Hard Component

Γ h ~
 1

Origin is unkown
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Soft Comp. (kT ~ 0.5 keV)

Hard Comp. 
Γh ~ 1 Persistent

(Quiescent)

Persistent
(Outburst)

Question on Magnetars

Q.  Hard component  is common, even in outburst ? 
Q.  Is there any relation between the Soft & Hard Comp. ?

Relation ?
?

Short Burst (~10 keV)
Giant Flare (~200 keV)

msec burst
(Outburst)

“Do SGR and AXP have really the ultra-strong magnetic !eld (magnetars)?”
Are two classes intrinsically the same class? 
How the postulated strong magnetic !eld are dissipated and converted into the radiation? 



Suzaku Broadband X-ray Spectra
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Magnetars in Japanese X-ray Astronomy
Tenma, Ginga

1. Particular spectral & timing feature of 1E 2259+584
- Pdot ~ 6.2e-13 s/s,  Cyclotron Resonance Feature ~7.2 keV? 

Koyama et al., 1989, PASJ

Currently known a prototypical AXP
ASCA

2. ASCA, RXTE determination, P = 5.16 sec & Pdot = 1.1e-10 s/s of SGR 1900+14
⇒ B ~ 2-8e+14 G

Magnetar Hypothesis
Murakami et al., 1994 Nature, Kouveliotou et al., 1998 Nature, Murakami et al., 1999, ApJ

3. Glitch like behavior & Pulse pro"le change of 4U 0142+61
Morii et al., ApJ, 2004 

Currently known a prototypical AXP

Nakagawa et al., ApJ, 2007

HETE-2

4. Spectral & timing analyses of short bursts from SGR 1806-20 & 1900+14
⇒ Two blackbody spectral model (~4 keV & ~11 keV)

Understanding of short bursts 
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X-ray Telescope

X-ray CCD Camera

Hard X-ray Detector

- Launched on 2005 July 10 [Mitsuda+07]

- Low background 
- Wide energy band (0.2-600 keV)

- Suitable for low #ux objects in hard X-rays

Both comp. can be observed simultaneously.



Persistent Emission: Typical AXP 4U 0142+61

Energy (keV)

Enoto et al., 2011

Soft Component (0.2-10 keV)
• ~Blackbody (~0.3 keV)
• Lx(2-10 keV) =1035 erg/s > Lsd =1032 erg/s
• NS Surface Emission

Hard Component (>~10 keV)
• PL (Γ~1) & Cutoff < 1 MeV
• Lx(10-70 keV) =7x1035 erg/s
• Origin is unknown

(see also den Hartog+2008)

Consistent with INTEGRAL 

(Kuiper +06; den Hartog+08)

Radio

Optical
X-ray Gamma-ray



Early Results by Suzaku

Morii et al., PASJ, 2010

AXP 1E 1841-045 (Kes 73)

No. 5] AXP 1E 1841!045 1253

Fig. 3. Phase-averaged spectrum fitted with the BB + PL + PL model
after background subtraction (section 3 and subsection 5.2). The data
points from XIS 0, XIS 1, XIS 2, XIS 3, and PIN are shown as crosses
colored black, red, green, blue, and cyan, respectively. The spectral
components, the BB, PL in the lower energy range, PL in the higher
energy range, SNR, and CXB + GRXE are shown in the histograms
colored green, blue, red, cyan, and black, respectively. Vertical error
bars represent the 1! level.

5.3. Phase-Averaged Spectroscopy

We first tried to apply a power-law function (PL),7 black-
body radiation (BB), and thermal bremsstrahlung (TB) to the
AXP component. However, these were found to be statisti-
cally unacceptable. Among the pairs (PL + PL, BB + BB,
TB + TB, PL + BB, PL + TB, BB + TB), all except the
TB + TB showed excesses at a higher energy band or residuals,
suggesting it was necessary to add an additional component at
the higher energy range.

Among the many possible three-component models we used
only the PL + BB and BB + BB models for the lower energy
region, because they are familiar models for AXPs below
" 10 keV. When we applied a PL model to the higher energy
region, the PL + BB + PL model was found to produce a good
fit (table 1 and figure 3). Although the BB + BB + PL model
also produced a reasonable fit, the radius of the BB compo-
nent with the lower temperature became too large in compar-
ison with the radius of neutron stars ("10 km) (table 1).

In the case of the PL + BB + PL model the photon index for
the hard X-ray component was 1.62 ˙ 0.05 (stat) +0:16

!0:17 (syst)
(table 1). Since the photon index could mimic that of thermal
bremsstrahlung below the exponential cutoff energy,8 we tried
to apply a PL + BB + TB model. It resulted in a comparatively
good fit (table 1). The BB + BB + TB model was also good,
although there was a similar problem in the blackbody radius
as in the case of the BB + BB + PL model. The results of the
spectral fits are summarized in table 1.
7 We used “pegpwrlw” model instead of “powerlaw” model in XSPEC to

reduce the off-axis elements of the error matrix used to evaluate the uncer-
tainties of the parameters. In the “pegpwrlw” model we set the energy range
1–50 keV over which the flux is integrated.

8 The slope of a thermal bremsstrahlung spectrum below the exponential
cutoff energy exhibits two different dependencies on plasma temperature
(kT ) in the energy range of the PIN (10–50 keV). These are the Gaunt
factor and a round-off of the exponential cutoff [exp (!E=kT )]. Details of
the former dependency were shown in Kellogg, Baldwin, and Koch (1975)
and the result was included in the “bremss” model in XSPEC.

Fig. 4. Variation of the spectral parameters along pulse phases, when
the spectra were fitted with a BB + PL + PL model. The panels from
the top to the bottom show the temperature of the BB component, the
radius of the BB emission region on the neutron star surface, the photon
index of the PL component in the lower energy range, the unabsorbed
flux of the PL component in the lower energy range, the photon index
of the PL component in the higher energy range and the unabsorbed
flux of the PL component in the higher energy range. The fluxes are
in an energy range of 1.0–50.0 keV. The temperatures, radii and fluxes
are shown in units of keV, km and #10!12 erg s!1 cm!2, respectively.
Vertical error bars represent a 1 ! level. At the right of each panel
the reduced "2 is shown for the case where the profile was fitted with
a constant model and the degree of freedom was 7.

5.4. Phase-Resolved Spectroscopy

We divided the event data into 8 equally wide phase intervals
and constructed the phase-resolved spectra by the same proce-
dure shown in subsection 5.2. We rebinned the PI spectra of
the XISs so that Nmin (see subsection 5.2) was 50, 100, and
50 for the energies below 1.1, between 1.1 and 4.0 and above
4.0 keV, respectively. We used Nmin = 300 counts for the
PIN spectra. We fitted each phase-resolved spectrum by fixing
the constant parameters during all phases to the best values
obtained by the phase-averaged spectroscopy (subsections 5.2
and 5.3). The fixed parameters were the gains, the normal-
izations of the XISs and PIN, the normalization of the SNR
component and the column density for the line of sight (NH).
Figures 4 and 5 show the variations of the parameters when the
spectra were fitted with the BB + PL + PL and BB + BB + PL
models, respectively. For the latter model the photon indices
of the power-law components were constant during all phases
within a 90% confidence level (C.L.). Then, we fixed those
indices with the best value obtained by the phase-averaged
spectroscopy (table 1). In these figures the vertical bars repre-
sent a statistical error of 1! , not including the errors caused by

First broadband observation

BB (kT~0.5 keV)+PL(Γ~5.0)+PL(Γ~1.6)
Con!rmed the hard comp. above 10 keV

CXOU J164710.2-455216
Naik et al., PASJ, 2008

ToO on 2006 September 23-24
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Table 2. Spectral parameters for CXOU J164710.2!455216."

Parameter Blackbody+Power-law Blackbody+Blackbody

NH (1022 atoms cm!2) 2.55˙0.01 1.73˙0.03
kTBB1 (keV) 0.67˙0.01 0.61˙0.01
kTBB2 (keV) — 1.22˙0.06
Power-law index (Γ1) 3.14˙0.08 —
Blackbody flux (FBB1)! 1.3 ˙0.1 1.8 ˙0.1
Power-law flux (FPO)! 1.3 ˙0.1 —
Blackbody flux(FBB2)! — 0.8 ˙0.1
Total source flux! 2.6 ˙0.1 2.6 ˙0.1
Reduced "2 1.15 (384 dof) 1.19 (384 dof)

" Errors are defined in 1# confidence limit.
! Flux (in 10!11 erg cm!2 s!1) is estimated in 1–10 keV energy range without the correction of the

absorption.

Fig. 6. Energy spectrum of CXOU J164710.2!455216 obtained with
the four XIS detectors of the Suzaku observation, along with the best-fit
model comprising a blackbody component and a power-law continuum
model. The bottom panel shows the contributions of the residuals to
the "2 for each energy bin.

photons at soft X-rays.
We tried to fit the XIS spectra of CXOU J164710.2!455216

using a power-law continuum component along with the inter-
stellar absorption. A simultaneous spectral fitting of 0.8–
10 keV spectrum with the above model yielded a poor fit with
a reduced "2 of 3.9 for 386 degrees of freedom (dof). We tried
to fit the spectra with a blackbody model modified with the
interstellar absorption. This model improves the spectral fitting
with a reduced "2 of 2.7 for 386 dof. We tried to fit the spec-
trum using a model consisting of a blackbody and a power-law
components with interstellar absorption. This two-component
model provided a best-fit to the XIS spectra of the AXP
with a reduced "2 of 1.15 for 384 dof. The spectral param-
eters of the best-fit model obtained from the simultaneous
spectral fitting are given in table 2. The count rate spectra
of the Suzaku observation is shown in figure 6 along with
the model components (top panel) and residuals to the best-
fit continuum model (bottom panel). Though the estimated

Fig. 7. Energy spectrum of CXOU J164710.2!455216 obtained with
the four XISs in the Suzaku observation, along with the best-fit model
comprising two blackbody components as continuum model. The
bottom panel shows the contributions of the residuals to the "2 for each
energy bin.

absorption column density is found to be high, the other param-
eters obtained from the Suzaku observation of the AXP are
found to agree with that reported from Chandra and XMM-
Newton observations (Gavriil et al. 2006; Muno et al. 2007).

Though the two-component model (power-law and black-
body components) fits very well to the 0.8–10.0 keV XIS
spectra, this model is not compatible with the energy depen-
dence of the pulse profile. From figure 5, the pulse profile is
three peaked at soft X-rays, but tends to be single peaked at
hard X-rays. On the other hand, it is found that the power-
law component dominates below 2 keV and above 5 keV, and
the blackbody component dominates in the 2–5 keV energy
band (figure 6). This means that the pulse profile should be
similar below 2 keV and above 5 keV, which is not the case.
Therefore, the model with a blackbody and a power-law as
model components is not favored. Following this, we tried to fit
the 1–10 keV spectra with a model consisting of two blackbody
components. This model fits the data very well with a reduced
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Fig. 1. XIS light curves of CXOU J164710.2!455216 obtained from
the Suzaku TOO observation of the AXP. The light curves are plotted
for a binsize of 200-times the spin period of the AXP.

Fig. 2. Results of an epoch-folding analysis on the XIS light curve (all
four XIS light curves added together) of CXOU J164710.2!455216
obtained from the Suzaku TOO observation of the AXP.

To determine the pulse period of CXOU J164710.2
!455216, all four XIS light curves were added together to
improve the statistics. Because the XISs have very low back-
grounds, background subtraction from the light curves was not
done. A pulse folding and !2 maximization method was first
applied to the added XIS light curve using the XRONOS task
“efsearch”. The result is shown in figure 2. This analysis
yielded a pulse period of 10.61063 s. To improve the esti-
mation of the pulse period, we next applied a phase-fitting
technique to the XIS data. We divided the XIS light curve
into 8 segments and calculated a folded pulse profile for each
segment with a common epoch (MJD 54001.000081) and
a period (10.61063 s). All segments have a consistent profile
with 3 peaks, but the statistics was poor for the 8th segment,
which was not used for a subsequent analysis. We deter-
mined the phases of the main peak by fitting a Gaussian to
the profile. The phases were converted to the relative arrival

Fig. 3. Relative arrival times of the main pulse plotted for an assumed
constant period of 10.61063 s and an epoch of MJD 54001.000081. See
text for calculation details. This plot represents the so-called O ! C
curve. The broken line is the best-fit linear function to the data, whose
slope represents the offset of the assumed pulse period from the true
one.

Fig. 4. Pulse profile of CXOU J164710.2!455216 obtained from the
Suzaku TOO observation of the AXP. The error bars represent 1"
uncertainties. Two pulses are shown for clarity.

times of the pulse by multiplying the pulse period. The results
are plotted in figure 3 (this is the so-called O ! C curve). The
slope of the plot indicates the adjustment to the trial period
used for calculating the folded profile. The slope was found
to be 0.2 ˙ 1.3 "10!6. This means that the pulse period of
the AXP was 10.61063(2) s, where the error corresponds to
the 90% confidence limit. This pulse period is consistent
with that obtained from an XMM-Newton observation on 2006
September 22 (Muno et al. 2007).

The pulse profile obtained from the added XIS light curve of
the Suzaku observation of the AXP is shown in figure 4. The
RMS fractional amplitude of the pulse was found to be #11%.
From the figure, it is observed that the shape of the pulse profile
in the XIS energy band (0.2–12 keV) is not sinusoidal in nature,
rather it is a three-peaked profile. Such a three-peaked profile
was also observed by XMM-Newton on September 22 (Muno
et al. 2007), and Chandra on September 27 (Gavriil et al.
2006). Possibly this is the only AXP that shows a three-peaked

Three pulse peak pro!le of Soft Comp.
Hard comp. can not be studied due to contamination

SGR 1806-20 & SGR 1900+14
Nakagawa et al., PASJ, 2009

Hard X-rays were detected from SGR 1806-20 

Also, some successful ToO observations
SGR 0501+4516 & 1E 1547.0-5408
⇒ Magnetar Key Project



Suzaku Observations of Magnetars

1 SGR 1806-20 SGR

2 SGR 1900+14 SGR

3 1E 1841-045 AXP Morii et al., PASJ (2011)

4 CXO J1647-45 AXP: ToO in 2006 Naik et al., PASJ (2008)

5 1E 2259+586 AXP Nakano et al., in prep

6 4U 0142+61 AXP Enoto et al., PASJ (2011)
Makishima et al., in prep

7 1RXS J1708-40 AXP

8 SGR 0501+4516 Newly SGR (ToO in 2008) Enoto et al., ApJL (2009) & ApJ (2010)
Nakagawa et al., PASJ (2011)

9 1E 1547.0-5408 AXP (ToO in 2009) Enoto et al., PASJ (2010)
Yasuda in prep, Enoto submitted.

10 SGR 1833-0832 SGR (ToO in 2010) Nishioka et al., in prep

Esposito et al., A&A (2007)
Nakagawa et al.,  PASJ (2009)

● Enoto et al., ApJL(2012) Comprehensive Analyses
● Takata et al., PASJ (submitted) Theoretical Approach
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Examples of Suzaku Magnetar Spectra
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Enoto et al., ApJL (2010)
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1547-54

1841-04

1900+14

1708-40

0142+61

0501+45

1806-20

1               　　 10　　　　　 100
Energy (keV)

ke
V

2  c
m

-1
 s-

1  k
eV

-1
 (W

ith
 o

ffs
et

s)

Young

Old

1 mCrab HR ξ= Fh/Fs 
@ 1-60 keV

correlation coefficient +0.88

1806-20

1900+14

1547-54

1841-04

1708-40

0501+45

0142+61

2259+58

1014 1015

0.1

1

10

Magnetic field strength Bs (G)

ξ=
F h

/F
s

1014 1015

10

1

0.1

Enoto et al., ApJL (2010)



0.1 1 10 100

0.1

1

10
ξ=

F h
/F

s
10

1

0.1

1806-20

1547-54
1900+14

1841-04

1708-40
0501+45

0142+61

2259+58

0.1              1              10            100

Characteristic age 
(kyr)

τc = P/2Ṗ
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Hardening of the Hard Component
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Hardening of the Hard Component
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Emission Mechanism

a. Extremely $at Γh  becomes harder toward sources with old τc.

b. ξ=Fh/Fs is negatively/positively correlated with τc/B.

Thermal Bremsstrahlung ? Resonant Compton up-scattering?
(Thompson & Beloborodov 2005) (Baring & Harding 2007)

star surface

Transition layer

star surface

hard X-rays

star surface

relativistic e+/e-resonant magnetic 
Compton up-scattering

soft X-rays

hard X-rays

And also other models; 
Heyl & Hernquist 2007
Trumper+2010
Kuiper+2006



Down Cascade via “Photon Splittings”
Photon Splitting Effect?

(Harding+1997; Enoto+2010)
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Theoretical Simulation of photon splittings



ToO Observations 
by Suzaku

"Current Understanding and Future Study of Magnetars: Research Strategy in the ASTRO-H era”

(c) Scienti!c American
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X-ray Outburst of AXP 1E 1547.0-5408 (1)
Known as a fast rotation faint AXP (P~2 sec)
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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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MeV Gamma Detection from Bursts

100 1000200 500 2000 5000
10−3

0.01

0.1

1

10

100

1000
C

ou
nt

s 
se

c−
1  k

eV
−1

Energy (keV)

Yasuda et al., 
MAXI  workshop Proc., 2010

8% of  Background
(typical uncertainty)

WAM spectrum 
Bust 2009-01-22 06:45 (UT)
Duration 1.45 (sec)

[Yasuda et al., in prep]

Gamma-ray Detection with 3.2 sigma level at least up to ~1 MeV !
・BB+PL : kT=9.7(+21.6, -6.8) keV & Γ=2.1(+0.1, -0.2)

・No break of power-law in 200 keV to 1.2 MeV range
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Feature2: Persistent X-ray becomes brighter by 2-3 orders of magnitude
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Iwahashi et al., in prep
consistent with Kuiper+2012

Hard X-rays were clearly detected during the magnetar outburst.
Follow-up observation con!rmed the hard component one year after the outburst.

Feature2: Persistent X-ray becomes brighter by 2-3 orders of magnitude
Both components (soft thermal + hard X-rays) become brighter



Feature3: A frequency derivative jump at the outburst (                                          )�ν̇/ν = −0.69± 0.07

X-ray Outburst of AXP 1E 1547.0-5408 (4)

Kuiper+12
X-ray countrate

△(Spin Frequency)

2009
Outburst

11-34 keV

4-34 keV

Before Burst

11-34 keV

4-34 keV

After Burst

Pulse profile change around the onset of the burst ⇒ Hot spot?



New Discovery

X-ray Outburst
1. Short bursts, 
2. Persistent Outburst, 
3. Jump of frequency (glitch)

2006  CXOU J164710-455216
2008  SGR 0501+4516, SGR 1627-41, 1E 1547-5408
2009  1E 1547-5408, SGR 0418+5729
2010  SGR 1833-0832
2011  Swift J1822.3-1606, Swift J1834.9-0846

A Series of Discovery of New Magnetars
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Population of magnetars seems to be much larger than we expected
（X-ray outburst is an essential process to release the magnetic energy)

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



Hard X-ray

Accelerated particle
4.

Deformation of Magnetosphere

⇒ Reconnection
⇒ Fireball ⇒ Short Bursts

3.

Energy Release in the X-ray Outbursts

(Note) Photon splitting effect to produce the hard X-rays? 
Hot spot produced by injection of accelerated particles?

Magnetar   Magnetosphere

Starquake in magnetar crust 
⇒ Glitch-like behavior

Magnetic Energy ⇒ Thermal Energy
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Heat conduction to the surface
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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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Unfortunately, Suzaku could not observed this.
(e.g., Rea+2010)

Discovered on 2011 July,
Suzaku analyses are ongoing. 
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Most of persistent/transient sources follow the relation,
the behavior of transient sources in their outburst could be interesting topic to be studied.



Summary 

• There is growing evidence that SGR and AXP are magnetars, 
but observational confirmations are still required to resolve 
their true nature, a release mechanism of magnetic energy, 
and the physics in the strong field.

• Suzaku confirmed the hard X-rays from most of magnetars. 
The broadband X-ray study suggested the spectral evolution 
related with magnetar’s characteristic age and magnetic 
field. 

• The X-ray outbursts of transient magnetars could be a key to 
understand their release of the stored magnetic energy. 
Suzaku detected the enhanced hard X-rays during the 
outburst states, as well as the soft thermal X-rays.

There will be a great progress using ASTRO-H (launched in 2014)


