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we call this soft radiation below 10 keV the “Soft X-ray
Component (SXC).”

Recent observations have revealed a new distinctive “Hard
X-ray Component (HXC)” dominating above 10 keV. First
detected with INTEGRAL from persistently bright sources
(Kuiper et al. 2006; den Hartog et al. 2008a, 2008b), the HXC
was later reconfirmed by Suzaku and NuSTAR (Morii et al.
2010; Enoto et al. 2011; An et al. 2013). This HXC extends up
to 100 keV or more with a hard photon index G ~ 1h , but
must cut off at some energy because of an upper limit by the
CGRO/COMPTEL at 1MeV. This power-law HXC is
now believed to be an optically thin emission presumably
from a pulsar magnetosphere in the magnetar scheme (e.g.,
Beloborodov 2013).

There have also been subsequent discoveries of transient
objects, mainly discovered through burst activities, e.g.,

SGR 0501+4516 (e.g., Enoto et al. 2009; Rea et al. 2009).
Such transient sources occasionally cause surges in persistent
X-rays of a few orders of magnitude, followed by a gradual decay
(Rea & Esposito 2011). During these “outburst” states, sporadic
short bursts with short timescale durations (∼1 s) have been
detected (Nakagawa et al. 2007; Israel et al. 2008). Although a
complete picture has yet to be developed, bursts are thought to
originate from magnetic reconnection (Lyutikov 2003) or the
cracking of the crust with starquakes (Thompson et al. 2002).
The SXC and HXC match ideally with the simultaneous

0.2–600 keV broadband coverage of the Suzaku satellite
(Mitsuda et al. 2007). Our previous study of nine SGRs and
AXPs utilizing Suzaku (Enoto et al. 2010a, hereafter Paper I)
suggested that (1) phase-averaged X-ray radiation of SGRs/
AXPs commonly consists of the SXC below 10 keV and the
HXC above 10 keV in both quiescent states and transient
outbursts, (2) Ghdepends on Bd and tch, and (3) their wide-band
spectral properties are tightly correlated with Bd and tch.
As the detailed description following Paper I, this paper

provides a summary of Suzaku observations of SGRs and
AXPs, combined with a systematic spectral study of all Suzaku
sources and the X-ray decaying behavior of transient sources.

2. Observation and Data Reduction

2.1. Suzaku Observations

2.1.1. Persistently Bright or Transient Sources

Table 1 summarizes all SGRs and AXPs that Suzaku has
observed as of 2013 December. In this table, the “transient
sources” exhibit prominent soft X-ray increases of two to three
orders of magnitudes and subsequent decays on timescales of
months to years, while the “persistently bright ones” are relatively
stable with their X-ray luminosities around 1035 erg s−1. This is
illustrated in Figure 3 by long-term X-ray flux records of
representative sources. Since this “persistent” and “transient”
classification is somehow phenomenological without a clear
consensus (e.g., Pons & Rea 2012), we classified in this paper
relatively variable sources as “transients.”
Our Suzaku sample in Table 1 includes 16 pointings of 9

persistently bright sources and 10 target of opportunity (ToO)
observations to follow up 6 transient objects. This covers 15 of
all the ∼29 sources or candidates known to date.11 Due to
operational constraints, we were unable to observe the recent
transients SGR 0418+5729 and SGR 1745−29. In the follow-
ing analyses, we reprocessed all the published data while

Figure 1. Known galactic SGRs and AXPs on the Galactic coordinate, where transient sources (circle) and persistently bright objects (triangle) are classified as in
Table 1. The red filled symbols are sources observed with Suzaku. The spiral arms of our Galaxy are also indicated.

Figure 2. SGRs and AXPs on the P–Ṗ diagram, together with the grids of Bd,
tc, and Lsd. The ATNF pulsar catalog is used for other pulsars (Manchester
et al. 2005). Star and square symbols are objects showing X-ray outbursts and
association with supernova remnants, respectively. The pulsar death line (Chen
& Ruderman 1993; Zhang et al. 2000), BQED, and photon splitting line (Baring
& Harding 1998) are also indicated.

11 The latest magnetars and candidates are listed in http://www.physics.
mcgill.ca/∼pulsar/magnetar/main.html (see also Olausen & Kaspi 2014).
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Figure 1. Background-subtracted νFν spectra of the persistent emission of
the magnetars, shown after eliminating the instrumental responses. Interstellar
absorption is included. Individual spectra are shown with offsets and are
arranged in order of increasing characteristic age from top (young) to bottom
(old). Blue horizontal lines indicate a 1 mCrab intensity. Green, red, and
blue lines represent the soft component, the hard-tail component, and the
SNR contamination (including line emission) in the 1E 1841−045 spectrum,
respectively. If a source was observed more than once, one observation is shown.
The GSO data of 1E 1547.0−5408 are included after Enoto et al. (2010a). The
full names of the sources, which are shown here as abbreviations, are listed in
a footnote to Table 1.

15–60 keV range, which is consistent with the previous re-
sult from INTEGRAL (Figure 10 in Kuiper et al. 2006). These
Suzaku spectra reconfirm the previous INTEGRAL detections of
the hard-tail component from some persistent sources, includ-
ing 4U 0142+61, 1RXS J170849.0−400910, 1E 1841−045,
SGR 1806−20, and SGR 1900+14 (Mereghetti et al. 2005;
Kuiper et al. 2006; Götz et al. 2006; den Hartog et al. 2007,
2008). The absorbed 2–10 keV and 15–60 keV X-ray fluxes are
summarized in Table 1. Thus, the hard-band flux is comparable
to, or sometimes even higher than, that in the softer band.

The unified presentation in Figure 1 yields an intriguing
inference that the hard-tail component becomes weaker for older
objects. To quantify this property, we simultaneously fitted the
XIS and the HXD spectra of each object with a common spectral
model. For the hard-tail component, we employed a single
power law for all the sources. The soft component of younger
magnetars was reproduced by a single blackbody (Model A),
but older sources required some modification to this model
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Figure 2. Portion of the P–Ṗ diagram of pulsars (Manchester et al. 2005;
http://www.atnf.csiro.au/research/pulsar/psrcat/). Sizes of the red circles corre-
spond to the ξ values in the present sample. Blue and green lines represent
constant values of the magnetic field strength and the characteristic age, re-
spectively. Small gray circles represent magnetars with upper limits on the
hard-tail component, or those not observed with Suzaku. Ordinary radio pulsars
are indicated by crosses.

due to a “soft-tail” excess around 8 keV, which is thought to
arise via some sort of Comptonzation process (Thompson et al.
2002; Lyutikov & Gavriil 2006; Rea et al. 2008). We therefore
introduced an empirical Comptonized blackbody model (Model
B; Tiengo et al. 2005; Halpern et al. 2008; Enoto et al. 2010a)
and obtained successful fits in most cases. In the case of
SGR 0501+4516, neither Model A nor B was acceptable, but
a successful fit was obtained by adding a cooler blackbody to
Model B (Model C; Enoto et al. 2010b). The XIS spectrum of
1E 1841−045 needed an additional plasma emission component
from the surrounding supernova remnant.

From these fit results, we calculated absorption-corrected
fluxes for the soft component Fs and the hard-tail component
Fh, both defined in the 1–60 keV range. These values, given
in Table 1, are considered physically more meaningful than
the raw 2–10 keV and 15–60 keV fluxes, because the two
components are separated, and the absorption is corrected. The
lower boundary of 1 keV was adopted not only for Fs but also
for Fh, because sources with young characteristic ages have
substantial contributions of the hard-tail even in the lowest
energy range at ∼0.8 keV (e.g., SGR 1806−20 in Figure 1).
We may then define the “hardness ratio” (HR), ξ ≡ Fh/Fs. As
shown in Table 1, the values of ξ range over almost 2 orders of
magnitude from 0.2 to 10.

As visualized in Figure 2, ξ exhibits a clear gradient on the
P–Ṗ plane. To assess this implication, we show in Figure 3 the
values of ξ as a function of the characteristic age τc = P/2Ṗ s
and the surface magnetic field Bs = 3.2 × 1019(P Ṗ )1/2 G,
where the errors associated with ξ include both statistical and
systematic errors. The latter is dominated by the 2% uncertain-
ties of PIN-NXB (Section 2), with additional contributions (by
∼1% in ξ ) from uncertainties in the XIS versus HXD cross
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4.2. The Reality of Bd

Different from the magnetar model, an alternative scenario to
explain SGRs and AXPs assumes that Bd calculated from P and
Ṗ neither represents the true dipole field strength near a stellar
surface nor exceeds the critical field BQED. In this case, X-ray
radiation is not powered by magnetic energy but by the
accretion of a fallback disk that is left over from a supernova
explosion of the progenitor (Chatterjee et al. 2000; Alpar 2001;
Benli et al. 2013). The bulk-motion Comptonization of the
accretion column is attributed to the HXC radiation (Trümper
et al. 2010, 2013; Kylafis et al. 2014).
The accretion scenario still has difficulties explaining the

broadband X-ray observations. (1) First, as already stated
above, the accretion-powered pulsars do not show two distinct
spectral components even in the low X-ray luminosity. (2) The
power-law HXC extend up to ∼100 keV with the hard Gh
without any absorption nor cutoff features which are usually
expected from the electron cyclotron resonance of the ordinary
accretion-powered neutron stars. (3) Finally, the spectral
scalings implies that the Bd values play an important role in
the emission mechanism, especially in the HXC. The nominal
value Bd derived from P and Ṗ is, therefore, considered to be a
true poloidal component near the stellar surface.
The present work suggested that Bd is one main control

parameter of the HXC radiation. Some theoretically motivated
emission models have already been developed so far in the
magnetar scheme; these include thermal bremsstrahlung
(Thompson & Beloborodov 2005), synchrotron radiation (Heyl
& Hernquist 2005; Thompson & Beloborodov 2005), resonant
scattering (Baring & Harding 2007; Nobili et al. 2008; Viganò
et al. 2012; Beloborodov 2013), and down-cascade due to
photon splitting (Paper I). Although the mechanism is still
observationally poorly understood, the appropriate radiation
scenario would include the physics in the strong magnetic field
to explain the scaling. For example, the hard photon index Gh in
our sample is correlated with Bd. This cannot be explained only
by the difference of viewing angles, and should be further
compared with models (e.g., Beloborodov 2013).

Figure 11. (Top) Comparison of representative X-ray spectra of magnetars
after correcting the data for their distances. (Bottom) The photon index Gh of
the HXC as a function of the magnetic field Bd. Symbols are the same as in
Figure 10.

Figure 12. Surface temperature of magnetars measured with Suzaku in the
CBB model (filled symbols) as a function of the surface dipole magnetic field
Bd. For comparison, isolated neutron stars in quiescence are shown (open
symbols) from Viganò et al. (2013); SGRs/AXPs (open circles), high-B
pulsars (open squares), X-ray isolated neutron stars (open diamonds), and
rotation-powered pulsars (open triangles). Data from Haberl (2007); Pons et al.
(2007) are also compared. Two slopes are indicated with T∝B1 (a = 2) and

µkT B0.5 (a = 0, exponential decay of magnetic field).

Figure 13. Same as Figure 7, but the observed flux was converted to the
unabsorbed 1–20 keV luminosity, and the outburst decay was fitted with
Equation (12).
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Figure 4. (a) Photon indices Γh of the hard-tail component of the present sample, plotted as a function of the characteristic age. Quoted errors are statistical and
systematic 1σ . Colors and symbols are the same as in Figure 3. Green squares and triangles represent photon indexes of pulsed and total fluxes, respectively, after
Kaspi & Boydstun (2010). (b) Relation between Γh and ξ .

From the burst-active magnetars SGR 0501+4516 and
1E 1547.0−5408, we successfully detected the hard-tail com-
ponents. On the ξ–τc correlation, their ξ values generally agree
with data points of the other magnetars, which mainly refer to
quiescent or less active states. Therefore, the bursting activity of
a magnetar is thought to cause a significant enhancement in the
hard component, roughly to the same intensity as the soft com-
ponent, which is known to increase by 1–2 orders of magnitude
(Tam et al. 2008; Rea et al. 2009; Enoto et al. 2010a). The upper
limit on the second observation of SGR 0501+4516 is consis-
tent with this picture. These results further suggest that the basic
mechanism of quiescent wide-band emission is retained during
increased activity.

In addition to the above interpretation invoking τc, the same
magnetar ξ–τc correlation may be interpreted in an alternative
way. The strong magnetic field B, combined with the rotation,
would induce an electric field up to

|E⃗| ∼ RΩB

= 2.6 × 1012 V
cm

(
6 s
P

· Ṗ

1011 s s−1

)1/2 (
R

10 km

)

∝

√
1
τc

(3)

where R and Ω are the distance from the center of the star and
the angular frequency, respectively. Thus, τc can be uniquely
converted to |E⃗|, as shown at the top of Figure 3 (left). Thus, the
magnetar ξ–τc correlation can also be regarded as a correlation
between ξ and |E⃗|. If so, the hard-tail component, which should
require the presence of particles more energetic than ∼ 100 keV,
might be related to particle acceleration by this induced electric
field.

A closer inspection of Figure 1 suggests a hardening of the
hard-tail component for objects with larger τc. This is more
clearly shown in Figure 4(a), where Γh is observed to evolve
from ∼ 1.7 to ∼ 0.4. Such a correlation was first pointed out in
the 1–10 keV band by Marsden & White (2001) and recently
extended into hard X-rays by Kaspi & Boydstun (2010). The
latter authors found a correlation of Γh with Bs or Ṗ , with
implications similar to those of our Figure 4(a). In contrast,
they did not find any correlations that can be compared with our

Figure 3, presumably due to lack of simultaneity between the
soft and hard X-ray measurements. Thanks to the simultaneous
observations with Suzaku, we can plot, in Figure 4(b), the values
of ξ as a function of Γh. Contrary to normal expectations that
sources with lower broadband HRs should have softer (larger)
values of Γh, this figure reveals an opposite correlation: that
older magnetars with weaker hard-tail fluxes (smaller ξ ) in fact
have harder (smaller) slopes Γh. Since this is not affected by the
selection of energy bands (Section 3), such a trend should imply
an intrinsic property of the hard-tail production mechanism.

The present magnetar observations require the hard-tail emis-
sion mechanism to satisfy both the ξ–τc correlation and the
hardening of the hard-tail component toward older objects.
The difference of Γh among the sources rules out those mod-
els which predict a fixed common hard-tail slope (e.g., the
fast-mode breakdown model; Heyl & Hernquist 2005). Such
a large variation of Γh with τc is not expected by a thermal
bremsstrahlung model from the transition layer on the stellar
surface, either (Thompson & Beloborodov 2005; Beloborodov
& Thompson 2007). Similarly, observed Γh values have not
yet been reproduced by existing resonant magnetic Compton
upscattering models (Baring & Harding 2007; Fernández &
Thompson 2007). It remains to be examined whether the results
of the present observations can be explained by any of the ex-
isting (or future) theoretical explanations (e.g., those based on
the “twisted magnetosphere” model; Thompson et al. 2002).

As an alternative possibility, a photon-splitting process can
act to produce the hard-tail emission. At the neutron star surface,
sub-MeV photons can be produced through electron–positron
annihilation or resonant magnetic Compton upscatterings. Since
there is no low energy threshold for the photon splitting (Harding
& Lai 2006), these sub-MeV photons may repeat splitting
(Harding et al. 1997; Baring & Harding 2001) in the strong field,
to form the hard continuum downward toward lower energies.
In this case, the higher magnetic fields of younger magnetars
will allow the photons to repeat splitting toward lower energies,
thus making Γh larger in agreement with our figure.

We thank members of the Suzaku magnetar Key Project,
including Y. E. Nakagawa and M. Morii for discussion on
SGR 1900+14 and 1E 2259+586. We are also grateful to L.
Dong, N. Shibazaki, and M. Baring for suggestions on the ξ–τc
correlation.
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Figure 4. (a) Photon indices Γh of the hard-tail component of the present sample, plotted as a function of the characteristic age. Quoted errors are statistical and
systematic 1σ . Colors and symbols are the same as in Figure 3. Green squares and triangles represent photon indexes of pulsed and total fluxes, respectively, after
Kaspi & Boydstun (2010). (b) Relation between Γh and ξ .

From the burst-active magnetars SGR 0501+4516 and
1E 1547.0−5408, we successfully detected the hard-tail com-
ponents. On the ξ–τc correlation, their ξ values generally agree
with data points of the other magnetars, which mainly refer to
quiescent or less active states. Therefore, the bursting activity of
a magnetar is thought to cause a significant enhancement in the
hard component, roughly to the same intensity as the soft com-
ponent, which is known to increase by 1–2 orders of magnitude
(Tam et al. 2008; Rea et al. 2009; Enoto et al. 2010a). The upper
limit on the second observation of SGR 0501+4516 is consis-
tent with this picture. These results further suggest that the basic
mechanism of quiescent wide-band emission is retained during
increased activity.

In addition to the above interpretation invoking τc, the same
magnetar ξ–τc correlation may be interpreted in an alternative
way. The strong magnetic field B, combined with the rotation,
would induce an electric field up to

|E⃗| ∼ RΩB

= 2.6 × 1012 V
cm

(
6 s
P

· Ṗ

1011 s s−1

)1/2 (
R

10 km

)

∝

√
1
τc

(3)

where R and Ω are the distance from the center of the star and
the angular frequency, respectively. Thus, τc can be uniquely
converted to |E⃗|, as shown at the top of Figure 3 (left). Thus, the
magnetar ξ–τc correlation can also be regarded as a correlation
between ξ and |E⃗|. If so, the hard-tail component, which should
require the presence of particles more energetic than ∼ 100 keV,
might be related to particle acceleration by this induced electric
field.

A closer inspection of Figure 1 suggests a hardening of the
hard-tail component for objects with larger τc. This is more
clearly shown in Figure 4(a), where Γh is observed to evolve
from ∼ 1.7 to ∼ 0.4. Such a correlation was first pointed out in
the 1–10 keV band by Marsden & White (2001) and recently
extended into hard X-rays by Kaspi & Boydstun (2010). The
latter authors found a correlation of Γh with Bs or Ṗ , with
implications similar to those of our Figure 4(a). In contrast,
they did not find any correlations that can be compared with our

Figure 3, presumably due to lack of simultaneity between the
soft and hard X-ray measurements. Thanks to the simultaneous
observations with Suzaku, we can plot, in Figure 4(b), the values
of ξ as a function of Γh. Contrary to normal expectations that
sources with lower broadband HRs should have softer (larger)
values of Γh, this figure reveals an opposite correlation: that
older magnetars with weaker hard-tail fluxes (smaller ξ ) in fact
have harder (smaller) slopes Γh. Since this is not affected by the
selection of energy bands (Section 3), such a trend should imply
an intrinsic property of the hard-tail production mechanism.

The present magnetar observations require the hard-tail emis-
sion mechanism to satisfy both the ξ–τc correlation and the
hardening of the hard-tail component toward older objects.
The difference of Γh among the sources rules out those mod-
els which predict a fixed common hard-tail slope (e.g., the
fast-mode breakdown model; Heyl & Hernquist 2005). Such
a large variation of Γh with τc is not expected by a thermal
bremsstrahlung model from the transition layer on the stellar
surface, either (Thompson & Beloborodov 2005; Beloborodov
& Thompson 2007). Similarly, observed Γh values have not
yet been reproduced by existing resonant magnetic Compton
upscattering models (Baring & Harding 2007; Fernández &
Thompson 2007). It remains to be examined whether the results
of the present observations can be explained by any of the ex-
isting (or future) theoretical explanations (e.g., those based on
the “twisted magnetosphere” model; Thompson et al. 2002).

As an alternative possibility, a photon-splitting process can
act to produce the hard-tail emission. At the neutron star surface,
sub-MeV photons can be produced through electron–positron
annihilation or resonant magnetic Compton upscatterings. Since
there is no low energy threshold for the photon splitting (Harding
& Lai 2006), these sub-MeV photons may repeat splitting
(Harding et al. 1997; Baring & Harding 2001) in the strong field,
to form the hard continuum downward toward lower energies.
In this case, the higher magnetic fields of younger magnetars
will allow the photons to repeat splitting toward lower energies,
thus making Γh larger in agreement with our figure.

We thank members of the Suzaku magnetar Key Project,
including Y. E. Nakagawa and M. Morii for discussion on
SGR 1900+14 and 1E 2259+586. We are also grateful to L.
Dong, N. Shibazaki, and M. Baring for suggestions on the ξ–τc
correlation.
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4.2. The Reality of Bd

Different from the magnetar model, an alternative scenario to
explain SGRs and AXPs assumes that Bd calculated from P and
Ṗ neither represents the true dipole field strength near a stellar
surface nor exceeds the critical field BQED. In this case, X-ray
radiation is not powered by magnetic energy but by the
accretion of a fallback disk that is left over from a supernova
explosion of the progenitor (Chatterjee et al. 2000; Alpar 2001;
Benli et al. 2013). The bulk-motion Comptonization of the
accretion column is attributed to the HXC radiation (Trümper
et al. 2010, 2013; Kylafis et al. 2014).
The accretion scenario still has difficulties explaining the

broadband X-ray observations. (1) First, as already stated
above, the accretion-powered pulsars do not show two distinct
spectral components even in the low X-ray luminosity. (2) The
power-law HXC extend up to ∼100 keV with the hard Gh
without any absorption nor cutoff features which are usually
expected from the electron cyclotron resonance of the ordinary
accretion-powered neutron stars. (3) Finally, the spectral
scalings implies that the Bd values play an important role in
the emission mechanism, especially in the HXC. The nominal
value Bd derived from P and Ṗ is, therefore, considered to be a
true poloidal component near the stellar surface.
The present work suggested that Bd is one main control

parameter of the HXC radiation. Some theoretically motivated
emission models have already been developed so far in the
magnetar scheme; these include thermal bremsstrahlung
(Thompson & Beloborodov 2005), synchrotron radiation (Heyl
& Hernquist 2005; Thompson & Beloborodov 2005), resonant
scattering (Baring & Harding 2007; Nobili et al. 2008; Viganò
et al. 2012; Beloborodov 2013), and down-cascade due to
photon splitting (Paper I). Although the mechanism is still
observationally poorly understood, the appropriate radiation
scenario would include the physics in the strong magnetic field
to explain the scaling. For example, the hard photon index Gh in
our sample is correlated with Bd. This cannot be explained only
by the difference of viewing angles, and should be further
compared with models (e.g., Beloborodov 2013).

Figure 11. (Top) Comparison of representative X-ray spectra of magnetars
after correcting the data for their distances. (Bottom) The photon index Gh of
the HXC as a function of the magnetic field Bd. Symbols are the same as in
Figure 10.

Figure 12. Surface temperature of magnetars measured with Suzaku in the
CBB model (filled symbols) as a function of the surface dipole magnetic field
Bd. For comparison, isolated neutron stars in quiescence are shown (open
symbols) from Viganò et al. (2013); SGRs/AXPs (open circles), high-B
pulsars (open squares), X-ray isolated neutron stars (open diamonds), and
rotation-powered pulsars (open triangles). Data from Haberl (2007); Pons et al.
(2007) are also compared. Two slopes are indicated with T∝B1 (a = 2) and

µkT B0.5 (a = 0, exponential decay of magnetic field).

Figure 13. Same as Figure 7, but the observed flux was converted to the
unabsorbed 1–20 keV luminosity, and the outburst decay was fitted with
Equation (12).
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