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Abstract

Magnetic field of neutron stars, ranging from 108 G to 1015 G, provides us a variety of phenomena
emerging mainly in the X-ray frequency. Among di!erent types of neutron stars, magnetars are considered
to have extremely strong magnetic field reaching 1014–1015 G. The Suzaku satellite has observed several
persistently bright magnetars and transient objects since its launch in 2005. The Suzaku simultaneous
spectral coverage both on the soft (!0.5–10 keV) and hard (!10–600 keV) X-rays has revealed some clues
to understand peculiar magnetar activities; 1) detections of the hard X-ray component from transient
magnetars, SGR 0501+4516 and 1E 1547.0"5408, 2) broadband spectral evolution of the magnetar class
depending on the pulsar characteristic age or on the dipole magnetic field strength, 3) investigations of
a hypothesis that the persistent X-ray emission is composed of unresolved weak short bursts, and 4) a
possible detection of free precession from a prototypical magnetar 4U 0142+61 as an evidence of the
toroidal magnetic field. Recent Suzaku studies also covers highly magnetized neutron stars in a newly
discovered class of X-ray binaries, for example, a symbiotic X-ray binary.
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1. Magnetic field of di!erent neutron stars
Magnetic field of neutron stars is distributed throughout
a wide range from 108 G to 1015 G. Figure 1 illustrates a
distribution of measured magnetic field of known neutron
stars as a function of their spin period (Manchester et
al. 2005; Makishima et al. 1999). Such a wide range
of the magnetic field provides us a variety of phenomena
emerging mainly in the X-ray frequency.

Nearly 2000 rotation-powered pulsars have been dis-
covered in our Galaxy. If a neutron stars is an isolated
pulsar, the dipole magnetic field is estimated from a pul-
sar spin period P and its derivative Ṗ as,

B = 3.2 # 1019
!

PṖ G (1)

assuming the magnetic dipole radiation. On the other
hand, if an X-ray pulsar is found in a high mass X-ray
binary (HMXB) and if the source exhibits the electron
cyclotron resonance scattering feature (CRSF), the mag-
netic field can be measured via its resonance energy Ea,

B = (Ea/11.6 keV) # (1 + z) # 1012 G, (2)

where z is the gravitational red shift of a neutron star.
The strong magnetism of neutron stars is one of the

biggest mysteries in astrophysics. As clearly shown

in Fig. 1, a typical magnetic field of neutron stars is
! 1012 G. Although neutron stars are expected to acquire
! 1012 G field when their progenitors collapse, we are
still left with many questions, such as, the origin, struc-
ture, and evolution of the magnetic field. Especially, how
the magnetic field is sustained, e.g., by super-conducting
protons or by nuclear ferromagnetism (Uma Maheswari
et al. 1997)? In addition, in order to precisely determine
the equation of state (EoS) of neutron stars, we also need
to understand the e!ect of magnetic field onto the stellar
structure, emission mechanism and cooling curve.

2. SGRs and AXPs

2.1. Magnetar hypothesis

A variety of neutron stars in Fig. 1 includes low field
pulsars (< 1010 G) and highly magnetized ones (1014–
1015 G). To study the questions on the neutron star mag-
netism, a splendid clue is provided by the latter category,
called “magnetars”. The magnetar class includes Soft
Gamma Repeaters (SGRs) and Anomalous X-ray Pul-
sars (AXPs). SGRs have been discovered by historical
giant flares observed in 1979, 1998, and 2004 (Mazets et
al., 1979, Feroci et al., 2001, Hurley et al., 2005), and
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Fig. 1. (left) Magnetic field of neutron stars as a function of their spin periods P . Canonical rotation-powered pulsars are distributed around
P ! 1 s. Magnetic field of such pulsars are evaluated via the P -Ṗ method (Eq.1). Low field pulsars (B < 1010 G) and magnetars (SGRs
and AXPs; B = 1014–1015 G and P=2–12 s) are also shown. Newly born neutron stars at supernovae (SNe) are expected to rotate
at P !10 ms, and then thought to gradually spin down. Typical magnetic field of canonical pulsars (B ! 1012 G) and the quantum
electrodynamics (QED) critical field (B = 3.3"1013 G) are indicated as red dashed lines. Blue squares are X-ray pulsars in high mass X-ray
binaries (HMXBs) which magnetic field are measured by the electron cyclotron resonance feature (CRSF). (right) Projected histogram of
the measured magnetic field.

also by more frequently observed sporadic burst activi-
ties. AXPs were, on the other hand, intensified as bright
X-ray pulsars which X-ray luminosities can not be ex-
plained by the rotational energy loss.

Table 1. A list of magnetar observational properties.

1. Pulsar spin periods are slow P ! 2–12 s exhibiting
large period derivatives Ṗ = 10!12–10!9 s s!1.

2. Dipole magnetic field is strong B ! 1014–1015 G ex-
ceeding the QED critical field BQED = 4.4 # 1013 G.

3. Characteristic ages are young !ch < 100 kyr. Pulsars
are sometimes associated with supernova remnants.

4. Bright X-ray luminosity Lx ! 1035 erg s!1 exceeds
the spin down luminosity Ėsd ! 1032–1034 erg s!1

(not rotation-powered pulsars).
5. There is no evidence for a binary companion (not

accretion-powered pulsars).
6. Marginal proton cyclotron resonances are reported

to support B > 1014 G (Ibrahim et al., 2002).
7. Occasionally AXPs and SGRs show X-ray brighten-

ing with giant flares and recurrent short bursts.
8. Surface X-ray emission kT ! 0.5 keV is hotter than

those of other canonical isolated neutron stars.

Nearly 20 SGRs and AXPs have been discovered in

our Galaxy or in the Magellanic Cloud, all showing slow
rotation periods (P ! 2–12 s) and high spin-down rates
(Ṗ ! 10!12–10!9 s s!1). The derived pulsar age, called
characteristic age !ch = P/(2Ṗ ), is small (!ch < 100 kyr).
This young age is also supported by occasional associa-
tion with supernova remnants (SNRs). Figure 2 shows
the X-ray luminosity of magnetars normalized by the
spin-down luminosity. Since the calculated release of
their rotational energies fall !2 orders of magnitude
short of their relatively high soft X-ray luminosity (Lx !
1035 erg s!1), and because the measured P and Ṗ suggest
that these objects have unusually high dipole magnetic
field reaching B ! 1014–1015 G, they are thought to be
powered by dissipation of their huge magnetic energies,
i.e., “magnetars (magnetically-powered neutron stars)”
(Harding & Lai, 2006).

Table 1 summarizes a list of observed properties of
magnetars. Although the “magnetar” hypothesis is the
most popular model to interpret these properties in Ta-
ble. 1, there is also a long debate between the magnetar
model and alternative models, for example, a fossil disk
accretion (Trumper et al., 2010) or a white dwarf model
(Malheiro et al., 2012). It is hence imperative at this
stage to examine the magnetar model searching for ob-
servational evidence for the strong magnetic field.
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Fig. 2. X-ray luminosity Lx divided by the spin-down luminosity Ėsd

as a function of the characteristic age !ch = P/(2Ṗ ) (Enoto et
al., 2012a). The red and blue marks are SGRs and AXPs, respec-
tively, and the green triangles are the famous rotation-powered
pulsars. Star marks are objects observed with the Suzaku satel-
lite, while circles are data based on the McGill magnetar catalog
(http://www.physics.mcgill.ca/!pulsar/magnetar/main.html).

2.2. Suzaku observations
The Suzaku satellite has been observed !14 magnetars
from its launch. The list of observed magnetars is sum-
marized in Table 2. Some magnetars are persistently
bright, and the others are transient objects which unex-
pectedly increase their X-ray luminosity by 1–2 orders
of magnitude accompanied by short burst activities. A
number of magnetars is gradually increasing in recent
years mainly due to detections of short bursts by the
Swift/BAT and further follow-up observations by several
X-ray satellites. These Suzaku observations in Table 2
are carried out as AOs, ToOs, and Key Project.

Figure 3 shows an example of the X-ray outburst from
a 2-sec period AXP 1E 1547.0"5408 (also known as
SGR J1550"5418). Multiple !250 short bursts were
recorded by the Suzaku HXD-WAM during an early
phase of the X-ray outburst (top panel of Fig. 3). The
brightest burst was recorded at 06:45 (UT) on 2009 Jan-
uary 22 when gamma-rays were detected with !3.2"
level at least up to !1 MeV (Yasuda et al, 2010).
The bright burst spectrums represented by a blackbody
(kT ! 9.7 keV) plus a power-law (" ! 2.1) model. Af-
ter this burst forest, the persistent X-ray emission of
1E 1547.0"5408 was gradually decreased in a few month
time scale (bottom panel of Fig. 3). Similar burst activi-
ties were also recorded from another transient magnetar
SGR 0501+4516 (Enoto et al. 2009).

Using a best combination of the XIS and the HXD,
not only the surface thermal emission below 10 keV but
also the hard tail X-ray component above 10 keV was
discovered from the activated 1E 1547.0"5408 as shown

Table 2. Magnetars observed with the Suzaku satellite.

Source Name Reference
Persistently bright sources

SGR1806"20 Esposito et al., 2007
1E 1841"045 Morii et al., 2010
SGR1900+14 Nakagawa et al., 2009
1RXSJ1708-40 Enoto et al., 2010b
1E 1048.1-5937 –
4U0142+61 Enoto et al., 2011

Makishima et al., 2014
1E 2259+586 Nakano et al., submitted
AXJ1818.8"1559#1 Merethetti et al., 2012

Transient sources
1E 1547.0"5408 Enoto et al., 2010a

Iwahashi et al., 2013
SGR0501+4516 Enoto et al., 2009, 10

Nakagawa et al., 2011
SGR1833"0832 Esposito et al., 2011
CXOJ1647"45 Naik et al., 2008
Swift J1834.9"0846 –
Swift J1822"1606 Rea et al., 2012
#1: AX J1818.8!1559 is a magnetar candidate.

in Figure 4 panel a. Although the emission mechanism of
the hard X-ray has not yet been understood, the power-
law with its photon index at " ! 1.5 is thought to origi-
nate from the magnetospheric origin. Such a hard X-ray
tail was also detected from SGR 0501+4516 (Enoto et
al., 2010c).

Nakagawa et al 2007 analyzed the HETE-2 burst in-
tensity distribution of SGR 1806"20 and suggested a
possibility that the persistent X-ray emission is com-
posed of unresolved multiple weak short bursts. To in-
vestigate this possibility, spectral similarities were in-
vestigated between the persistent X-ray emission and
the weak short bursts of SGR 0501+4516 (Nakagawa
et al. 2011) and 1E 1547.0-5408 (Enoto et al 2012b).
The connection between the persistent and burst emis-
sions is an interesting topic as a potential relation with
the “Gutenberg-Richter” law of the seismology and solar
flares.

The unified picture of the magnetar outburst has not
yet been clearly obtained. However, the above observa-
tions imply one possible interpretation as illustrated in
Figure 5.

2.3. Broad-band magnetar spectra

Combining the persistently bright sources with the tran-
sients, unified Suzaku spectral studies over the 0.8-70
keV range (Fig. 4a) revealed a clear spectral evolution as
shown in Fig. 4b and Fig. 4c. The hard-tail component
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Fig. 3. An example of the magnetar X-ray outburst, 1E 1547.0-5408 (SGR J1550-5418). (top) Short burst forests detected by HXD-WAM
on January 22 2009 (Yasuda et al., 2010). (bottom) Long-term X-ray monitoring with Swift/XRT. Individual spectra are fitted by an
absorbed blackbody spectrum with the absorption left free (Enoto et al., 2012b).

become weaker but harder towards sources with older
characteristic age (Enoto et al., 2010b). This suggests a
possibility that the broad-band magnetar spectral shape
can be understood in a unified way by the magnetic field
strength not depending on the SGR/AXP classification
nor on the burst-active/persistent states.

2.4. Magnetar toroidal field
Low field magnetars, such as SGR 0418+5729 (Rea et
al., 2010, Tiengo et al. 2013) suggest that the popula-
tion of magnetars and their descendants is larger than we
previously expected, and that there is a hidden energy
source embedded inside the stellar interior, presumably,
the toroidal magnetic field. One of prototypical magne-
tar, 4U 0142+61, has been observed with Suzaku several
times. Its 8.69 sec pulsations is found to su!er slow phase
modulations in the hard X-ray band by ±0.7 sec, with a
modulation period of !1.5 hours. When this modulation
is interpreted as free precession of the neutron star, the
object is thought to deviate from spherical symmetry by
! 1.6 # 10!4 in its moments of inertia. If we ascribe
this deformation to the magnetic pressure, the required
toroidal magnetic field is expected to be ! 1016 G inside
the magnetar (Makishima et al 2014). This is a new pos-
sibility to measure the toroidal magnetic field which can
not be evaluated by the canonical P -Ṗ method.

3. Strongly magnetized neutron stars in X-ray binaries
Accumulated discoveries of SGRs and AXPs has raised
a new question. If they are really ultra-strongly magne-
tized neutron stars, are they or their descendents hidden
in accretion-powered binaries? Although magnetic fields
of accretion-powered neutron stars have been measured
up to ! 7# 1012 G via the CRSFs (§1, Yamamoto et al.

2014), it has not yet been clear whether > 1013 G ob-
jects exist in binary systems. Strongly magnetized neu-
tron stars are usually expected to have a large Alfven
radius, and thus to rotate slowly. Some very slowly
rotating sources are thus suggested to have magnetar-
like strong fields: e.g., 4U 0114+65 (P !2.7 h; Li &
van den Heuvel 1999), 4U 2206+54 (P !1.5 h, Reig et
al., 2012), and IGR J16358-4726 (P !1.6 h; Patel et al.,
2007). Among them, the X-ray binary 4U 1954+319
hosts a P !5.4-h neutron star, slowest among known
X-ray binaries. We observed this source with Suzaku
before and after a brightening episode in 2012 and con-
firmed a !7% spin fluctuation over 8 years, presumably
under spin-equilibrium. A high pulsed fraction (!60-
80%), Comptonized hard X-ray spectrum with a narrow
6.4 keV iron line, and its location on the Corbet diagram
indicate a high-field neutron star > 1012 G. Furthermore,
while an extremely strong field of 1016 G is derived us-
ing the standard disk accretion theory, the field strength
is reduced to ! 1013 G level if assuming quasi-spherical
accretion which is suggested by an observed low X-ray lu-
minosity, a wide orbit and slow stellar wind. Time scales
of observed multiple irregular flares (!50 s) are also at-
tributed to the free-fall time from the 1013 G Alfven shell
(Enoto et al. 2014). Since an optical companion of this
neutron star is an M-type giant (named a symbiotic X-
ray binary), this system is classified as low mass X-ray
binaries (LMXBs) if we follow the canonical classifica-
tion. However the above X-ray properties are similar to
the HMXBs rather than the LMXBs, and thus the evo-
lution to such a binary would raise a further question.
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Fig. 4. (a) Comparison of magnetar broadband "F! spectra in the 0.8–100 keV band observed with the Suzaku satellite (Enoto et al., 201X).
Individual spectra are shown with o!sets and are arranged in order of increasing characteristic age from top to bottom. (b) Correlation
between the hardness ratio # and the magnetic field. The harness ratio is defined as # = Fh/Fs where Fh and Fs are the 1–60 keV
absorption-corrected fluxes of the soft thermal and hard tail X-ray components, respectively. SGRs and AXPs are shown in red and blue,
respectively, while burst-active sources are shown with star symbols. (c) Photon indices of magnetar hard-tail components as a function
of the characteristic age. Colors and symbols are the same as panel (b). Green squares and triangles represent photon indices of pulsed
and total components after Kaspi & Boydstun (2010).

4. Summary

We observed magnetars and highly magnetized neutron
stars with Suzaku and obtained following results.

• Detection of the hard X-rays from transient mag-
netars (SGR 0501+4516 and 1E 1547.0"5408) sug-
gests that the broad-band magnetar X-ray spectrum
is composed of the surface emission and of the mag-
netospheric emission even during the outbursts.

• The broadband magnetar spectra evolve depending
on the pulsar characteristic age or on the dipole
magnetic field strength.

• There is a suggestion of the spectral similarity be-
tween the persistent X-ray emission and weak short
bursts.

• A possible evidence for the toroidal magnetic field
is reported by a detection of free precession from a
prototypical magnetar 4U 0142+61.

• Highly magnetized neutron stars is also suggested
from observations of a symbiotic X-ray binary, 4U
1954+319.

I appreciate the Suzaku operation team for their quick
response to the magnetar ToOs. I also thank the collab-
orators and co-authors who have been working for the
Suzaku magnetar key project.
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Fig. 5. A schematic picture of magnetar activities. This picture just provides one possible simplified interpretation.
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