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Overview of the NS diversity, magnetars, and future projects
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Supernova Remnant

Pulsar Wind Nebula
Rotation Period P ~ 1 s

(~2 ms -- 5 hour)
(Angular momentum)

Neutron Stars: Lab. for the Fundamental Physics
Dense nuclear matter, strong gravity, rapid rotation, and strong magnetic field

Mass M ~1.4M⊙

Radius R~12 km
(~1.0M⊙--2.0M⊙)

(~8 km--14 km)

Important for the 
Equation of State

Source of
Diversity

Accretion Rate M
•

Normal
Star

Wide Range of Fundamental Quantities + Surrounding Environment 
= Diversity of Neutron Star (Zoo)

Astronomically Interesting & Physically Important (for e.g., EoS)

NS

Magnetic Field B ~ 1012 G
(~108 G --1015 G)

1 T = 104 G

Temperature T ~ 106 K
(~105 K --107 K)
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Magnetic Field and Evolution of NSs

Strongly magnetized NSs has been implied in recent studies.
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B-field decaySNe 
P~10 ms

HMXB w/ CRSF
(Cyclotron Resonance 
      Scattering Feature)

B ~ 1012 G

“Magnetars”
SGR 
(soft gamma repeater)
AXP 
(anomalous X-ray pulsar)

P~2-12 s
Glowing 

Class!!

BQED = 4x1013 G
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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
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Astron. Phys. Lett.
Enoto+2009
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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
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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)
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Persistent X-ray Luminosity of SGR/AXP
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1. SNR association, slow P and large Pdot ⇒ Young (τ<100 kyr) & B~1014-15 G
2. Lx >> Lsd by 2-3 orders of mag. ⇒ Not rotation-powered pulsars
3. No evidence of binary system ⇒ Not accretion-powered pulsars
4. Marginal “proton” cyclotron resonance ⇒ Suggests B > 1014 G
5. Peculiar burst activities ⇒ Magnetic dissipation (e.g., reconnections)??
6. Super-Eddington giant flares ⇒ B > 1014 G & suppression of σ

“Magnetar Hypothesis”

1. SNR association, slow P and large Pdot ⇒ Young (τ<100 kyr) & B~1014-15 G
2. Lx >> Lsd by 2-3 orders of mag. ⇒ Not rotation-powered pulsars
3. No evidence of binary system ⇒ Not accretion-powered pulsars
4. Marginal “proton” cyclotron resonance ⇒ Suggests B > 1014 G
5. Peculiar burst activities ⇒ Magnetic dissipation (e.g., reconnections)??
6. Super-Eddington giant flares ⇒ B > 1014 G & suppression of σ

“SGRs and AXP are ultra-strongly  magnetized NSs with B~1014-15 G
 powered by their stored magnetic energy in the stellar interior.” 

Thompson & Duncan+95, 96

QED Critical Field

Suppression of σ Distortion of atom Photon Splitting Birefringence
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Multi-wavelength Emissions of the Magnetar Class
No. 2] Suzaku Observation of Anomalous X-Ray Pulsar 4U 0142+61 395

Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,

Radio
Infrared

Optical

X-rays Gamma
Soft-X Hard-X

Enoto 2011 PASJ

Pulse-profile

Energy-domain viewpoint

• AXP 4U 0142+61 Persistent Emission
• No high-E emission >1 MeV so far (e.g., Fermi)
• Radio emission is rare (only transients?)
• Weak infrared and optical emissions
• Soft and hard X-rays are dominant components
• Soft-X: quasi-black body kT~0.3 keV
• Hard-X: non-thermal Γ~1? cutoff > 750 keV?
• Both components are highly pulsed.

• (Almost) all the magnetars exhibit the soft emission.
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Discoveries of New Magnetars 
The McGill Magnetar Catalog 5














































































      

Figure 1. Number of confirmed magnetars discovered over time.
Labels in italics indicate the source was either discovered or later
detected by an all-sky X-ray/soft gamma-ray burst monitor. The
dashed and dot-dashed lines mark the launches of Swift in 2005
and Fermi in 2008, respectively.

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

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

the community.

3.1. Spatial Properties

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

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

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

3.1.1. Magnetar Scale Height

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

3 http://www.atnf.csiro.au/research/pulsar/psrcat/ , ver-
sion 1.47
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Olausen+2013Swift has detected 1-2 magnetar outbursts per year
increasing number of confirmed magnetars (~20).
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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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X-ray Outburst of AXP 1E 1547.0-5408 (1)
Known as a fast rotation faint AXP (P~2 sec)
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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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Feature2: Persistent X-ray becomes brighterby 2-3 orders of magnitude.

11



1
10ï�

10ï�

10ï�

10ï�

0.01

0.1

1

ke
V2  (

Ph
ot

on
s 

cm
ï�

 s
ï�

 k
eV

ï�
)

Energy (keV)
10 1001

10ï�

10ï�

10ï�

10ï�

0.01

0.1

1

ke
V2  (

Ph
ot

on
s 

cm
ï�

 s
ï�

 k
eV

ï�
)

Energy (keV)
10 100

X-ray Outburst of AXP 1E 1547.0-5408 (3)

kT~0.4 keV 2006 XMM Observation
(Gelfand+07)

Suzaku ToO Observation 2009 January (33 ks)

1
10ï�

10ï�

10ï�

10ï�

0.01

0.1

1

ke
V2  (

Ph
ot

on
s 

cm
ï�

 s
ï�

 k
eV

ï�
)

Energy (keV)
10 100

Thermal (surface) Hard Comp.

kT ~ 0.7 keV
Γ ~ 1.5

Enoto+09

Hard X-rays were clearly discovered during the magnetar outburst.
Follow-up observation confirmed 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
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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

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

Pulse profile change around the onset of the burst ⇒ Hot spot?
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Surface and Magnetospheric Emission
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Magnetospheric hard X-rays were detected from 7 sources (+1 candidate).

• Ratio of soft and hard X-ray luminosities (ξ=Lh/Ls) is found to be positively correlated 
with B-field by period P and its derivative Pdot. 

• Photon index of hard X-rays becomes harder toward low B-field old sources.

Spectral EVOLUTION as a function of B-field.
(e.g., photon-splitting down-cascade in the QED field magnetosphere?)
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Hard X-ray emission mechanism 

star surface

Transition layer

star surface

relativistic e+/e-
resonant magnetic 

Compton up-scattering

soft X-rays

hard X-rays

Thermal Bremsstrahlung ? Resonant Compton up-scattering?
(Thompson & Beloborodov 05) (Baring & Harding 07)

Photon Splitting Effect?
(Harding+97; Enoto+10; Takata+12)

~MeV source

softening 
(photon split)

strong !eld

star surface

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

No model has not yet explained the 
observed properties of magnetars.

Observational & theoretical 
progress is strongly required.
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Magnetar Outbursts

Poloidal Field
Bp ~ 1014-15 GAccelerated particle

Short Burst

Magnetosphere Deformation
⇒ Reconnection ⇒ Fireball

Higher multipole
core

outer core

outer crust

Toroidal Field
Bt ~ 1015-16 G ?

inner crust

Starquake@crust 
Emagnetic ⇒ Ethermal

(glitch etc)

Heat Conduction
⇒ Hot Spot

Energy Reserver

 Thermal X-rays Hard X-rayNobody has
seen this..
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Toroidal Magnetic Field 
Huge energy reserver is needed inside the magnetars 

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

Braithwaite+09

Poloidal

Toroidal

Angular 
Momentum

L
Axis of 

symmetry
X3

4U 0142+61 Suzaku Spectrum
Enoto+2011

Maximum 
photon 

emissivity
ξ

� =
�I

I
� 10�4

�
Bt

1016 G

�2

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

Free Precession with period Q

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

Q =
Pspin

�

X3 ≠ ξ
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3

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

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

n
periodograms over an error range

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

n

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

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

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

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

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

odograms and consistent pulse profiles.

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

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

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

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

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

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

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

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

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

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

Evidence for Precession

� � 8.69 s
1.5 h

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

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

2

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

Psoft = 8.68891± 0.00010 sec (1)

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

n
technique with

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

n
/2n. (c) The same Z2

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

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

n
technique

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

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

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

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

Psoft = 8.68891± 0.00010 sec (1)

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

n
technique with

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

n
/2n. (c) The same Z2

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

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

n
technique

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

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

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

n = 3 and 4 both show a small peak at ∼ 8.6890 sec,
within the error range of eq.(1), but its significance is
rather low, and higher peaks are seen at different peri-
ods. (The case with n = 2 is similar.) This result was un-
expected, as the hard X-ray intensity and the observing
time were both very similar to those in the 2007 observa-
tion, wherein the hard X-ray pulses were clearly detected
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the 1–10 keV XIS data at the period of Psoft of eq. (1) and
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keV HXD-PIN data, similarly folded at Phard. A running av-
erage over three adjacent bins was applied. The background
level corresponds to 0.26 c s−1. The error bar represents sta-
tistical ±1 sigma, considering the running average. (c) The
same as (b), but after the demodulation procedure.
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Magnetar Outbursts

Poloidal Field
Bp ~ 1014-15 GAccelerated particle

Short Burst

Magnetosphere Deformation
⇒ Reconnection ⇒ Fireball

Higher multipole
core

outer core

outer crust

Toroidal Field
Bt ~ 1015-16 G ?

inner crust

Starquake@crust 
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(glitch etc)

Heat Conduction
⇒ Hot Spot

Energy Reserver

 Thermal X-rays Hard X-rayNobody has
seen this..
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Discoveries of Low-Field Magnetars

Population of hidden magnetars is larger than previously expected?
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Summary 16/16

• Magnetic field (B~108-15 G) is one of origins of the NS diversity.                
B~108-15 G に及ぶ磁場が中性子星の多様性を作り出すひとつの要因である。

• There is growing evidence that some compact objects are  
powered by the stored huge magnetic energy with B~1014-15 G.
1014-15 Gを超える磁場をエネルギー源とする星の存在が確立しつつある。

Examples:
• Evolution of surface & magnetospheric radiation (Enoto et al., ApJL 2010)
• Toroidal field indicated by NS free precession (Makishima et al., PRL 2014)
• Low-field magnetars with a cyclotron feature (Tiengo et al., Nature, 2013)

• Complementary two X-ray observatories will be launched soon 
相補的な２つのＸ線観測ミッションが 2015, 2016年に打ち上げられる。

• 2015: ASTRO-H, High resolution spectroscopy + wide-band
• 2016: NICER, Large effective area + high time resolution.
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