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Astronomical observations of neutron stars provide
us an unique approach to investigate the fundamen-
tal physics under extreme condition. Degenerate mat-
ter inside neutron stars exceeds the nuclear density,
and the equation of state of high density matter is ob-
servationally constrained via measurements of stellar
mass and radius. Neutron stars are also character-
ized by strong gravity (gravitational redshift z ∼ 0.2),
fast rotation (up to P ∼ 1ms), and strong magnetic
field (B ∼ 108 T). Recent progress of X-ray observa-
tions further indicates an strongly magnetized subclass
of neutron stars, called magnetars1). There are accu-
mulating evidence for 2–3 orders of magnitude higher
magnetic field than that of canonical neutron stars,
with peculiar flare and burst activities interpreted as
dissipation of the magnetic energy2). Neutron stars
are, thus, an ideal laboratory in our universe3).

We are now about to enter the age of precise astro-
physical measurement of neutron stars. The ASTRO-
H X-ray observatory4), expected to be launched in
2015, will realize a ultra-high spectral resolution of
�E ∼ 7 eV in the ∼0.3–10 keV band (cf., ∼130 eV
FHWM at 6 keV of the X-ray CCD onboard Suzaku).
This will enable us to search for a proton cyclotron
feature as direct evidence for the strong field and for a
gravitationally-redshifted absorption feature to deter-
mine the equation of state of neutron stars. One year
after the ASTRO-H, the Neutron star Interior Compo-
sition Explorer (NICER)5) will be attached to the In-
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Fig. 1. Schematic view of a magnetar, a subclass of neutron

stars with extremely strong magnetic field.
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ternational Space Station (ISS). The NICER project
will provide us unprecedented high-timing resolution
data of neutron stars with very large photon statis-
tics, and is expected to reveal the equation of state of
neutron stars. In addition to these spectral and tem-
poral improvements, polarization is expected to open
a new observational window of the X-ray astronomy.
The Gravity and Extreme Magnetism Small Explorer
(GEMS)6), the first polarization-dedicated X-ray satel-
lite, was re-proposed in 2014 with a new name.

Prior to the ASTRO-H launch, we have started in-
vestigations of scientific topics and possible candidates
of observations, and published it as the ASTRO-H
White Paper7). Hard X-ray from magnetars is listed
as one of the good candidates of ASTRO-H8). We are
also preparing the handbook for the high spectral data
handling, called the “Cookbook”. As international co-
operation for future missions, we have also collabo-
rated with the NICER and X-ray polarimeter groups
at NASA Goddard Space Flight Center, mainly con-
tributing to calibration of the NICER X-ray mirror and
developments of the X-ray polarimeter9). As our col-
laborative relationship grows, FUture Cooperation is a
Key element for the Spectral and Temporal Approach
to Physics for neutron stars.

In 2014, we reported a signature of the toroidal
field embedded in the magnetar interior10) from
4U 0142+61 (see Fig 1), and also studied how neu-
trino emission coupled with the toroidal field affects
spin evolution of neutron stars11). We studied the
magnetic field and accretion mechanism of the slowest
rotating X-ray pulsar, 4U 1954+31912), and iron line
emission from the prototypical X-ray pulsar, Herculis
X-1 (Her X-1)13).
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Timing analysis of solar flares in hard X-ray and soft γ-ray bands
measured by the Suzaku Wide-band All-sky Monitor

W.B. Iwakiri,∗1 on behalf of Suzaku WAM team

Hard X-ray and γ-ray observations have proved to be
a powerful tool to for studying the physics of particle
acceleration and transfer in solar flares. These high-
energy photons are often observed in X class flares de-
fined by the GOES satellite. The origin of emission is
thought to be the thick-target bremsstrahlung of high
energy particles accelerated by magnetic reconnection.
Previous observations have revealed that the arrival
times of hard X-ray photons (20 - 200 keV) depend
on their energy1). The energy-dependent time delays
can be explained through the trap plus precipitation
model1). First, the model suggests that electrons ac-
celerated by magnetic reconnection are injected into
a magnetic loop and trapped (magnetic mirror trap).
Next, the trapped electrons escape the loop by pitch-
angle scattering and precipitate to the chromosphere.
As a result, hard X-ray photons are produced by thick-
target bremsstrahlung. If Coulomb collisions represent
the dominant pitch angle scattering for trapped elec-
trons, the collisional deflection time τ can be repre-
sented as2)

τ(E) ∝ E1.5. (1)

In this progress report, we performed a timing analysis
of the Sept 24 2011 solar flare observed by the Wide-
band All-sky Monitor (WAM)3) onboard Japanese fifth
X-ray satellite Suzaku from 80 keV to 7 MeV.
The WAM consists of four lateral walls composed of

Fig. 1. Background-subtracted lightcurves of solar flare

triggered on Sept 24 2011 09:35:00 UT observed by

Suzaku-WAM in nine energy bands.
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bismuth germanium oxide Bi4Ge3O12 (BGO) crystals.
The event data are recorded with a 1-s time resolution
in the 55 energy band. The WAM has a large effective
area that reaches 400 cm2 at 1 MeV. This is the largest
area in among currently working γ-ray spectrometers
on-board astronomical satellites. Therefore, WAM is
suitable for hard X-ray and soft γ-ray observation of
solar flares4). Figure 1 shows the energy-resolved time
profiles of the solar flare on Sept 24 2011 observed by
WAM. The lightcurves show that the main peak has
shifted progressively later at the higher energy band.

In order to evaluate the time lag quantitatively, we
measured the delay using a cross correlation technique
between the 80 - 130 keV lightcurve and the other eight
energy-resolved lightcurves (130 - 7000 keV band). Be-
fore the analysis, we used a low-pass filter for each
lightcurve by running an average of 10 bins (the time
bin size is 1 s) to exclude the higher frequency compo-
nent, because the observed fast structures are caused
by the difference of electron time-of-flight from directly
precipitating electrons1). The derived time delays as a
function of energy are shown in Fig.2. The results show
the energy dependence of the time delays are clearly
changed around 1000 keV. In the lower energy band,
the relation is roughly consistent with E1.5, which is
predicted by the pitch angle scattering of Coulomb
collision2). On the other hand, above 1000 keV, the
relation becomes more flat. If we fit the results using
the broken power-law model and the power-law index
of the lower energy is fixed at 1.5, the derived index
of the higher energy band is 0.253±0.008 with a cutoff
energy of 598±9 keV (the errors are 90% confidence).
The estimation of systematic errors caused by a pile
up effect is currently in progress.

Fig. 2. The measured energy-dependent time delay of the

Sept 24 2011 flare using the cross correlation method.
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