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Abstract

Extreme conditions that are not possible in the ground experiments are sometimes
realized in the universe. A good example is a neutron star, the end product of the
supernova explosion of a massive star. A neutron star is a very compact object
supported by the degeneracy pressure of neutrons. Because the internal density
of a neutron star may exceed that of atomic nuclei, it is best suited to probe the
nature of the ultra-dense matter. For that purpose, precise measurements of the
mass-radius relation of a neutron star are required. Instead of directly measur-
ing the mass and radius, we can measure the mass-radius ratio, i.e. gravitational
redshift at the neutron star surface, because it is little affected by systematics
among various methods. If we can detect spectral features in the emission from
the photosphere of a neutron star, their apparent energies compared to the theo-
retical values directly give the gravitational redshift at the neutron star surface.
Spectral features may be preferentially produced during the thermonuclear X-ray
bursts, especially those with photospheric-radius expansion, because the temper-
ature structure of the bursting atmosphere and the production of heavy elements
are suited to form the spectral features.

For this purpose, we systematically analyzed the Suzaku archival data looking
for the thermonuclear X-ray bursts. A thermonuclear X-ray burst with photospheric-
radius expansion was serendipitously detected from GRS 1747−312, a low-mass
X-ray binaries located in the globular cluster Terzan 6. The sky field including the
source was covered as a part of the Galactic bulge mapping observations, and the
X-ray burst showed a long duration with moderate photospheric-radius expansion.

The burst spectra were reproduced by the conventional model of the absorbed
blackbody most of time, but significant deviation was detected in the late cooling
phase. The energy spectra showed a clear roll-off above ∼7 keV. We examined
various models to reproduce the spectral feature including non-Planckian burst
spectra, partial covering absorption, and Doppler-smeared absorption edges due
to the rapid spin of a neutron star.

We found that the Doppler-smeared absorption edges are most plausible as they
can naturally explain the presence of the feature only in the late cooling phase of
this particular burst. According to this scenario, the burst ashes, containing Fe
and Zn, are exposed on the neutron star surface during the photospheric-radius
expansion phase. We estimated the surface gravitational redshift of the neutron
star, based on the above identification of the elements that were responsible for
the observed edges. We discuss implication of the estimated gravitational redshift
and possible constraints on the mass-radius relation of neutron stars. Because the
absorption edge is not completely smeared out despite of the rapid spin of the
neutron star, this can be a powerful tool to measure the gravitational redshift of
neutron stars.
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Chapter 1

Introduction

In this chapter, we will review neutron stars making stress on thermonuclear X-
ray bursts from an observational point of view. In addition to the review, we will
summarize the methods and past studies to constrain the mass-radius relation of
neutron stars, which are main topics of this thesis.

1.1 Neutron Stars

1.1.1 What is a neutron star?

A neutron star is a very compact object and it serves as natural laboratories
for ultra-dense matter. It is the collapsed core of a massive star left behind the
supernova explosion at the end of their nuclear fusion lifetimes and is supported
by degeneracy pressure of neutrons. Its mass and radius are, typically, 1.4 M⊙,
where M⊙ ≃ 2 × 1030 kg is the solar mass, and the order of 10 km, respectively.
Its internal density may exceed that of atomic nuclei and therefore it is best suited
to probe the nature of the ultra-dense matter.

1.1.2 Surface and Internal Structure of a Neutron Star

A neutron star can be split into five main layers: a thin atmosphere, an outer
crust, an inner crust, an outer core liquid, and an inner core. Figure 1.1 shows
a schematic view of a neutron star with the surface and internal structure. The
surface is covered by a thin atmosphere, which contains light elements (mainly
H and/or He). The outer crust, starting from the surface, composed by atomic
nuclei and free electrons. The next layer is the inner crust, where free neutrons
add to the atomic nuclei and free electrons form a very dense solid layer. Deeper
down there is the outer core liquid, where free electrons, neutrons, protons and
muons co-exist in a nuclear soup. The last layer is the inner core, where, for
densities exceeding that of a nucleus, there are several exotic possibilities, involving
existence of pions, kaons, hyperons and even, in extreme densities, quark matter.
The internal structure of a neutron star can, in principle, be probed by a distant
observer, but it is still poorly understood.
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Figure 1.1: Schematic view of a neutron star with the surface and internal struc-
ture.1

1.1.3 Variety of Neutron Stars

Empirically, neutron stars can be divided into four classes, according to the pri-
mary power source for their emission: rotation-powered pulsars emit their energy
primarily by the rotation of the neutron stars, magnetars by magnetic field energy,
isolated hot neutron stars by the latent heat of the matter of the neutron stars,
and accretion-powered neutron stars by the energy released by matter accreting
onto the neutron star from a binary companion. Although such classification of
neutron stars is convenient to understand the nature of the sources, it is not di-
rectly connected to the observable parameters such as a rotation period P and a
surface magnetic field B. In reality, as shown in figure 1.2, these classes of sources
occupy different region in the P-B diagram. Some neutron stars are also known to
switch between these classes during their evolution, e.g., between rotation-powered
neutron stars and accretion-powered neutron stars. Details of each class will be
described in the following sub-sections.

1.1.3.1 Rotation-powered neutron stars

Rotation-powered neutron stars are spinning down as a result of torques from
magnetic dipole radiation and particle emission. The energy from their spin down
appears as broad-band pulsations from radio to gamma-ray wavelengths and as
a wind of energetic particles flowing into their surrounding pulsar wind nebulae.

1http://heasarc.gsfc.nasa.gov/docs/nicer/nicer about.html
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Figure 1.2: Schematic populations of various neutron stars with respect to their
rotation period P and surface magnetic fields B, which is adopted from Harding
(2013).

More than 2000 rotation-powered neutron stars are now known2and they show
a young characteristic age, a typical magnetic field of B ∼ 1012 G, and periods
ranging from a few ms to several seconds. Those with periods of a few ms, espe-
cially, are called as millisecond pulsars (MSPs) and their pulse profiles and energy
spectrum have been used to constrain the compactness of neutron stars (section
1.4.3).

1.1.3.2 Accretion-powered neutron stars

Accretion-powered neutron stars are forming binary systems and their primary
power source is the energy released by matter accreting onto a neutron star from a
binary companion. They show old characteristic age and are traditionally divided
into two sub-classes, according to the mass of companion stars. One sub-class is a
neutron star in a low-mass X-ray binary (LMXB) system (Lewin et al. 1993). In
the system, the neutron star is weakly magnetized (108–109 G) and its companion
star has a small mass of M ≤ 1 M⊙. The luminosity is powered gravitationally
by accreting matter from Roche-lobe overflow. Details of the LMXB system are
described in section 1.2.2. The other is a neutron star in a high-mass X-ray binary
(HMXB) system, which is often called as an X-ray pulsar. In the system, the
neutron star is strongly magnetized (1012–1013 G) and its companion star has a

2http://www.atnf.csiro.au/people/pulsar/psrcat/
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large mass of M ≥ 20 M⊙. The luminosity is powered gravitationally by accret-
ing matter from the stellar wind of companion stars, in addition to Roche-lobe
overflow, due to the strong magnetosphere. At present, 114 HMXBs are known in
the Galaxy (Liu et al. 2006). Among them, about 20 HMXBs show (harmonic)
absorption features caused by the electron cyclotron resonance. Measurements of
these resonance energies provide the most reliable knowledge on the magnetic field
strengths of these sources.

1.1.3.3 Magnetically-powered neutron stars

Magnetically-powered neutron stars are isolated ones with ultra-strong magnetic
fields (1014–1016 G), which are often called as magnetars (see, e.g., Enoto et al.
2010). This extreme magnetic field powers their bright emission, rather than ac-
cretion or rotational power as for most of the X-ray pulsars. They sometimes emit
repetitive short burst, and on rare occasions, giant flares which are so energetic
as to disturb the Earth’s ionosphere. At present, about 20 magnetars are found,
which contains Anomalous X-Ray Pulsars and Soft Gamma-Ray Repeaters. These
sources which have been considered thought for many years to be separate and un-
related objects are now considered to be both neutron stars possessing magnetic
fields of unprecedented strength, i.e. sub-classes of magnetars.

1.1.3.4 Isolated hot neutron stars

Neutron stars powered by the latent heat of their matter are observed as various
types of X-ray sources including X-ray dim isolated neutron stars (XDINS) and
Compact Central Objects (CCOs). XDINSs are very nearby neutron stars that
appear to be thermally cooling with dominant soft X-ray and faint optical/UV
emission. There are presently seven confirmed XDINS, six of which show weak X-
ray pulsations with periods of a few seconds. CCOs are soft X-ray sources located
close to the centers of young supernova remnants. They have no apparent emis-
sion other than soft X-ray band and no binary companion. About ten CCOs are
known at present and several CCOs show pulsations at hundreds of milliseconds.
Although exciting results over the past few years have brought these two types
of sources into the forefront of the studies on neutron stars, they are still poorly
understood.

4



1.2 Thermonuclear X-ray Bursts

Thermonuclear X-ray bursts are key phenomena to probe the nature of ultra-
dense matter, and are the main topic in this thesis. In this section, we review
thermonuclear X-ray bursts from both observational and theoretical sides.

1.2.1 What is a thermonuclear X-ray burst?

Thermonuclear X-ray bursts (hereafter X-ray bursts3) are runaway thermonuclear
reaction on the surface of neutrons stars. They are characterized by a sudden
increase of X-ray luminosity, which is brighter by orders of magnitude than those
before the burst, followed by a gradual decrease. Typically, rise times, which
indicate an interval from the burst onset to the peak of burst flux, range within≈10
seconds and decay times range from a few ten seconds to a few hundred seconds.
Their recurrence times range from several hours to several days, depending on the
mass accretion rates. In a single X-ray burst, the total energy of 1039 − 1040 ergs
is released. Some bursts reach the luminosity of the Eddington limit, at which the
radiation pressure balances the gravitational force of a neutron star.

These events are caused by unstable burning of accreted matter on the neutron
star surface (Lewin, van Paradijs & Taam et al. 1993). They typically occur
in LMXBs, but they do not occur in very bright LMXBs, where the luminosity
exceeds a fraction of the Eddington limit. This is because the temperature on the
neutron star surface in such bright LMXBs is persistently so high that the accreted
matter burns stably. Similarly, no X-ray burst occurs in HMXBs, because accreted
matter is intensively funneled onto the magnetic poles and the temperature there
is sufficiently high. Details of the LMXBs will be explained in the following sub-
section.

1.2.2 Low-Mass X-ray Binaries (LMXBs)

LMXBs are close binary systems and consisting of two stars that are gravitationally
bound to each other. One is a compact star, i.e. either a weakly magnetized
neutron star (B ≈ 108−9 G) or a black hole. In this thesis, we focus on the
neutron star in LMXBs. The other is a companion star which is a late-type main-
sequence star with a mass of ≲ M⊙. At present, a total of 187 LMXBs are known
in the Galaxy (Liu et al. 2007). They are concentrated in the direction of the
Galactic center and, furthermore, frequent in the globular clusters.

In these LMXBs system, a mass accretion from a companion star to a neutron
star usually occurs and it often causes the above-mentioned X-ray bursts. Fig-
ure 1.3 shows a schematic view of a LMXB system. Forming an accretion disk
around the neutron star, matters from a companion star is accreted onto a NS

3In reality, X-ray bursts are classified into two types: one is associated with the thermonuclear
X-ray flashes and the other is linked to accretion instabilities. However, as the latter is not
described further in this thesis, we will refer ”thermonuclear X-ray bursts” as simply ”X-ray
bursts”

5



Figure 1.3: Schematic configuration of a low-mass X-ray binary system (LMXB).

by Roche-lobe overflow. This Roche-lobe overflow occurs through the inner La-
grangian point L1, which corresponds to the inner saddle point of the effective
potential. As a result, a large amount of X-rays are emitted around the neutron
star because of its strong gravitational field. Furthermore, they also show some
characteristic profiles, e.g. dips, eclipses, outbursts, and X-ray bursts. The X-
ray emission of LMXBs contains crucial information about the properties of these
system and neutron stars themselves.

LMXBs are considered to be the progenitors of the majority of millisecond
pulsars. The population of LMXBs overlap with those of the millisecond pulsars
in the spin period versus magnetic field strength diagram (P-B diagram): LMXBs
and millisecond pulsars both have very weak magnetic fields and the shortest pe-
riods, compared with those of other types of neutron stars. Furthermore, most of
millisecond pulsars form binary systems as LMXBs do. These observational facts
proposed a scenario that LMXB is a possible progenitor of millisecond pulsar. This
scenario is often called as ”recycling scenario”, which is now generally accepted
(see, e.g., Bhattacharyya & van den Heuvel 1991 for a review). In this scenario,
firstly, a more massive star in a binary system evolves and forms a radio pulsar as
the end product of a supernova explosion. The pulsar spin up under the magnetic
dipole emission and switches off when it eventually crosses the death line in the P-
B diagram, below which the radio pulsar phenomenon does not take place (dead).
Meanwhile, the less massive companion evolves until it reaches its giant state, dur-
ing which it transfers mass onto the dead pulsar. During this mass accretion, the
pulsar also receives angular momentum and back across the death line (recycling).
During this phase, the system is visible as a LMXB. Eventually, the pulsar starts
emitting radio emission again and furthermore spin it up to millisecond pulsars.

6



1.2.3 Observational Properties

Many X-ray bursts have been observed by various X-ray satellites since their dis-
covery over 40 years ago. Especially, observational studies of X-ray bursts showed
a lot of progress with the Rossi X-ray Timing Explorer (RXTE), whose main re-
sults are summarized in Galloway et al. (2008). At present, a total of 105 X-ray
burst sources are identified in Galaxy, according to a catalogue of X-ray burst
sources by in’t Zand4. Most of them have been found in the Galactic bulge region.
Some X-ray bursts exhibit several peculiar phenomena which lead to constrains on
the mass-radius relation of neutron stars: a photospheric radius expansion, super
bursts, and a burst oscillation. These phenomena will be described below.

1.2.3.1 Photospheric radius expansion bursts (PRE bursts)

In some bright X-ray bursts, their luminosities reach the Eddington limit and
they show photospheric radius expansion (PRE). Once the luminosity exceeds the
Eddington limit, the excess energy is transformed to the kinetic energy of the
atmosphere on a neutron star. As a result, the atmosphere is lifted off the surface
of the neutron star for a certain period. Such bursts are particularly called as
PRE bursts, which are roughly about 20% of all X-ray bursts. Most of them show
moderate PREs by a factor of a few, while a small fraction of them show extreme
PREs (superexpansion) by a factor of 100 or more, which corresponds to the radii
of photosphere above ∼ 103 km.

Figure 1.4 shows an example of time-evolutions of the spectral parameters dur-
ing a PRE burst. In general, a PRE burst is divided into the following two phases.
One is a PRE phase. During this phase, the luminosity remains nearly constant
(the Eddington limit). The apparent radius expands just after the burst and reach
the peak, and then contracts gradually and eventually return to the neutron star
surface (Touch-down). The color-temperature is anti-correlated with the appar-
ent radius. According to whether the apparent radius expands or contracts, the
phase can also be divided into further two sub-phases: a radius-rising phase and a
radius-contraction phase. The other is a cooling phase following the PRE phase.
During this phase, the apparent radius remains constant, which corresponds to
the radius of a neutron star. The color-temperature and the luminosity, which is
proportional to the forth power of the color-temperature, both decays with time.

1.2.3.2 Superbursts

Superbursts are bursts of an extreme-long duration, which are associated with the
unstable thermonuclear burning of a carbon-rich layer. They show timescales of a
few hours, recurrence times of a few years, and energetics of 1041–1042 ergs, unlike
the normal X-ray bursts (Strohmayer & Brown 2002; Cumming 2004). These are
probably due to the difference of fuel composition, i.e. carbon. Only about 24
(candidate) superbursts from 14 different X-ray burst sources have been observed
so far, referring to the catalogue of X-ray burst sources by in’t Zand.

4https://personal.sron.nl/∼jeanz/bursterlist.html
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Figure 1.4: An example of time-evolutions of the spectral parameters dur-
ing a burst with photospheric-radius expansion (PRE): a luminosity, a color-
temperature, and an apparent radius, from top to bottom (Galloway et al. 2008).

1.2.3.3 Burst Oscillations

Some X-ray bursts exhibit periodic fluctuations in their light curves, which are
called burst oscillations. They have been detected during the radius-rising phase
and/or the decay phase of X-ray bursts. The oscillations during the radius-rising
phase may be consistent with the spreading of a hot spot on a rotating neutron
star. On the other hand, those during the decay phase exhibit a drift in fre-
quency, increasing by a few Hz and approaching an asymptotic value as the burst
progresses. The asymptotic frequency seems to be a spin frequency of a neutron
star, because the oscillations have also been observed in the bursts from millisec-
ond pulsars with well-known spin frequencies and their asymptotic frequencies are
consistent with the spin frequencies of the neutron stars. The spin frequencies of
X-ray bursters measured from the burst oscillations all range between 270–620 Hz
(Strohmayer 2001). Furthermore, the amplitude and the shape of a phase-folded
burst oscillation light curve can be useful to constrain the mass-radius relation of
neutron stars. Details of the measuring method will be presented in section 1.4.3.

1.2.4 Models of the X-ray Bursts

X-ray bursts are runaway thermonuclear reaction on the neutron star surface which
receives mass-accretion from the companion star, as explained in section 1.2.1.
The accreted hydrogen and helium accumulates on the neutron star surface and
periodically ignites to cause run-away burning. The regimes of thermonuclear
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ignition is roughly classified into three cases (Fujimoto et al. 1981) according to the
mass accretion rates, Ṁ , that is often expressed as a fraction of those corresponding
to the Eddington limit, ṀEdd (1.3 × 10−8 M⊙ yr−1 averaged over the surface for
an assumed radius of a neutron star, 10 km):

• At the regime of low accretion rates, i.e. Ṁ < 0.01ṀEdd, He-burning are
triggered by thermally unstable H-ignition. In this regime, the temperature
in the accreted layer is too low for stable H-burning between bursts. Hydro-
gen ignites unstably, triggering He burning and giving rise to X-ray burst in
a H-rich environment.

• At the intermediate accretion rates, i.e. 0.01ṀEdd < Ṁ < 0.1ṀEdd, pure
He-burning follows completion of H-burning. Here, the temperature in the
accreted envelope is higher and H burns steadily to He between X-ray bursts.
The bursts occur as a consequence of He ignition in a pure He layer.

• At the high accretion rates, i.e. 0.1ṀEdd < Ṁ He-burning is triggered by
thermally unstable He-ignition. Here, accretion provides fresh H fuel at a rate
higher than the steady burning. He ignites in a mixed H/He environment.

Although quantitative comparison between models and observations is not nec-
essarily successful (see, e.g., Fujimoto et al. 1987; Bildsten 2000), X-ray bursting
models successfully explain the burst properties, e.g. recurrence times, energetics,
and durations (Lewin, van Paradijs, & Taam 1995 ; Bildsten 1998).

1.2.4.1 Nucleosynthesis in X-ray Bursts

Model calculations of X-ray bursts have been performed using extensive nuclear
reaction network. The main nuclear reaction of He-burning is driven by the fol-
lowing three process: the rp-process (rapid proton-captures and β+

− decays), the
3α-reaction, and the αp-process (a sequence of (α, p) and (p, γ) reactions). Fig-
ure 1.5 shows an example of the simplified nuclear reaction network during an
X-ray burst. This figure demonstrates that the rp-process is significantly con-
tributed to produce the heavy nuclei up to and beyond the iron group. In the
figure, although all flow converge upon 56Ni nucleus and only a small leak con-
tinues on to higher masses, the end products of an X-ray burst are very sensitive
to input parameters and the composition of the subsequent burst products, as
mentioned later. Only very recently has it been possible to couple a spherically
symmetric (one-dimensional) hydrodynamic stellar calculations and detailed nu-
clear reaction networks. Recent efforts include Woosely et al. (2006) with networks
of 1300 isotopes (up to Po) and an adoptive network, Jose et al. (2010) networks
of 325 isotopes (up to Te) and 1392 nuclear processes, and so on.

Figure 1.6 shows examples of the nucleosynthesis calculations of the envelope
at a mass accretion rate of ∼ 0.1ṀEdd and each burst light curve (Parikh et al.
2013). These calculations were performed for the different metalicities Z, which
indicates the mass faction of heavy elements (C, N, and O), of the accreted matter:
accreting solar-like material (Z = 0.02) and accreting material of lower metalicities
(Z = 10−3). The bursts for accreted material of lower metalicity shows lower peak
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Figure 1.5: An example of the simplified nuclear reaction network at a point of an
X-ray burst (Wallace & Woosley 1981). The nuclear evolution was calculated at
constant temperature (T9 = 0.75, where T9 is the temperature in units of 109 K or
≈ 102 keV) and density (ρ = 100 g cm−3) using a solar mixture of 70% hydrogen,
28% helium, and 2% heavy elements by mass as an initial composition. The
number in each box indicates the mass number of each nucleus. Solid and dashed
arrows indicate dominant nuclear flows and those roughly an order of magnitude
weaker than the solid arrows, respectively.
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luminosities and longer durations than those for higher metalicity. In turn, the
longer duration of the burst results in a significant extension of the nuclear activity
towards the SnSbTe-mass region, which is clearly showed in the mean composition
of the envelope at the end of the burst. However, the end products of an X-ray
burst is sensitive to the burst history. This means that the burst ashes in the
previous bursts significantly affect the composition of the subsequent burst ashes.
Thus the nuclear reaction network calculation needs to cover at least several cycles
of burst to obtain stable results. This makes it difficult to compare the calculated
burst light curves with those of observations. Furthermore, at present we have
no observational information on the composition of the burst products. This is
very different situation compared to, e,g., nova, for which various observational
data are available for the nuclear reaction products. In the case of X-ray bursts,
comparison between model calculation and observation is possible only through
light curves. This is another reason why the model calculations of X-ray bursts
are still under development.

The burst ashes are most likely to be ejected by radiation-driven wind associ-
ated with the PRE bursts. Nuclear reaction during the burst is concentrated in the
thin layer at the base of the neutron star atmosphere. Because the thermal time
scale there is 1–10 sec, while the dynamic time scale is only micro-seconds, the
temperature gradient near the burning layer is nearly adiabatic, resulting in a re-
gion of highly efficient convection. Weinberg, Bildsten & Schatz (2006) show that
the maximum vertical extent of the convective region during the PRE bursts can
be sufficiently large that some ashes of burning are ejected by the radiation-driven
wind during the PRE phase and are exposed at the neutron star surface following
the PRE phase. Woosley et al. (2006) also show convection occurs throughout the
burst and the burst ashes are exposed at the NS surface. The ashes on the neutron
star surface may form absorption features, which allow us to extract the surface
gravitational redshift of the neutron star. If such features could be detected, they
can give a direct constrain of the mass-radius ratio.

1.2.4.2 Atmospheric Models

Model calculations of burst spectra have been performed using detailed modeling
of the neutron star atmosphere by various authors. In this calculations, hydro-
static and radiative equilibrium in plane-parallel approximation are assumed. The
energy spectra of X-ray bursts are generally well represented by a blackbody mod-
ified by the circumstellar and interstellar absorptions. However, deviation from a
blackbody is commonly observed due to the electron scattering in the hot atmo-
sphere of a neutron star.

When electron scattering becomes significant, emissivity of the source photons
is reduced, resulting in the difference between the color temperature and the ef-
fective temperature. This has been confirmed by detailed modeling of the neutron
star atmosphere (Ebisuzaki 1987; Madej et al. 2004 (MJR04); Majczyna et al.
2005 (MMJR05); Suleimanov et al. 2011 (SPW11)). Figure 1.7 shows the calcu-
lated burst spectra emitted from a pure-helium atmosphere with L/LEdd = 0.95.
Ebisuzaki (1987) showed that the burst spectra are harder than a blackbody spec-
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Figure 1.6: Mean composition of the envelope with the different metalicities at
a mass accretion rate of ∼ 0.1ṀEdd are plotted in the upper panel. Each burst
light curve are plotted in the lower panel. Filled circles and the solid line are for
accreting solar-like material (Z = 0.02), and open squares and the dashed-line are
for accreting material of lower metalicity (Z = 10−3).
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trum at the same effective temperature and can be satisfactorily fitted by a black-
body with a color temperature Tc that is higher than the effective temperature
Teff , although the low-energy excess is often seen below 2 keV. The similar ten-
dencies are also seen in the energy spectra of other models. Such differences are
often characterized by the color correction factor, which is defined as fc = Tc/Teff .
Figure 1.8 shows the representative color correction factors obtained for various
atmosphere models for bursting neutron stars: Madej et al. (2004) ; Majczyna et
al. (2005); Suleimanov et al. (2011). Input parameters of the models are chemical
composition, surface gravity, and the luminosity of a neutron star. Different model
calculations for the same input parameters generate consistent results with each
other at the 2–7 % level.

Figure 1.7: The burst spectrum by distant observers with L/LEdd = 0.95 (the solid
line), which is covered with pure helium matter (Ebisuzaki et al. 1987). The dashed
and dot-dashed lines indicate the planckian spectrum at the effective temperature
and the fitted planckian spectrum, respectively.

Although simple difference between the color and effective temperature does
not distort spectral shape, detailed model calculations show slight deviations from
the blackbody spectrum, which depend on various parameters such as luminosi-
ties, abundance, etc (Ebisuzaki 1987; Madej et al. 2004; Suleimanov et al. 2012).
Especially, Suleimanov et al. (2011) showed an interesting numerical result that,
in the low luminosity atmospheres with heavy elements, iron is not completely
ionized and its absorption edge appears around ∼ 9 keV due to the bound-free
transitions from the ground levels of the H-like Fe and He-like Fe. The strength of
this edge depends on the metal abundance and the luminosity as demonstrated in
figure 1.9. The edge, in reality, should be redshifted due to the strong gravitational
field of neutron stars and often smeared due to the rapid spin of neutron stars,
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Figure 1.8: A comparison between the color correction factors obtained for atmo-
sphere models for bursting neutron stars for different effective temperatures, sur-
face gravities, and atmospheric compositions (Özel 2013). The models shown are
from Madej et al. 2004 (MJR04), Majczyna et al. 2005 (MMJR05), and Suleimanov
et al. 2011 (SPW11).

which are not included in the model.
The above models of a neutron star atmosphere in hydrostatic and radiative

equilibrium can most likely be applied to an analysis of X-ray burst spectra with
small or zero radius expansion. Models by Shaposhnikov & Titarchuk (2002) are
applicable to the phases of extremely large radius expansion from an initial 10 km
to more than 10,000 km.

1.3 Neutron Stars and the Equation of State of

Ultra-Dense Matter

The equation of state (EOS) of ultra-dense matter contains the information on
the interior of neutron stars. However, at present, many theoretical EOS models
exist reflecting the poor understanding of the nuclear forces, many-body melem,
and hadronic correlating at such high densities. Figure 1.10 shows the mass-radius
curves of neutron stars by representative EOSs for normal matter such as neutrons
and protons, exotic hadronic matter such as hyperons or kaon condensates, and
self-bound quark matter, which are collected by Lattimer & Prakash. The allowed
mass and radius range of a neutron star are 0.2–2.7 M⊙ and 8–15 km, respectively,
depending on the assumed models. An accurate measurement of a neutron star
mass and radius provides indispensable information to constrain the EOS of ultra-
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Figure 1.9: Emergent (unredshifted) spectra of the atmosphere models with four
relative luminosities (l = 0.5, 0.1, 0.01 and 0.001) for solar hydrogen-helium mix-
ture and various abundances of heavy elements: Z = Z⊙ (solid curves), Z = 0.3 Z⊙
(dotted curves), Z = 0.1 Z⊙ (dashed curves), Z = 0.01 Z⊙ (dot-dashed curves)
(Suleimanov et al. 2011). The surface gravity is fixed to log g = 14.0. The black-
body spectra with effective temperatures are also shown by short-dashed curves.

dense matter.
Some mass-radius regions of neutron stars are already ruled out by several con-

straints associated with the compactness limit of neutron stars. The black region
in figure 1.10 is ruled out by the general relativity (GR) constraint, which requires
the greater radius of a neutron star than the Schwarzschild Radius, R > 2GM/c2,
in order not to being a black hole. The dark-grey region is ruled out by finite
pressure constraint, which requires R > (9/4)GM/c2 (Lattimer & Prakash 2007).
The grey region is by the causality constraint, which requires R > 2.94GM/c2, in
order to avoid a supraluminous equation of state in which the speed of sound is
faster than the speed of light (see, e.g., Lattimer & Prakash 2007).

The compactness limit is also intimately connected with the rotational limit,
when the rotational velocity at the equatorial radius equals to the Keplerian orbital
velocity Ω =

√
GM/R3, which is given by:

νmax ≈ 1.2

(
Mns

1.4M⊙

)1/2(
Rns

10 km

)−3/2

kHz. (1.1)

At present, the most rapidly rotating pulsar is PSR J1748−2446ad with a spin
rate of 716 Hz and its maximum spin rate excluded the right-lower region (light
grey), using the above equation. Recently, an 1122 Hz X-ray burst oscillation
from XTE J1739-285 has been reported by Kaaret et al. (2006). The stability of
this oscillation frequency strongly suggests that it is the spin rate of the neutron
star. If true, this may sets relatively stringent limits to constrain the mass-radius
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Figure 1.10: Various mass-radius curves of neutron stars for representative EOSs
compiled by Lattimer and Prakash (2007), which is adopted form Demorest et al.
(2010). The black, cyan, and green curves are for normal matter EOSs, for exotic
matter ones, and for self-bound quark matter ones. For normal matter EOSs,
ten EOSs can be roughly divided into three groups, according to the calculation
approaches: nonrelativistic potential models including AP3-4 (Akmal & Pandhari-
pande 1997), PAL1, and PAL6 (Prakash et al. 1988), relativistic field theoretical
models including MS0-2 (Müller & Serot 1996) and FSU (Shen et al. 2011), and rel-
ativistic Dirac-Brueckner-Hartree-Fock models including ENG (Engvik et al. 1996)
and MPA1 (Müther, Prakash, & Ainsworth 1987). For exotic matter EOSs, GS1
is a relativistic field theoretical model with a condensate of kaons (Glendenning
& Schaffner-Bielich 1999) and GM3 is with condensate of hyperons (Glendenning
& Moszkowski 1991). For self-bound quark matter EOSs, SQM1 and SQM3 cor-
respond to the different choices of the parameter values (Prakash et al. 1995).
The labels of various EOSs follow the notation of Lattimer and Prakash (2001)
and details of each EOS model are found in each reference. The left-upper and
right-lower region are ruled out by several constraints. See text for details of the
constraints. The region between blue and red solid-lines indicate the mass ranges
of J1614−2230, 1.97±0.04M⊙, and J0348+0432, 2.01±0.04M⊙, respectively. The
EOSs for exotic matter and self-bound quark matter is ruled out by this masses
of neutron stars.
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relation of neutron stars.
Several recent observations of neutron stars have contributed to the determina-

tion of the neutron star masses. Figure 1.11 lists the neutron star masses measured
as of January 20145. The measurements include pulsars orbiting another neutron
star, a white dwarf or a main-sequence star. The compact nature of several bi-
nary pulsars permits detection of relativistic effects, such as Shapiro delay or orbit
shrinkage due to gravitational radiation reaction, which constrains the inclination
angle and allows the measurement of each mass in the binary. According to this
list, the canonical pulsar mass is considered to be ∼ 1.4 M⊙. Furthermore, the
largest accurately pulsar masses were measured from double neutron stars binary
pulsar PSR 1913+16 and their masses are 1.3867 ± 0.0002 and 1.4414 ± 0.0002
M⊙, respectively.

Recently, one significant development concerns the masses measured from two
radio binary pulsars with a white dwarf companion: PSR J1614−2230 and PSR
J0348+0432. The masses of PSR J1614−2230 and PSR J0348+0432 were mea-
sured by the methods of Shapiro delay and radio timing observations phase-
resolved optical spectroscopy, respectively. Frommeasurements of PSR J1614+2230,
with Mns = 1.97±0.04M⊙, and PSR J0348+0432, with Mns = 2.01±0.04M⊙, the
minimum value of the maximum mass is Mns = 2M⊙. This maximum masses effec-
tively rule out the EOSs for exotic matter and self-bound quark matter, although
this is not sufficient to provide critical constraints on the mass-radius relations of
neutron stars.

1.4 Methods to Estimate the Mass-Radius Ra-

tios of Neutron Stars

The radius of a neutron star can be measured by observing the thermal emission
from the surface of isolated neutron stars or that of neutron stars in LMXBs.
However, clear results have not been obtained so far from the above measurements
due to large systematic uncertainties, e.g. source distance, color-correction factor,
and radiation isotropy. Therefore, instead of directly measuring the radius of a
neutron star, it is often measured the mass-radius ratio of a neutron star, i.e.
gravitational redshift at the neutron star surface, because it is little affected by
systematics among the various methods. This section highlights representative
methods to estimate the mass-radius ratio of a neutron star, i.e. the gravitational
redshift of a neutron star.

1.4.1 Time Variations of the Eddington Limit

The Eddington limit itself contains information on the mass of a neutron star,
but it is difficult to obtain reliable results due to several systematic uncertainties
such as source distances and the composition of the neutron star atmospheres.

5http://stellarcollapse.org/nsmasses
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Figure 1.11: A list of the neutron star masses measured as of January 2014, which
is reprinted from http://stellarcollapse.org/nsmasses.
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Therefore, we focus on a time-variation of the Eddington limit, instead of the
Eddington limit itself.

This time-variation is expected to appear in bursts with PRE. In the PRE
bursts, the luminosities approaches the Eddington Limit, and its corresponding
flux (Eddington limited flux) is given by:

FEdd,∞(R) =
LEdd,∞(R)

4πd2ξ

=
1

4πd2ξ

4πcGM

κ

√
1− 2GM

Rc2
=

cGM

κd2ξ
(1 + z)−1, (1.2)

where ξ is the anisotropy factor of burst emission and κ is the opacity, given by
κ = 0.2(1 +X)[1 + (αT )0.86]−1 cm2 g−1, with X the hydrogen content (by mass)
of the neutron star atmosphere, α = 2.2 × 10−9 K−1. During the PRE phase,
the luminosity remains constant at Eddington limit, but they are expected to
change by a distant observer due to the different gravitational redshift at different
photospheric radii. From the time variations of the Eddington luminosities, the
gravitational redshift at the neutron star surface is obtained. We classify the case
into two according the degree of the PRE.

Firstly, if the PRE is large enough to approximate as the gravitational redshift
is 1 + zR ≈ 1.0, the gravitational redshift is, in the simplest method, derived
from the ratio of the Eddington fluxes (or Edington luminosities) at very large
photospheric radii, where the effect of the gravitational redshift is negligible, and
at the moment when the radius expansion has just ended (hereafter ”touch-down”).
The Eddington limited flux at the very large PRE, where R ≫ R∗

6, is given by:

FEdd,∞ =
LEdd,∞(R ≫ R∗)

4πd2ξ
≈ cGM

κd2ξ
. (1.3)

On the other hand, the Eddington limited flux at the touch-down is given by:

FEdd,∞ =
LEdd,∞(R = R∗)

4πd2ξ

=
1

4πd2ξ

4πcGM

κ

√
1− 2GM

R∗c2
=

cGM

κd2ξ
(1 + z∗)

−1. (1.4)

By dividing Eq. (1.3) by Eq. (1.4), the gravitational redshift on the neutron star
surface is simply derived from the ratio of the observed Eddington limited fluxes,
which is given by:

1 + z∗ ≈
FEdd,∞(R ≫ R∗)

FEdd,∞(R = R∗)
. (1.5)

It is here assumed that the composition of the neutron star atmospheres does not
change and the anisotropic factor of the burst emission remains constant during

6In this thesis, the values measured by a local observer on the surface of the star, those by a
observer at distance of R from the center of the star, and those by a distant observer is indicated
with a subscript ∗, R, and ∞, respectively.
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the burst. However, most of the observed PRE bursts do not show large enough
PRE to use the above method.

Secondly, if the photospheric radius expansion does not justify the use of a
redshift factor of 1.0, the gravitational redshift is derived by using following two
ratios. One is the ratio of Eddington limited fluxes during the PRE phase and at
the touch-down by a distant observer, which is given by:

ζ∞ =
FEdd,∞(R > R∗)

FEdd,∞(R = R∗)
=

1 + z∗
1 + zR

=

√√√√√√√1−
Rs

R

1−
Rs

R∗

=

√√√√√√√1−
1

χ

Rs

R∗

1−
Rs

R∗

, (1.6)

where the Schwartzschild radius is defined as Rs = 2GM/R∗ and χ is introduced
as the ratio of the photospheric radii during PRE phase to the neutron star radius
by an observer on the neutron star surface, which is given by:

χ =
R

R∗
=

R∞

R∗,∞

1 + z∗
1 + zR

= χ∞ζ∞, (1.7)

where χ∞ is the ratio of above radii by a distant observer. From these two ratios,
we obtain the gravitational redshift at the neutron star surface by:

1 + z∗ =

√
ζ2∞ − 1/χ

1− 1/χ
=

√
ζ2∞ − 1/χ∞ζ∞
1− 1/χ∞ζ∞

. (1.8)

Note that, as seen in section 1.2.4, although burst spectra apparently have a
Planckian shape, numerical calculations show that the color temperatures Tc can
differ substantially from the effective temperatures Teff . The effect of this can be
described by a correction factor t = Tc/Teff .

In the past studies of X-ray bursts, PRE bursts from 4U 2129+11 with Ginga
satellite (van Paradjis et al. 1989) and from EXO 0748−676, 4U 1636−536, 4U
1735−44, and 4U 1820−30 with EXOSAT satellites (Damen et al. 1990) were used
to apply the time-variation of the Eddington limit to estimate the gravitational
redshifts. These values suffers from various systematic errors and thus did not
provide a significant constrain on the mass-radius relations.

1.4.2 Absorption Features

Absorption features at the neutron star surface can be used to measure the gravi-
tational redshifts. The absorption features, i.e. the absorption lines or edges, may
be redshifted to the observed line/edge energies, Eobs, from those in laboratory,
E0, by the general relativistic effect due to the strong gravitational fields of neu-
tron stars. From this redshifted energy, one can get the gravitational shift, which
is given by:

E0

Eobs

= 1 + z =

(
1− 2GM

Rc2

)−1/2

. (1.9)
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If absorption features were detected in the energy spectra, the gravitational redshift
can be derived immediately from the above equation, once the ions responsible for
the features are identified. Although the identification of the ions is difficult,
the method is hardly affected by the systematic errors, e.g. the source distance,
continuum models, radiation isotropy, and this is expected to give the clear and
clean results separated from the above uncertainties.

The spectral features at the neutron star surface may be smeared by two major
effects. One is the rotational broadening due to the rapid spin of a neutron star.
For the neutron stars with the rapid spin frequencies, the structures on the neu-
tron star surfaces such as absorption line/edge should be modified by rotational
broadening, ∆Erot, (Chang et al. 2005; Özel 2013), which is given by:

∆Erot ≃ 240

(
νspin

600 Hz

)(
R

10 km

)(
Etran

1 keV

)
sin i eV, (1.10)

where νspin is the spin frequencie of a neutron star, Etran is the energy of the
transition, and i is the disk inclination. The other is the Zeeman splitting due to
the magnetic field of neutron stars. The magnetic fields in the line-forming region
broaden the absorption line/edge with a scale given by:

∆E ≈ 12

(
B

109 G

)
eV, (1.11)

where B is the magnetic field strength at the neutron star surface (Loeb 2003).
Otherwise, there are also thermal Doppler broadening and Stark (pressure) broad-
ening, but these influences is small, a few eV, compared to the above major ef-
fects and can be ignored. The major effects make the detection of the adsorption
line/edge difficult. Therefore, one must carefully select the targets to detect such
features or, if the adsorption features are smeared, the analysis in consideration of
the effects is required.

Detections of the absorption lines in the burst spectra was reported by sev-
eral authors. The 4.1 keV absorption lines were detected in the bursts from 4U
1636–536 and 4U 1068–52 with Tenma (Waki et al. 1984; Nakamura et al. 1988)
and from EXO 1747–214 with EXOSAT (Magnier et al. 1989). However, these
lines were not detected in the subsequent observations. Detection of absorption
lines corresponding to the Lα transition of hydrogen-like and helium-like Fe were
claimed from EXO 0748–676 using XMM-Newton Reflection Grating Spectrome-
ter by Cottam, Parels, & Méndez (2002). However, the absorption lines were not
confirmed with much longer exposure of data (Cottam et al. 2008). Therefore,
presence of the absorption lines in the burst spectra is not established yet.

1.4.3 Pulse Profile

The amplitude and the shape of a phase-folded burst oscillation light curve can
be very useful to obtain simultaneously the mass and radius of neutron stars. The
phase-folded light curves are affected by two effects: gravitational bending of light
and Doppler boosting. Gravitational bending of light allows an observer to see
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much more than the facing hemisphere. The light bending causes the variations
of the amplitude of the phase-folded light curve, depending on the compactness of
the neutron star. The Doppler boosting, i.e. spin-related surface speed, also causes
the transformation of the intensity of the phase-folded light curves, depending on
the radii of neutron stars. Therefore, when combined with these result, the mass
and radius of a neutron star is simultaneously obtained from the above analy-
sis. For example, this method was applied to several burst oscillations from 4U
1636−536 (Nath et al. 2002) and from XTE J1814−338 (Bhattacharyya et al.
2005). However, the large uncertainties in the mass-radius measurements influ-
ence the various geometric factors, which are difficult to constrain. However, this
method is largely affected by various geometric uncertainties and no significant
result has been obtained so far.

The above method is also applied to pulsation in the X-ray thermal emission
from millisecond pulsars. The pulsation frequency is consistent with the spin fre-
quency of the neutron star, because such pulsations are caused by the periodic
motion of a hot spot due to the stellar spin. These pulsations are more coherent
than burst oscillations, enabling to accumulate data for a long time. On the other
hand, the burst oscillation frequency evolve appreciably in a short time. There-
fore, the millisecond pulsar pulsation method gives a more accurate measurement
than the burst oscillation method. One of the examples to which this method
is applied is the nearest known millisecond pulsar PSR J0437−4715 in ROSAT,
Chandra, and XMM-Newton X-ray observations. However, no significant result
was obtained due to the known cross-calibration uncertainties of the various de-
tectors and the inadequate absolute timing precision between the detectors. At
present, further improvements in mass-radius measurements of millisecond pulsars
are hindered by the instrumental limitations of existing X-ray satellites. Indeed,
this has served as one of the principal science drivers for the Neutron Star Inte-
rior Composition ExploreR (NICER) X-ray timing instrument, which is currently
scheduled for launch in late 2016. Its scientific payload is a non-imaging X-ray
timing instrument and silicon drift detector pairs. Its unique capability of large
effective area (nearly 2000 cm2 at 1.5 keV) and high precision timing capabilities
(100 ns absolute time resolution) can serve as the above millisecond pulsar pulsa-
tion method. Details of NICER and its instruments are found in Gendreau et al.
(2012).

1.5 Aims of the Current Thesis

A main aim of this thesis is to constrain the mass-radius relation of neutron stars
from the X-ray observation. At present, it is difficult to measure the radius of
a neutron star accurately, because the nature of the neutron star atmosphere is
poorly known. Instead, in this thesis, we evaluate the mass-radius ratio, i.e. grav-
itational redshift at the neutron star surface, utilizing an absorption feature in the
energy spectrum from the surface of a neutron star. The energy of the absorption
feature can be determined accurately as it is little affected by systematics. An ab-
sorption feature is in principal observable during the thermonuclear X-ray bursts,
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especially those with photospheric-radius expansion. If absorption features are
detected in the emission from the photosphere of a neutron star, they can directly
indicate the gravitational redshift, resulting in a constraint of the mass-radius
relations of neutron stars.

This thesis is organized as follows. Chapter 2 describes the Suzaku satellite
and the selection of thermonuclear X-ray bursts with its archival data. Details of
the spectral analysis during the selected X-ray bursts are presented in Chapter 3.
In Chapter 4, the results are discussed and conclusions are summarized.
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Chapter 2

X-ray Bursts Observed with
Suzaku

We used the Suzaku archive data for the present analysis. Therefore, we will first
overview the Suzaku satellite and its instruments, and then systematic analysis
of the Suzaku archive data to look for the thermonuclear X-ray bursts, especially
those with PRE.

2.1 The Suzaku Satellite

2.1.1 Overview of Suzaku

Suzaku is the Japanese fifth X-ray astronomy satellite and was developed at the
Institute of Space and Astronautical Science (ISAS/JAXA) in collaboration with
Goddard Space Flight Center (GSFC/NASA) and so on. It was launched on July,
2005, and was successfully put into a near-circular orbit at an altitude of ≃ 570
km and inclination of 32 degrees. Figure 2.1 and figure 2.2 show a schematic side
view of Suzaku and its cross-section view, respectively.

Suzaku covers the energy range 0.2–600 keV and is equipped with two types
of instruments. One is X-ray Imaging Spectrometer (XIS: Koyama et al. 2007)
and each XIS is located at the focal plane of a dedicated X-ray telescope (XRT:
Serlemitsos et al. 2007). The other is Hard X-ray Detector (HXD) that is a non-
imaging detector covering 10–600 keV (Takahashi et al. 2007; Kokubun et al. 2007).
As the HXD data was not used in this thesis, I do not describe it further. Suzaku
also carries a third instrument, an X-ray micro-calorimeter (X-ray Spectrometer;
XRS), but the XRS is not operational due to sudden loss of its cryogen just after
the launch. In the following sections, I first overview XRT and XIS, and then
introduce briefly the software needed for the analysis of the Suzaku data.

2.1.2 X-ray telescope (XRT)

XRT consists of 5 sets of the X-ray telescope that is a thin-foil-nested Wolter-I
type telescope. Four of them are used for XIS (XRT-I0 through XRT-I3) and its
focal length is 4.75 m. One of them is also used for XRS (XRT-S). The angular
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Figure 2.1: Schematic view of the Suzaku satellite in orbit (Mitsuda et al. 2007).
Both solar paddles and the extensible optical bench are deployed.

resolution of the XRTs range from 1.8′ to 2.3′, expressed in terms of the half-power
diameter (HPD), which is the diameter within which half of the focused X-ray is
enclosed. The angular resolutions of XRT does not significantly depend on the
energy of incident photons between 0.2–10 keV, which is the energy range of XIS.
Figure 2.3 shows the total effective area of 4 XRT-Is in comparison with those of
other working satellites. The effective areas of XRT-Is are typically 440 cm2 at 1.5
keV and 250 cm2 at 8 keV per telescope. The effective areas are much larger than
that of Chandra and comparable to XMM-Newton above 5 keV.

Figure 2.4 shows the encircled energy function (EEF) of a typical quadrant
of XRT-I at three energies (4.51 keV, 8.04 keV, and 9.44 keV). The EEF is an
integrated value of the point spread function (PSF) with radius, which indicates
the normalized intensity distribution of the image of a point source, is integrated.
The HPD of XRT-I0 (∼ 1.9′), which is twice as large as the diameter at which
the EEF becomes half of the normalized effective area, was significantly improved
from that of ASCA (∼ 3.6′). The HPD at the three energies are nearly identical,
being slightly smaller at the highest energy of 9.44 keV. These values are generally
consistent with those expected from ground-based calibration measurements.

2.1.3 X-ray Imaging Spectrometer (XIS)

XIS consists of 4 sets of identical CCD cameras that are operated in a photon-
counting mode. CCD cameras are sensitive in 0.2–12.0 keV and its energy res-
olution is ∼ 130 eV at 6 keV (full width at half maximum; FWHM). Three of
them are equipped with a front-side illuminated CCD (FI-CCD: XIS 0, 2 and 3)
and one of them with a back-side illuminated CCD (BI-CCD: XIS 1). Figure 2.6
shows the quantum efficiency (QE) curve of both the FI-CCDs and the BI CCD.
The BI-CCD has better QE than the FI-CCD in the soft band because there is
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Figure 2.2: A schematic cross-section view of Suzaku with the optical bench ex-
tended showing the internal structures (Mitsuda et al. 2007).
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Figure 2.3: Total effective area of the four XRT-I modules (Serlemitsos et al. 2007).
These are compared with that of XMM-Newton and Chandra. Transmissions of
the thermal shield and the optical blocking filter, and the quantum efficiency of
the CCD camera are all taken into account.

Figure 2.4: Encircled-energy fraction (EEF) of a typical quadrant of XRT-I at
different energies: 4.51keV, 8.04keV, and 9.44keV (Serlemitsos et al. 2007). These
EEF are compared with that of ASCA measured at 4.51keV. The diameter used
to define the 100% flux as 24′ for the ASCA XRT and 17.8′, which is same as the
size of CCD camera for the XRT-I quadrant.
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no gate structures at the incident surface of photons, but has lower QE in the
hard band due to a thinner depletion layer of ∼ 42 µm than those of the FI-CCDs
(∼ 65 µm). The imaging area of each CCD has 1024×1024 pixels with a pixel size
of 24 × 24 µm. When combined with the XRT, the XIS field of view is 18′ × 18′

and spatial resolutions of XIS becomes 2 arcmin (FWHM). Figure 2.5 shows the
schematic view of an XIS. Each CCD camera has a single CCD chip, which con-
sists of the imaging area and the frame store area. The imaging area is exposed to
the sky for observations, while the frame store area is shielded throughout obser-
vations. Each CCD camera is divided into 4 segments, which is called segment A,
B, C, and D. The data in each segment are read out from a dedicated node and
are sent to the common telemetry of a CCD camera.

Figure 2.5: Schematic view of a XIS (Koyama et al. 2007). The CCD consists of
4 segments (A, B, C, and D), each with a dedicated read-out node.

In XIS, we use most often normal mode, which is one of two major clocking
modes, to operate the CCDs and furthermore it can be combined with several
options. In general, CCDs are read out every 8 sec in the normal mode, thus
affording data with the exposure time and the time resolution of 8 sec. Another
major types of clocking mode is P-sum mode that is for stacked readout, but we
do not describe it further because it was not used in this thesis.
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Figure 2.6: The QE as a function of incident energy, calculated using best estimate
values of the thickness of dead layers and depletion layer (Koyama et al. 2007).
The solid line represents the FI-CCD (XIS 0) and the broken line is for the BI-CCD
(XIS 1).

When observing a bright source, the large count rate sometimes causes the
photon pile-up and/or the telemetry saturation. The XIS has a quota for the
telemetry per unit time, which depends on the observation mode and the data
rate. If the telemetry exceeds its quota, a part of the telemetry is lost. Photon
pile-up occurs when multiple photons arrive at a pixel or adjacent pixels within the
frame time. If two photons with energies E1 and E2 arrive, they are mistakenly
recognized as a single photon with an energy of E1 + E2. It is known that this
modifies the grade branching ratios, energy spectra, light curves, and the images in
X-ray CCD instruments. Specifically, the following observational features appear:

• If the flux changes during an observation, a plateau phase often appear at
the peak of the piled-up light curve.

• A decrease of the fraction of single-pixel events (grade 0) and an increase of
multiple-pixel events (grade 2, 3, 4, and 6) appear in the grade branching
ratio of the piled-up data. Fraction of non-X-ray events (grade 1 and 7) also
increase.

• A relative reduction of the soft X-ray events and a relative increase of hard X-
ray events occur in a piled-up spectrum. As a result, a hard tail is artificially
created in the spectrum.

Significance of these effects depends on the incident flux and its spectral shape.
Details of pile-up effects on the XIS are found in Yamada et al. (2012).

The above-mentioned problems are mitigated by two options: one is a window
option and the other is a burst option. The window and burst option are partially
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read out in time and space, respectively. In the 1/w window option, the central
1024/w pixels are read out in the Y direction and the entire pixels are read out in
the X direction, yielding a 1024× 1024/w pixel image. The exposure time is 8/w
sec. In the b sec burst option, all pixels are read out, but the effective exposure time
is reduced to b sec (b < 8 sec). The events detected during 8 − b sec of exposure
time are transferred and discarded without being recorded. Events detected in
the remaining b sec are transferred and recorded. In 1/w window and b sec burst
mode, the central 1024× 1024/w pixel image is read out with an exposure time of
b sec. During the exposure time, events in the first 8/w − b sec are discarded and
those in the last b sec are recorded. The inequity of 8/w > b always holds.

2.1.4 Software for the analysis of Suzaku data

For the analysis of Suzaku data, two major types of software are needed: one is
the multi-mission collection of programs and scripts (HEAsoft) and the other is
the relevant calibration database (CALDB). In what follows, we used the Suzaku
data processed by HEAsoft version 2.4b and CALDB released on July 1, 2014.

2.2 X-ray Bursts Observed with Suzaku

We used the Suzaku archive data to look for X-ray bursts. Some bursts were
detected in the observations whose target was an X-ray burst source, and others
were detected by chance in the observations whose target was not a known burst
source. In this thesis, we firstly looked in the data from the bursts when Suzaku
pointed to the X-ray burst sources, referring a catalogue of thermonuclear X-ray
burst sources in the Galaxy1. Table 2.1 lists the X-ray bursts sources observed
with Suzaku (as of September 2015), which includes 70 observations of 28 different
burst sources. We then made light curves of each data, in order to search for X-ray
bursts. If an X-ray burst occurs, a light curve clearly shows a sudden increase of
the flux by orders of magnitude. Looking at the light curves by eye, 44 X-ray
bursts were found from 9 different burst sources: EXO 0748−676, 4U 1608−522,
4U 1636−536, 4U 1705−44, XTE J1710−281, 4U 1728−34, GRS 1747−312, GX
17+2, and Aql X-1.

To check whether the above X-ray bursts show PRE, I calculated the light
curves in two different energy bands: low- (0.5–4 keV) and high- (4–10 keV) energy
bands. When an X-ray burst shows PRE, the radius of the photosphere increases
largely and the temperature decreases significantly below ∼ 2 keV, a typical peak
temperature of bursts without PRE. This causes an increase of low-energy flux
and a decrease of high-energy flux. Therefore, a PRE burst shows a characteristic
light curve with a dip of high-energy flux and a dominant low-energy flux. Our
analysis of the above 44 X-ray bursts showed a hint of a PRE burst from GRS
1747−312. Note that I here ignored short PRE bursts, whose duration of the PRE
phase is less than 8 sec, because they do not have enough statistics to look for the
spectral features in the energy spectra.

1https://personal.sron.nl/∼jeanz/bursterlist.html
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Table 2.1: Thermonuclear X-ray bursts observed with Suzaku

Source R.A. Decl. nobs nburst npre

4U 0614+09 94.28042 9.136944 2 ... ...

EXO 0748−676 117.1408 −67.7525 1 5 ...

4U 1323−62 201.6504 −62.13611 1 ... ...

Cen X-4 224.5917 −31.66889 1 ... ...

Cir X-1 230.1704 −57.16694 1 ... ...

4U 1608−522 243.1792 −52.42306 4 3 ...

4U 1636−536 250.2312 −53.75139 5 10 ...

4U 1705−44 257.227 −44.10205 8 7 ...

XTE J1710−281 257.5512 −28.13167 1 4 ...

4U 1728−34 262.9892 −33.83472 1 2 ...

SLX 1737−282 265.1625 −28.29667 1 ... ...

KS 1741−293 266.2333 −29.35194 2 ... ...

AX J1745.6−2901 266.4008 −29.02611 1 ... ...

1A 1742−294 266.5229 −29.51528 3 ... ...

SLX 1744−300 266.8558 −30.04472 1 ... ...

GRS 1747−312 267.6896 −31.2922 1 1 1

SAX J1808.4−3658 272.1147 −36.97897 1 ... ...

XTE J1810−189 272.5862 −19.06972 1 ... ...

4U 1812−12 273.7758 −12.09642 1 ... ...

GX 17+2 274.0058 −14.0639 3 1 ...

4U 1820−303 275.9187 −30.36114 8 ... ...

GS 1826−24 277.3675 −23.79139 1 ... ...

Ser X-1 279.9896 5.035833 4 ... ...

HETE J1900.1−2455 285.0407 −24.90119 1 ... ...

Aql X-1 287.8167 0.585 10 11 ...

XB 1916−053 289.6991 −5.236444 3 ... ...

Swift J1922.7−1716 290.654 −17.284 1 ... ...

Cyg X-2 326.1717 38.32167 2 ... ...

Total (28 sources) 70 44 1
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GRS 1747−312 was observed with Suzaku as a part of Galactic bulge mapping
observations in September, 2009, for a total exposure of 45.3 ks. Suzaku happened
to cover GRS 1747−312, a LMXB located in the globular cluster Terzan 6 (Predehl
et al. 1991; Pavlinsky et al. 1994). Distance to the globular cluster is estimated
to be 9.5+3.3

−2.5 kpc (Kuulkers et al. 2003). The source is also known to show dips
and eclipses (in’t Zand et al. 2003a) with an orbital period of 12.36 hr. The long
orbital period suggests that the companion star may be a subgiant star, but should
not be a white dwarf. Thus the accreted matter from the companion star is likely
to be hydrogen-rich. It produces outbursts every 4–5 months, each of which lasts
∼ 1 month (in’t Zand et al. 2000; 2003a). Two successive outbursts were observed
with RXTE in 2001. X-ray bursts detected with RXTE during the outbursts were
described in in’t Zand et al. (2003a), including those with PRE. We note that their
data might be contaminated with some other burst sources in the RXTE field of
views during the observations, because GRS 1747−312 is located near the Galactic
center and RXTE is equipped with non-imaging detectors with relatively wide field
of view (1 deg in FWHM). See Galloway et al. (2008) for further information. In
this thesis, we concentrate on the burst data from GRS 1747−312. The analysis
of the persistent emission is presented in Saji et al. (2015).
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Chapter 3

Analysis & Results of the PRE
Burst from GRS 1747–312

With the first look at the archive data, it was apparent that a bright point source
dominated the XIS image. Furthermore, an X-ray burst was detected from the
source. We determined the location of the point source using the data during the
burst as (α, δ) = (267.699, −31.271) (J2000), whose error radius is estimated to be
19 arcsec (Uchiyama et al. 2008). This position is consistent with that determined
based on the persistent emission (Saji et al. 2015). GRS 1747−312 is the only
known bright X-ray source in the error circle (See in’t Zand et al. (2003a) for the
Chandra position of GRS 1747−312). Thus, we interpret the bright source in the
XIS image as GRS 1747−312. However, we cannot exclude the possibility that
the bright source is another contaminant source, which is not known so far, in the
globular cluster Terzan 6, as the estimated core radius of Terzan 6, ∼ 3 arcsec, is
smaller than the angular resolution of the Suzaku satellite, ∼ 6 arcsec. Detailed
discussion on the source identification is found in Saji et al. (2015). Because
we cannot exclude the possibility of the source confusion, we need to note the
parameters of GRS 1747−312, e.g., orbital inclination, in the data analysis. For
the following analysis of the data, we extracted the source photons from a circular
region with the radius of 4.3 arcmin centered at the image peak.

Figure 3.1 shows a light curve obtained with XIS 0 for the 0.5–10 keV band.
A long X-ray burst, which is indicated by an arrow, was detected from GRS
1747−312. The data from the time-region A is used to subtract the persistent
emission from the burst data. Saji et al. (2015) shows that the spectrum of the
persistent emission during the observation with Suzaku are well-reproduced by two
models: Comptonized emission plus blackbody model and Comptonized emission
model modified by a partial-covering absorption model. The flux of persistent
emission is ∼ 1.2 × 1035 erg s−1, assuming that the distance to the source is the
same as that to the host globular cluster of 9.5 kpc. Figure 3.2 shows the close-up
light curves of the burst with the minimum time resolution in the same energy
band as in figure 3.1. The burst has a relatively long duration of the e-folding
time of 117 ± 6 sec, compared with that of typical X-ray bursts. The burst after
192 sec from the burst onset in figure 3.1) was not observed due to the satellite
passage through the South Atlantic Anomaly (SAA).
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Figure 3.1: An XIS 0 light curve of GRS 1747−312 in the 0.5–10 keV band with
192-sec time bins. An X-ray burst is indicated by an arrow. The data from the
time-region A is used to subtract the persistent emission from the burst data.
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Figure 3.2: An XIS 0 close-up light curves during and immediately before the
X-ray burst. The crosses (black), filled circles (green), and open circles (magenta)
indicate the light curves in the all (0.5–10 keV), high- (4–10 keV), and low- (0.5–4
keV) energy bands, respectively. No datum was obtained after 192 sec from the
burst onset due to the SAA passage of the satellite. Only the segment B data are
used to describe the light curves because of the telemetry saturation of the XIS 0
data.
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3.1 Data Selection

In analyzing the burst data, the photon pile-up and the telemetry saturation both
due to the large count rate must be carefully addressed. Significance of the pile-
up is apparent in the present burst data from the change of grade branching
ratio (especially the increase in grade 1 events) and from the count rate itself.
We decided to exclude the center region of the image referring to the technical
description of Suzaku1. When an energy spectrum is affected by the photon pile-
up, a hard tail is artificially created in the spectrum. If the center region of the
image is appropriately excluded, the hard tail will disappear. Then, because the
effects of photon pile-up is negligible in the outer region of 2.15–4.3 arcmin, we was
usable a region where the spectrum does not show the hard tail compared with
that in the outer region. As a result, we found that, if we exclude a circular region
of 1.4 arcmin in radius centered at the image throughout the burst, the effects
of the photon pile-up become insignificant. Thus, we used the source photons
extracted only from the annular region of 1.4–4.3 arcmin in radius for the analysis
of the burst data.

In addition, we checked the telemetry saturation for each time bin of data for
each CCD. In the cases of XIS 0 and 3, telemetry saturation resulted in the event
loss in the data in segments A, C, and D, whereas no event loss was found in
segment B, because segment B outputs the data to telemetry first among the 4
segments. Hence, we used the segment B data only during the period of telemetry
saturation in XIS 0 and 3 (8–128 sec from the burst onset). This means that source
photons are extracted from the overlap of segment B and the annular region. The
Ancillary Response File (ARF) is also created for the overlapping region. For XIS
1, we used the segment B data only during the period of mild telemetry saturation
of 112–136 sec from the burst onset, and the data of all the segments after 136 sec.
However, no data at all was usable, including segment B, for 8–112 sec because the
telemetry saturation was too severe. In calculating the source flux, we corrected
for the loss of the effective area, using the ARF.

3.2 Properties of the X-ray Burst

To see the properties of the X-ray burst, we estimated the burst parameters and
their time-variations. We derived energy spectra of the burst every 8 sec in 1–
10 keV. In this analysis, we have discarded the data below 1 keV, where very
few source photons are available due to large interstellar absorption. For this
purpose, we used only the FI-CCD data because the BI-CCD data suffer from
heavy telemetry saturation (see section 3.1). Note that BI-CCD data are used
for the detailed spectral analysis later. We extracted the spectra in the time-
region A (figure 3.1) prior to the burst as the template for the persistent emission,
subtracted their average from the energy spectra during the burst. Although the
persistent emission level may have somewhat changed during the burst, it should
hardly affect this results because the flux during the burst is larger at least by

1http://www.astro.isas.jaxa.jp/suzaku/doc/suzaku td
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two orders of magnitude than that in the persistent phase. We then fitted the
spectrum in each time bin with an absorbed blackbody model (phabs × bbody in
the notation of XSPEC, the X-ray spectral fitting package, Arnaud 1996). The
spectrum in each time bin is showed in the Appendix B. Figure 3.3 plots the
resultant time-evolutions of the major parameters: bolometric luminosity, color-
temperature, apparent radius, hydrogen column density, and reduced chi-square,
whose degrees of freedom range between 18 and 24, from the top to bottom panels.
Note that we assumed here and after that the distance to the source is the same
as that to the host globular cluster of 9.5 kpc.
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Figure 3.3: Time-evolutions of the best-fit spectral parameters during the burst: a
bolometric luminosity, a color-temperature, an apparent radius, a hydrogen column
density, and a reduced chi-square, from top to bottom. The source distance is
assumed to be 9.5 kpc. The horizontal bars of the data points represent integration
time (8 sec) of the data, and the vertical bars errors in the 90% confidence limit.
Time-region B is used in detailed analysis of the spectral feature (section 3.3).

The third panel of figure 3.3 clearly demonstrates that the moderate PRE
occurred in the initial 80 sec after the burst onset. The apparent radius shows
moderate increase by a factor of ∼ 4 in the initial ∼ 30 sec, which is anti-correlated
with the color-temperature. The luminosity sharply reached its peak at ∼ 2 ×
1038 erg/s and was saturated for roughly 70 sec at the maximum value. It is
the typical behavior of an X-ray burst from a neutron star where the luminosity
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has reached the Eddington limit. An expansion in the radius correlated with the
temperature decrease as well as the constant luminosity at its peak is the clear
indication showing that the PRE occurred in the initial 80 sec. Then, during the
decay of the burst, ∼ 100 sec and later after the onset, the apparent radius again
showed a gradual increase. This may be related to the non-Planckian nature of
the emission, and does not reflect true change of the photospheric radius of the
burst.

The time-resolved burst spectra are well-reproduced by the blackbody model
for the majority of the observed period during the burst, but they sometimes show
deviations. Especially, large deviations are seen in the spectra in the latter half of
the observed cooling phase, as represented by the relatively large χ2

ν (> 1.5) after
∼ 120 sec. It is usually expected that non-Planckian effects become small during
the decay of the burst when the temperature becomes low. Thus the energy spectra
should be better expressed with an absorbed blackbody than those near the peak
of the burst. However, figure 3.3 shows that it is not the case. The reduced chi-
square distributions of the time-resolved burst spectra are presented in figure 3.4.
Indeed, the reduced chi-square distributions of the burst spectra in the latter part
of the burst (136–192 sec) are shifted to the larger value than those in the early part
of the burst (0–136 sec), where the reduced chi-squares are concentrated around
1.0 as expected for the acceptable model. This suggests that the burst spectra
in the latter part of the burst are distorted from an absorbed blackbody model
not by just the statistical fluctuation, but the distortion is intrinsic to the source
emission.
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Figure 3.4: Reduced chi-square distributions of the time-resolved burst spectra for
0–136 sec (red) and for 136–192 sec (blue) are plotted, respectively, as histograms.
The reduced chi-squares are obtained from the burst spectra of each energy bin
by fitting an absorbed blackbody model.

37



3.3 Spectral Analysis in the Latter Half of the

Observed Cooling Phase

We performed detailed analysis of the burst spectrum during the cooling phase
to find out the origin of the poorly matched model, represented by the relatively
large reduced chi-square. To improve statistics, we also used the BI-CCD data
in addition to the FI-CCD data, as the telemetry saturation did not occur in the
decay of the burst. Furthermore, we summed up all the data in each CCD during
the time-region B in figure 3.3, where χ2

ν is large and where the variation of the
burst parameters is negligibly small. Figure 3.5 shows the obtained burst spectra
in the time-region B. The FI-CCD and BI-CCD spectra were simultaneously fitted
with the absorbed blackbody model. We included a constant component in the
model to absorb the calibration uncertainty in the effective area between the FI-
and BI-CCDs. The best-fit models and residuals are overlaid in figure 3.5. The
fit is found to be poor with χ2

ν ∼ 2.2, leaving a broad feature in the residuals
above 7 keV and a soft excess below 2 keV. How can we address the issue? Over-
estimation of the column density in the spectral fitting often produces positive
residuals below 2 keV (the soft excess). Only the spectral feature in the current
model that can reproduce both the roll-off feature in the residuals above 7 keV
and the soft excess is the iron edge in the phabs component. In that sense, it is
likely the soft excess is related to the roll-off above 7 keV, where the current model
is too simple to explain them well. Thus, if the appropriate model-component to
explain the roll-off is added, the residual below 2 keV may well disappear.

Based on this consideration, the following six models are examined to reproduce
the broad feature above 7 keV, all of which are possible models in burst sources: (i)
absorption edge (“simple edge” model), (ii) a relativistically-broadened emission
line (“diskline” model), (iii) reflection by cold matter (“reflection” model), (iv)
partial-covering absorption (“pcfabs” model), (v) a smeared absorption edge due
to the NS spin (Doppler-smeared absorption edge model, hereafter “dpsmedge”
model), and (vi) two-temperature blackbody (“2bbody” model).

Firstly, the simple edge model is examined. In this model, a photo-electric
absorption edge model (edge) is multiplied to the absorbed blackbody model. The
unfolded energy spectra and the best-fit models are plotted in the upper panel
of figure 3.6, and the ratios of the best-fit models, which are convoluted with the
response functions of the detector, to the observed spectra in the lower panel. Note
that the unfolded spectrum is calculated from the observed one simply divided by
the energy-dependent detection efficiencies defined as the ratio of the folded model
and the unfolded model. Thus, precisely speaking, the unfolded spectrum depends
on the assumed spectral model. The best-fit parameters are listed in table 3.1 The
fit is not acceptable with χ2

ν = 1.49, whose probability is calculated to be ∼ 0.1%
for about 100 degrees of freedom, and the significant residuals remain above ∼ 7
keV. The residual implies that the observed spectral feature is rather dull and a
sharp model, such as the absorption edge model, cannot reproduce the feature.

Secondly, the relativistically-broadened emission line, so-called disk line model
(diskline: Fabian et al. 1989) is examined. We tried two cases for the disk inclina-
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Figure 3.5: Energy spectra of the burst in the latter half of the observed cooling
phase (144–192 sec in figure 3.3) are plotted in the upper panel. The filled squares
(red) are for the XIS 0 and 3 (FI-CCD) data and the open squares (blue) are
for the XIS 1 (BI-CCD) data. The solid lines indicate the best-fit models of an
absorbed blackbody. The data and model associated with the XIS 1 are multiplied,
respectively, by twenty in order to be easily viewed. The fit residuals are shown
in the lower panel as ratio of the observed spectra to the best-fit models. The
horizontal bars of the data points represent integration energy ranges, and the
vertical bars errors in the 68% (1σ) confidence limit. A relatively large residual
structure is seen above 5 keV.

Table 3.1: Best-fit parameters of the edge model.

Component Parameter Value

constant × phabs × bbody × edge

χ2
ν/d.o.f. = 1.49/96

constant Relative normalization factor 0.89± 0.03

phabs NH [1022 cm−2] 1.75± 0.11

bbody kTc [keV] 1.54± 0.04

Bolometric luminosity [1038 erg s−1] 0.58± 0.01

edge Eedge [keV] 7.71± 0.06

Optical depth (τedge) 1.55± 0.23
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Figure 3.6: Unfolded energy spectra of the burst in the latter half of the observed
cooling phase (144–192 sec in figure 3.3) are plotted in the upper panel. The
filled squares (red) are for the XIS 0 and 3 (FI-CCD) data and the open squares
(blue) are for the XIS 1 (BI-CCD) data. The best-fit models of an absorbed
blackbody multiplied by an absorption edge and those without the absorption
edge component are also plotted as solid and dashed lines, respectively. The data
and model associated with the XIS 1 are multiplied, respectively, by twenty in
order to be easily viewed. The close-up spectra of XIS 0 and 3, in which the
spectral feature is seen, are shown in the inset. The fit residuals are shown in the
lower panel as ratio of the observed spectra to the best-fit model. The horizontal
bars of the data points represent integration energy ranges, and the vertical bars
errors in the 68% (1σ) confidence limit.
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tion. In one case, appropriate for GRS 1747−312 (in’t Zand et al. 2003a), it is fixed
to 74.5◦. In the other case, corresponding to the case that the burst is produced by
the contamination source, the disk inclination is optimized in the model fitting. In
this case, no information is available for the disk inclination. However, the burst
emission is clearly seen with little obscuration by e.g., outer accretion disk, thus
large inclination close to 90◦ is clearly excluded. Because the outer accretion disk
typically subtend 40–60◦, inclination angle is considered to be larger than 70–80◦.
It is noted that the disk inclination is required in two of the following models (the
reflection model and dpsmedge). So, we adopted the same method also for the
spectral analysis with dpsmedge model. The line emissivity is parameterized as a
power-law function with radius and is assumed to follow the inverse-square law.
To produce the broadest spectral feature with the diskline model, the inner radius,
rin, of the disk is fixed to the minimum value, 6Rs, where Rs is the Schwarzschild
radius. The best-fit parameters and the ratios of the fitting residuals are given
in table 3.2 and the middle panel of figure 3.7, respectively. The χ2

ν is still large,
1.47, and so are the residuals at > 6 keV. When the disk inclination is set free, it
tends to become larger converging to the case of 74.5◦. If we force to set a smaller
inclination angle, say 30◦, the profile of the disk line become sharper and the χ2

ν

become large with χ2
ν ∼ 1.8.
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Figure 3.7: Same as figure 3.6, but the model is diskline added to the absorbed
blackbody for the upper and lower panels, respectively.

Thirdly, the model of reflection by cold matter is applied. In this model,
the blackbody component was convoluted with the reflection component (reflect:
Magdziarz & Zdziarski 1995). The best-fit parameters and the ratios of the fitting
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Table 3.2: Best-fit parameters of the diskline model.

Component Parameter Value

constant × phabs × ( bbody + diskline )

χ2
ν/d.o.f. = 1.47/96

constant Relative normalization factor 0.89± 0.03

phabs NH [1022 cm−2] 1.94± 0.11

bbody kTc [keV] 1.33± 0.02

Bolometric luminosity [1038 erg s−1] 0.47± 0.01

diskline Eline [keV] 5.24± 0.05

Radial dependency of the line emissivity (r−2)

Intensity [10−2 photons cm−2 s−1] 4.48± 0.51

rin [Rs] (6)

rout [Rs] (1000)

Disk inclination angle (74.5◦)

residuals are given in table 3.3 and the bottom panel of figure 3.8, respectively.
This model gives a good fit with χ2

ν ∼ 1.1. However, the best-fit reflection scaling-
factor (1.0 for an isotropic source above the disk) is extremely large, 104±30. Such
a large scaling-factor would require that the direct beam from the X-ray emitting
source be almost completely blocked and that only the reflection component be
visible. However, such a geometry is contradictory to the observational fact that
the bolometric luminosities during the burst reached the Eddington limit. Al-
though this result is obtained for the inclination of 74.5◦, we confirmed that it is
essentially independent of the assumed inclination. Therefore, this model is not
plausible.

Fourthly, the partial-covering absorption model (pcfabs) is examined. The
pcfabs model is multiplied to the absorbed blackbody model. The best-fit param-
eters and the ratios of the fitting residuals are given in table 3.4 and the top panel
of figure 3.9, respectively. The pcfabs model gives a good fit with χ2

ν ∼ 1.0.
The best-fit column depth and covering fraction of the pcfabs parameters are
22.6± 2.5× 1022 cm−2 and 0.78± 0.03, respectively.

Fifthly, the dpsmedge model is applied. In this model, an absorption edge is
assumed to be formed in the neutron star atmosphere during the burst and to
be smeared by the spin of the neutron star. Because such a model is not avail-
able in XSPEC, a simple program is developed to calculate the Doppler-smeared
absorption edge, which is imported for XSPEC as the table model. Details of
the model is described in the Appendix A. The Doppler-smeared absorption edge
model (dpsmedge) is multiplied to the absorbed blackbody model. The best-fit
parameters and the ratios of the fitting residuals are given in table 3.5 and the
middle panel of figure 4.3, respectively. The dpsmedge model gives a good fit
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Figure 3.8: Same as figure 3.6, but the model is reflection multiplied to the ab-
sorbed blackbody for the upper and lower panels, respectively.

Table 3.3: Best-fit parameters of the reflection model.

Component Parameter Value

constant × phabs × reflect × bbody

χ2
ν/d.o.f. = 1.14/97

constant Relative normalization factor 0.90± 0.03

phabs NH [1022 cm−2] 1.38± 0.16

bbody kTc [keV] 0.95± 0.02

Bolometric luminosity [1038 erg s−1] 1.27± 0.03

reflection Reflection scaling-factor 104± 30

Disk inclination angle (74.5◦)
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Figure 3.9: Same as figure 3.6, but the model is pcfabs multiplied to the absorbed
blackbody for the upper and lower panels, respectively.

Table 3.4: Best-fit parameters of the pcfabs model.

Component Parameter Value

constant × phabs × ( pcfabs × bbody )

χ2
ν/d.o.f. = 0.99/96

constant Relative normalization factor 0.89± 0.02

phabs NH [1022 cm−2] 1.81± 0.14

pcfabs NH [1022 cm−2] 22.6± 2.5

Covering fraction 0.78± 0.03

bbody kTc [keV] 1.02± 0.03

Bolometric luminosity [1038 erg s−1] 1.24± 0.15
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with χ2
ν ∼ 0.9. The best-fit edge energy and spin frequency are 7.15 ± 0.21 keV

and 1.76 ± 0.23(Rns/10 km) kHz, respectively. We note that the estimated spin
frequency has the negative correlation with the assumed value of the disk incli-
nation. For the optical depth, only the lower limit, 7, was successfully obtained.
Implications of these parameters are discussed in section 4.
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Figure 3.10: Same as figure 3.6, but the model is dpsmedge multiplied to the
absorbed blackbody for the upper and lower panels, respectively.

Lastly, the 2bbody model is examined. It is assumed so far that the bursting
atmosphere of the neutron star has completely uniform temperature. However, in
reality, some temperature variation may be present on the neutron star surface. A
two-temperature blackbody is the simplest model to mimic the temperature varia-
tion. An additional blackbody is added to the base model of absorbed blackbody.
The best-fit parameters and the ratios of the fitting residuals are given in table 3.6
and the bottom panel of figure 3.11, respectively. The χ2

ν is still large, 1.54, and
the positive residual remains below 2 keV due to the larger best-fit column density,
5.5× 1022 cm−2, than those of previous studies, 1–2 ×1022 cm−2 (in’t Znad et al.
2000). In addition, the best-fit bolometric luminosities of the bbody component
with a lower temperature is comparable with the Eddington luminosity of a NS,
in spite of the cooling phase of the burst. Therefore, we conclude that the model
is not plausible.

Now that modeling of the average spectrum has been established reasonably,
the potential time-variations of the spectral feature is then investigated. For this
purpose, the dpsmedge model is adopted, which gives the minimum χ2

ν for the
summed spectra. Energy spectra are calculated in the cooling phase every 16 sec
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Table 3.5: Best-fit parameters of the dpsmedge model.

Component Parameter Value

constant × phabs × bbody × dpsmedge

χ2
ν/d.o.f. = 0.91/95

constant Relative normalization factor 0.89± 0.02

phabs NH [1022 cm−2] 1.31± 0.12

bbody kTc [keV] 1.99± 0.13

Bolometric luminosity [1038 erg s−1] 0.84± 0.09

dpsmedge Eedge [keV] 7.15± 0.21

Optical depth (τedge) > 7

νns [(Rns/10 km) kHz] 1.76± 0.23

Disk inclination angle (74.5◦)
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Figure 3.11: Same as figure 3.6, but the model is bbody added to the absorbed
blackbody for the upper and lower panels, respectively.
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Table 3.6: Best-fit parameters of the 2bbody model.

Component Parameter Value

constant × phabs × ( bbody1 + bbody2 )

χ2
ν/d.o.f. = 1.54/96

constant Relative normalization factor 0.90± 0.03

phabs NH [1022 cm−2] 5.48± 0.43

bbody1 kTc [keV] 0.19± 0.01

Bolometric luminosity [1038 erg s−1] 6.44± 3.59

bbody2 kTc [keV] 1.20± 0.02

Bolometric luminosity [1038 erg s−1] 0.67± 0.02

in 1–10 keV. The edge energy and spin frequency are fixed to the best-fit values
for the summed spectra (7.15 keV and 1.76 kHz, respectively; table 3.5), because
not all the parameters could be simultaneously optimized due to poor statistics of
the data. Figure 3.12 shows the time-variations of the optical depths. The optical
depth has a tendency to increase gradually with time. This tendency suggests
that the spectral feature becomes more prominent later in the cooling phase of the
burst.
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Figure 3.12: Time-variations of the optical depths in the observed cooling phase of
the burst. The up and down arrows indicate the minimum and maximum values,
respectively. The horizontal bars of the data points represent integration time (16
sec) of the data, and the vertical bars errors in the 90% confidence limit.
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Chapter 4

Discussion

An X-ray burst from GRS 1747−312 was detected with Suzaku. The burst was
relatively long, and showed moderate PRE. Because the source is known to show
PRE bursts, which sometimes have a long duration of a few hundreds seconds, the
burst detected here may be a typical one for GRS 1747−312. However, for the first
time, the burst showed a distinctive feature in the energy spectra, i.e. a roll-off of
the spectrum above ∼ 7 keV, in the cooling phase of the burst. Various models
have been examined, and it is found that the feature can be reproduced with
either the partial-covering model or the Doppler-smeared absorption edge model
(section 3). In this section, I first discuss the spectral feature during the burst in
the context of non-Planckian nature, then the two candidate spectral models.

4.1 Non-Planckian Nature of the Burst Spectra

Energy spectra during X-ray bursts are generally well represented by a blackbody
modified with the low-energy absorption. However, deviation from a blackbody
due to the electron scattering in the hot atmosphere of neutron stars has been also
commonly observed (see, e.g., van Paradijs et al. 1989). When electron scattering
becomes significant, the emissivity of the source photons is reduced, resulting in
the different color- and effective temperatures. Although simple difference between
the color- and effective temperatures does not distort the spectral shape, detailed
model calculations show deviations from the blackbody spectrum, which depend on
various parameters such as luminosity and abundance (Ebisuzaki 1987; Madej et al.
2004; Majczyna et al. 2005; Suleimanov et al. 2012). Recently, Inoue (2015) gave
a simple analytical formula to approximate the energy spectra from the bursting
atmosphere, which is dominated by the Compton scattering: a blackbody modified
by the filter function defined as:

f(E, kT ) = max

(
1− E

3kT
×

(
1− exp

(
− E

kT

))
, 0

)
, (4.1)

where E is the photon energy and kT is the temperature of the atmosphere. This
filter function tends to reduce high energy photons, which practically creates the
spectral roll-off. Figure 4.1 shows the fit result of the burst spectra in the latter
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half of the observed cooling phase (figure 3.5) with a blackbody modified with
this filter function. The temperature of the filter function is fixed to that of the
blackbody model. The best-fit parameters are listed in table 4.1. The fit gives a
χ2
ν ∼ 1.1. Thus, the model reproduces the observed spectra well.
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Figure 4.1: Same as figure 3.6, but the model is an absorbed blackbody modified
with the filter function (Inoue 2015). See text for the filter function.

The roll-off of the spectra was observed only in the latter half of the cooling
phase of the burst. As shown in figure 3.12, the roll-off was moderate at first and
became more significant later. This time-variation may be understood in the con-
text of the Compton scattering, as follows. As represented with the filter function,
roll-off starts at higher energy when the temperature of the burst atmosphere is
high. If the temperature of the atmosphere is sufficiently high in the early part of
the burst (except the PRE phase), the roll-off of the spectrum shifts beyond the
Suzaku/XIS energy band. When the atmosphere cools down, the roll-off shifts to
lower energy and becomes significant in the observed energy spectra. The time-
variation of the edge depth in figure 3.12 was derived with the edge energy being
fixed. In fact, the data are found to be also consistent with the change of the edge
energy instead, and hence with the above-mentioned interpretation with Compton
scattering. One cannot determine which interpretation is more appropriate due to
the limited statistics. This model will be further investigated in subsection 4.4.

In the context of the non-Planckian spectra, detections of some atomic features
have been reported in the burst spectra of neutron stars. Examples include the
detection of absorption edges in the superexpansion bursts from 4U 0614+091 and
4U 1722−30 (in’t Zand et al. 2010). The edges were detected during the expansion
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Table 4.1: Best-fit parameters of filter model

Component Parameter Value

constant × phabs × bbody × filter

χ2
ν/d.o.f. = 1.05/98

constant Relative normalization factor 0.89± 0.02

phabs NH [1022 cm−2] 1.38± 0.08

bbody kTc [keV] 3.13± 0.03

Bolometric luminosity [1038 erg s−1] 5.01± 0.10

filter kT [keV] 3.13±0.03

phase and showed a simple profile, i.e. no smearing was detected within the energy
resolution of the Proportional Counter Array (PCA: Jahoda et al. 2006) onboard
RXTE. These features may originate from H-like or He-like ions of iron peak
elements in the burst ashes exposed to the expanded photosphere (in’t Zand et al.
2010). Combination of a broad emission line and an absorption edge was observed
in the superburst from 4U 1820−30 with RXTE PCA (Strohmayer & Brown 2002).
They argued that the feature was likely to be produced by the reflection of the burst
flux from the inner accretion disk. The edge features detected so far during the X-
ray bursts from neutron stars have been observed either in the expansion phase or
throughout the burst. In the Suzaku observation of GRS 1747−312, the spectral
feature was detected only in the decay phase. Furthermore, the edge features
detected here were clearly smeared, whereas those reported in the literature were
all narrow, although we should note that the energy resolutions of the detectors
are also different. It is likely that the spectral feature detected in the Suzaku data
have a different origin from those detected in the past observations.

4.2 Partial-Covering Absorption

Partial covering is observed in dip sources regularly. Given that a dip-like decrease
of the flux was detected in the Suzaku data of GRS 1747−312 (Saji et al. 2015), it
is not surprising that the partial-covering model worked well to reproduce the burst
spectra of this source (section 3.3, table 3.4). In this subsection, we discuss whether
the partial-covering model is scientifically appropriate or not for this source.

If the partial covering is responsible for the spectral feature during the burst,
the covering material should be absent in the early part of the burst and should sud-
denly appear later during the cooling phase. Covering material is usually thought
to be located near the outer edge of the accretion disk, where the disk is the thick-
est. In that case, its presence would be hardly affected by an X-ray burst. On the
other hand, its ionization degree may change as it is illuminated with intense X-
rays from the burst, which may make the partial-covering scenario viable. In fact,
enhanced soft X-ray flux during bursts due to the photo-ionization of the absorb-
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ing material was observed from EXO 0748−676 (Asai & Dotani 2006). According
to this scenario, partial-covering material can be almost completely photo-ionized
in the early part of the burst and accordingly does not work as absorber. Then, its
ionization degree will decrease in the cooling phase due to the reduction of X-ray
flux, and the material will start working as absorber.

In order to verify this scenario, the partial-covering model with ionized absorber
is examined, using partcov and absori (Done et al. 1992) models available in XSPEC
(hereafter pcfabsi model). In this model, the ionizing flux is assumed to have,
rather arbitrary, a power-low spectrum with a photon index of 2, because the
results is almost insensitive to the spectral shape. Also, to deal with the problem
of parameter-coupling between the column density and the ionization degree, the
column depth is fixed to 10.5 × 1022 cm−2, which is the best-fit value derived
from the persistent flux before and after the burst (Saji et al. 2015). The best-
fit parameters are listed in table 4.2, and the ratios of the best-fit model to the
spectra are plotted in the upper panel of figure 4.2. The model is found to give a
poor fit with χ2

ν ∼ 1.3. Furthermore, the ionization parameter is consistent with
zero (< 0.3 in the 90% confidence limit). This means that the absorber should be
almost or completely neutral. Indeed, it is expected from the observed spectrum
(figure 3.5) because the roll-off above 7 keV suggests the (partial-covering) absorber
to be neutral.

Above fitting result leaves only the possibility that the absorber is completely
photo-ionized in the burst peak and becomes neutral in the burst decay. We
introduce the ionization parameter, ξ = L/nr2, of the material, where L is the
X-ray luminosity, n the density of the material, and r the distance of the material
from the X-ray source. If we take Fe as an example, it is almost neutral when ξ
is small, say < 10, He-like ion becomes dominant when ξ ∼ 103, and it is almost
completely ionized when ξ ∼ 104. The burst luminosity decreased by a factor of
3 from the peak to the decay where the roll-off become significant in the energy
spectra. Because the density (n) and location (r) of the absorber cannot change
largely during the burst, reduction of ξ parameter from the burst peak to the
decay may be at most a factor of 3. This amount of change in ξ is insufficient to
cause large change in the ionization degree of the absorber. Thus it is difficult to
explain that emergence of the spectral roll-off only in the decay of the burst by
the variation of the photo-ionization degree of the partial covering absorber.

4.3 Doppler-Smeared Absorption Edge

An absorption edge may appear in the burst spectra when the burst flux from the
bottom of the neutron star atmosphere, where the bursts ignite, passes through
the relatively cold layers. Furthermore, if the absorption edge of this kind is
present in the spectrum, the edge feature should be smeared due to rapid spin of
neutron stars. As seen in section 3, the Doppler-smeared absorption edge model
gives an acceptable fit. However, the best-fit parameters are implausible; the spin
frequency, 1.76±0.23(Rns/10 km) kHz, is too large and the optical depth, τedge > 7,
is also large. For example, the spin frequencies of X-ray bursters measured from
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Figure 4.2: Same as figure 3.6, but the models is pcfabsi multiplied to the absorbed
blackbody for the upper and lower panels, respectively.

Table 4.2: Best-fit parameters of pcfabsi model.

Component Parameter Value

constant × phabs × ( partcov × absori ) × bbody

χ2
ν/d.o.f. = 1.30/96

constant Relative normalization factor 0.90± 0.03

phabs NH [1022 cm−2] 1.37± 0.15

partcov Covering fraction 0.67± 0.04

absori Photon index (2.00)

NH [1022 cm−2] (10.5)

Temperature of absorber [K] (3× 104)

Ionization parameter < 0.30

Redshift (0.00)

Abundance of Fe element (1.00)

bbody kTc [keV] 1.16± 0.02

Bolometric luminosity [1038 erg s−1] 0.74± 0.03
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the burst oscillations all range between 270–620 Hz (Strohmayer 2001). Indeed,
the spin frequency of 1.76 kHz is comparable with the break-up frequency of a
neutron star. The roll-off of the observed energy spectrum is so dull that it may
require large smearing if fitted with a single edge. On the other hand, in reality,
two or more ions and/or species may be involved in the spectral feature, whereas
the model used here in the spectral fitting (section 3.3, table 3.5) took only one
element into account. If multiple ions are involved, the spectrum may well be
explained without requiring large smearing.

To test this hypothesis, another Doppler-smeared absorption edge component
is added to the model of dpsmedge (hereafter referred to as 2dpsmedge model)
and the spectrum is fitted with such a model. In the fitting, the spin frequency is
fixed at several different values, ranging 0.3–1.2 kHz, because not all the parame-
ters could be simultaneously optimized due to poor statistics of the data. As an
example, the best-fit parameters for 0.6 kHz are listed in table 4.3, and the ratios
of the best-fit model to the spectra are plotted in the lower panel of figure 4.2.
The model gives a good fit with χ2

ν = 0.94. The best-fit edge energies are found
to be 6.31 ± 0.12 and 8.13 ± 0.16 keV with the optical depths of 0.87 ± 0.11 and
2.92± 0.43, respectively. The χ2

ν and best-fit edge parameters in principle depend
on the assumed spin frequency. Figure 4.4 plots the resultant variation of χ2

ν and
the edge parameters against the assumed spin frequencies. The fit is similarly
good regardless of the assumed spin frequency. The χ2

ν take a minimum at the
spin frequency of ∼ 0.9 kHz and the allowable spin frequency range in the 90%
confidence limit was such that the lower limit was ∼ 0.6 kHz but the upper limit
could not be constrained. However, the spin frequencies should be lower than the
break-up frequency of a neutron star, which is typically ∼ 1.2 kHz (see equation
1.1). Based on this consideration, we conclude that the most plausible range of
the spin frequency is 0.6–1.2 kHz, where the best-fit edge parameters vary as fol-
lows: lower edge energy ranging between 6.23–6.44 keV with τedge = 0.87–1.12 and
higher edge energy, between 8.01–8.26 keV with τedge = 3–> 3. Although the fit
by the model of 3dpsmedge, which is added one more Doppler-smeared adsorption
edge component, is also acceptable with χ2

ν = 0.88, reduction of chi-squared is
small and 3dpsmedge is not preferred statistically over the 2dpsmedge. In addi-
tion, in the case of 3dpsmedge, the errors of edge parameters cannot be estimated
due to strong coupling among the edge parameters. In reality, the spectral feature
detected here may include large number of small absorption edges, which corre-
spond to various elements and their ionization degrees. The two absorption edges
obtained by fitting may be the two most prominent ones among many possible
absorption edges.

We now discuss which elements/ions are most likely to be responsible for the
observed edges. For this purpose, we utilize the difference between the two edge
energies, as it is difficult to guess the burst products directly. From the above-
mentioned best-fit parameters, the energy difference of these two edges is estimated
to be ∼ 1.9 keV, corresponding to 29 ± 5% if we adopt the lower energy as a
reference. The fractional difference of the two edge energies does not change very
much, even if the possible range of spin frequency is taken into account, because
the two edge energies show positive correlation (figure 4.5). It is difficult to explain
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Figure 4.3: Same as figure 3.6, but the model is 2dpsmedge multiplied to the
absorbed blackbody for the upper and lower panels, respectively.

Table 4.3: Best-fit parameters of 2dpsmedge model.

Component Parameter Value

constant × phabs × bbody × dpsmedge1 × dpsmedge2

χ2
ν/d.o.f. = 0.94/94

constant Relative normalization factor 0.88± 0.02

phabs NH [1022 cm−2] 1.37± 0.11

bbody kTc [keV] 1.90± 0.09

Bolometric luminosity [1038 erg s−1] 0.77± 0.06

dpsmedge1 Eedge [keV] 6.31± 0.12

Optical depth (τedge) 0.87± 0.11

νns [kHz] (0.60)

Inclination angle (74.5◦)

dpsmedge2 Eedge [keV] 8.13± 0.16

Optical depth (τedge) 2.92± 0.43

νns [kHz] (0.60)

Disk inclination angle (74.5◦)
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the energy difference of these two edges, ∼ 29%, by a single element with different
ionization degrees. In what follows, we consider the relative difference in the edge
energies, taking into account the fact that they may be gravitationally red-shifted.
If we adopt He-like and H-like iron ions, for example, their edge energies in the
laboratory system are 8.83 and 9.28 keV, respectively. Their difference is only 5%.
If (nearly) neutral iron was involved to form the edge, the separation of the edge
energies would be as large as ∼ 30%. On the other hand, it is highly unlikely that
abundant lowly-ionized iron exists in the burst atmosphere, given the observed
burst temperature of a few keV. This situation does not change very much even
if other elements of major burst products are considered. It is also confirmed that
any other single element with different ionization states alone would not explain
well the observed two edges.

We then consider pairs of elements as the sources for the two edges. Edge
energies of H-like ions with the atomic number Z are approximated as Eedge =
13.6Z2 eV (see, e.g., Bildsten et al. 2003). The relative difference of the edge
energies for the two neighboring elements (Z and Z + 1) is then calculated to
be δEedge/Eedge = (2Z + 1)/Z2. The relative difference of 29% in GRS 1747−312
corresponds to Z ∼ 7. This atomic number is clearly inconsistent with the observed
edge energies. Similarly, for the given two elements of Z and one of Z+2, Z+3, and
Z + 4, the atomic numbers are calculated to be Z ∼ 15, 22, and 29, respectively.
The observed edge energies indicate that the combination of Z and Z + 4 is most
plausible. Among the elements near Z ∼ 29, it is conjectured that Zn and Se
are the plausible combination for the difference in the atomic number of 4, taking
account of the composition of burst ashes (Woosley et al. 2004). Other possible
combinations are Fe and Zn or Ni and Ge, based on Weinberg et al. (2006). If
real, the production of such heavy elements should result in a long duration of the
burst, as mentioned in section 1.2.4.1. Indeed, as seen in the figure 3.2, the light
curve of the burst shows a long duration. However, the last combination may not
be plausible because for example, 62Ge and 64Ge decay to 62Zn in less than 1 sec
and 64Zn in ∼ 1 min, respectively, and will be absent late in the cooling phase.

If the above-mentioned elements of Fe, Zn, and Se are involved to form the
absorption edges, they should be the products of nuclear burning in the burst.
In fact, some ashes of PRE bursts may be exposed at the neutron star surface.
Weinberg, Bildsten & Schatz (2006) showed that the maximum vertical extent of
the convective region during the PRE bursts can be sufficiently large that some
ashes of burning are ejected by the radiation-driven wind during the PRE phase
and are exposed on the neutron star surface after the PRE phase. Composition of
the burst ashes can be estimated via model calculations of bursts, which include
extensive nuclear-reaction network. Woosley et al. (2004) developed the multi-
zone models of bursts and showed that nuclear reaction in the bursts proceeds
up to the isotopes around the mass number 64, specifically Zn and Se, when the
accreted matter is metal poor with 5% of the solar abundance. Although the
results may depend on the details of the burst modeling, which has been rapidly
evolving recently, burst ashes with the mass number ∼ 50–60 are likely to be well
exposed on the neutron star surface in some bursts.

Emergence of the edges in the cooling phase of the burst may be interpreted as
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the change of the ionization degree of the burst ashes. Heavy elements in the burst
photosphere are likely to be fully ionized when the temperature is high. When the
photosphere cools down during the decay of the burst, heavy elements start to
recombine, forming H-like and He-like ions. Similar tendency is reproduced in the
model of neutron star atmospheres enriched with the burst ashes (Nättilä et al.
2015). When the luminosity is close to the Eddington limit, there exist very few
structures, if any, in the calculated spectra, but then the prominent iron feature
appears when the luminosity decreased to 10% of the Eddington limit. The burst
observed here had a high luminosity close to the Eddington limit until 100 sec
after the burst onset. We infer that burst ashes were almost fully ionized in this
phase. After ∼ 100 sec, luminosities of the photosphere gradually decreased and
H-like ions started to be formed in the atmosphere. This interpretation is also
consistent with the time variations of the edge parameters in figure 3.12.

The gravitational redshifts can be evaluated from the edge energies, if the
above interpretation is correct. The theoretical edge energies of H-like ions of
Fe and Zn are 9.28 keV and 12.39 keV, respectively1. Thus, the observed edge
energies must be gravitationally redshifted by 1 + z = 1.49 ± 0.04 on average,
where two types of errors are included: one is statistical uncertainty, the other
is systematic uncertainty associated with the assumed spin-frequency range, 0.6–
1.2 kHz. In the same way, the edge energies of the other possible combination,
Zn and Se, are 12.39 keV and 15.97 keV, respectively, which indicate the average
gravitational redshift of 1 + z = 1.96 ± 0.05. These values may be a little too
large; if we adopt a canonical value for the neutron star mass and radius, i.e.
1.4M⊙ and 10 km, the expected redshift becomes 1 + z = 1.31. However, neutron
stars in LMXB may have a larger mass due to the sustained mass accretion from
the companion. In fact, two millisecond pulsars, possible descendant of LMXB,
are found to have a mass of 2M⊙ (Demorest et al. 2010; Antoniadis et al. 2013).
If we assume a plausible radius range of 11–15 km for a 2M⊙ neutron star, the
gravitational redshift is estimated to be 1+z = 1.29–1.48. This is compatible with
the gravitational redshift obtained for the pair of Fe and Zn.

We then compare this result with the current theoretical mass-radius relations
of the representative EOSs. Figure 4.6 shows the allowed region in the mass-radius
diagram obtained from my result overlaid on the theoretical mass-radius curves
compiled by Lattimer & Prakash (2001), some of which are already ruled out by
the heavy neutron stars with a mass of 2 M⊙. Figure 4.6 clearly shows that the
allowed region for 1 + z = 1.96 significantly exceed the line of the causality limit
(see, e.g., Lattimer & Prakash 2007) and is therefore ruled out. On the other hand,
the allowed region for 1 + z = 1.49 shows no such conflict. It is consistent with
those of all possible EOSs for normal matter such as neutron and proton. Based
on this consideration, we consider that the gravitational redshift of 1 + z = 1.49
is plausible. If we take this redshift, the radius of the neutron star becomes 8–11
km for the plausible mass range of 1.4–2 M⊙. The neutron star may have has the
heavier mass than an isolated neutron star with a typical mass of 1.4 M⊙, because
no possible EOSs exist in the allowed region below ∼ 1.8 M⊙.

1http://xdb.lbl.gov/Section1/Sec 1-8.pdf
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4.4 Unique Nature of the Burst from GRS 1747−312

We consider here why absorption edges are formed on the neutron star surfaces
have never been detected in other PRE bursts. The edges detected here are rela-
tively deep with τedge ∼ 1.56 and 2.85 and would have been easily detectable with
the RXTE PCA, and possibly with detectors onboard BeppoSAX (Boella et al.
1997). Many PRE bursts have been detected with BeppoSAX and RXTE. For
example, RXTE detection of 247 PRE bursts from 32 burst sources (as of July
2007) was reported by Galloway et al. (2008). Twenty four superexpansion bursts
(extremes of PRE bursts) detected with BeppoSAX were reported in in’t Zand &
Weinberg (2010). Nevertheless, none of the reported bursts shows the deep edge-
features detected here. Therefore, simple PRE may not be enough to form the
absorption edges. In that sense, it may not be appropriate to interpret the edges
in the context of non-Planckian spectrum, because the burst from GRS 1747−312
is not exceptional in luminosity and temperature.

A unique property of GRS 1747−312 is its faint X-ray emission. Luminosity of
the persistent emission from GRS 1747−312 during the observation with Suzaku
was ∼ 1.2 × 1035 erg s−1. On the other hand, most of burst sources reported in
literature have the persistent luminosity higher than ∼ 1036 erg s−1 (Galloway et
al. 2008). This selection may be an instrumental bias due to the sensitivity limit of
the RXTE PCA. Because the burst rate decreases at lower luminosity, wide-field
coverage may be necessary to catch bursts from dim sources. The Wide Field
Cameras (Jager et al. 1997) onboard BeppoSAX observed 9 X-ray bursts without
detectable persistent emission (Cornelisse et al. 2004). The typical upper limits of
the persistent emission are ∼ 1036 erg s−1. No spectral characteristics are reported
for these bursts probably due to the poor statistics. As such, our knowledge on
the bursts at the luminosity level of ∼ 1035 erg s−1 is still very limited.

One of the PRE bursts observed with RXTE from GRS 1747−312 may have
occurred during the very low-luminosity state (in’t Zand et al. 2003b). The upper
limit of the persistent emission of < 6 × 1035 erg s−1 was inferred from the data
of the scan observations that were performed regularly around the epoch of the
burst occurrence. Thus, the burst may have occurred as the persistent luminosity
level similar to the burst detected here. The burst showed a strong PRE with
radius expansion by a factor of > 40, where the expansion was delayed from the
onset by 20 sec. A broad-line feature was detected at 4.9 keV near the peak of
PRE, but no spectral feature during the decay was reported. Although the nature
of the broad-line feature is not known, burst ashes may be involved in producing
4.9-keV feature. If this is the case, bursts that occur during low-luminosity state
may have a higher probability to produce atomic features, which can be observed
in its energy spectrum, due to the burst ashes. Although it is difficult to draw
a firm conclusion, the low persistent-luminosity is possibly related to the unique
spectral feature of the burst from GRS 1747−312.
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Chapter 5

Conclusion

We analyzed a thermonuclear X-ray burst from GRS 1747−312 observed with
Suzaku to constrain the mass-radius relation of neutron stars. In particular, we
focused on a study of the energy spectrum during the cooling phase of the burst.
The time-resolved energy spectra of the burst were reproduced by the commonly
applicable absorbed blackbody model most of time, but significant deviation was
detected in the late cooling phase. The deviation was due to a clear roll off in
the energy spectra above ∼ 7 keV, which suddenly appeared in the cooling phase
and became more prominent with time. In order to identify the origin of the
spectral roll off, it was modeled by the combination of an absorbed blackbody and
1) a single absorption edge; 2) a single Doppler-smeared absorption edge; 3) two
Doppler-smeared absorption edges; 4) a relativistically broadened emission line;
5) a reflection spectrum; 6) a non-Planckian correction for Comptonization of the
black body and 7) partial-covering absorption. As a result, we found that the
roll-off is most probably explained by two Doppler-smeared absorption edges of
hydrogen-like Fe and Zn ions, which should be the major burst products involved
to form the edges. According to this scenario, we can naturally interpret the
emergence of the feature in the late cooling phase of the burst as the change of
the ionization degree of the burst products. The burst products are expected to
be ejected by the radiation-driven wind during the photospheric-radius expansion
phase and be exposed on the neutron star surface later. If this interpretation is
correct, the gravitational redshift is estimated to be 1.49±0.04, corresponding to
a neutron-star radius range of 8–11 km for an assumed neutron-star mass range
of 1.4–2.0 solar mass. Because the absorption edge is not completely smeared out
despite of the rapid spin of the neutron star, this can be a powerful observational
tool to measure the gravitational redshift of neutron stars. This means that further
detections of similar spectral feature from other burst sources are prospective in
the near future, using the archive data of other X-ray astronomy satellites such
as XMM-Newton and NuSTAR which is NASA’s latest high-energy astrophysics
observatory launched in 2012.
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Appendix A

Doppler Smeared Absorption
Edge (dpsmedge)

We assume that an absorption edge is formed at the neutron star surface that
is spinning at a frequency of νns. If the neutron star is observed by a distant
observer, the edge is smeared due to the rotational broadening. We construct a
model function to describe the smeared edge under the assumption of Newtonian
limit, ignoring the relativistic effects.

We take the zenith angle θ and the azimuthal angle ϕ over the hemisphere of the
neutron star, which is visible by a distant observer. Then, the spectral function,
m(E ′), of an absorption edge formed at a surface element may be formulated as
follows, taking account of the Doppler effect:

m(E ′) =

 exp

[
−τedge

(
E ′

Eedge

)−3
]

(E ′ ≥ Eedge)

1 (E ′ < Eedge),

where E ′ is the photon energies and is defined as E ′ = E(1 − β sin i sin θ cosϕ),
β = 2πRnsνns/c is the scale of rotational broadening, Rns is the radius of a neutron
star, i is the inclination angle of the neutron star’s spin axis, and c is the speed
of light. Therefore, the spectral shape, M(E), observed by a distant observer is
given by:

M(E) =

∫
dϕ

∫
sin θdθ w(θ, ϕ)×m(E, θ, ϕ).

Here we have included a weight function, w(θ, ϕ), to reflect the obliqueness of the
surface element to the line of sight of the observer. The free parameters in M(E)
are optical depth of the edge τedge, the edge energy Eedge, and the spin frequency
of the neutron star νns. This smeared-edge model is incorporated into XSPEC as
a table model, and is used to fit the burst spectra.

We plot M(E) for 4 different spin frequencies in figure B, assuming the edge
energy and optical depth to be 7 keV and 1, respectively. As is apparent in figure B,
the absorption edge on the neutron star surface is not completely smeared out even
with the maximum spin frequency of the neutron star, 620 Hz.
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Appendix B

Time-Resolved Energy Spectra of
the Burst from GRS 1747−312
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Figure B.1: Burst spectra from GRS 1747−312 every 8 sec in 1–10 keV are plotted
in the upper panel. The filled squares are for the XIS 0 and 3 (FI-CCD) data. The
solid lines indicate the best-fit models of an absorbed blackbody. The fit residuals
are shown in the lower panel as ratio of the observed spectra to the best-fit models.
The horizontal bars of the data points represent integration energy ranges, and
the vertical bars errors in the 68% (1σ) confidence limit.
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Figure B.2: Continued.
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Figure B.3: Continued.
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Figure B.4: Continued.
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