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Chapter 1
Thesis Introduction

1.1 General scenario
X-ray binaries are composed of a central compact object (a white dwarf, a black hole
or a neutron star) and a companion star (a normal star). The compact object and the
companion star rotate around a common center of mass and, under certain condition,
matter accretes from the companion star onto the compact object.

X-ray binaries are very luminous in the sky; they are powered by the gravitational
potential energy released by the in-falling matter onto the compact object, a process
that is at least one order of magnitude more efficient than the nuclear reaction process in
normal stars. X-ray binaries can be classified into two main types according to the mass
of the companion star: low-mass X-ray binaries (LMXBs) and high-mass X-ray binaries
(HMXBs).

A low-mass X-ray binary usually contains a companion star with a mass less than 1
M�. The companion star can be a main sequence star, a white dwarf or a red giant. In
LMXBs the companion star transfers its matter to the compact object via an accretion
disc. A high-mass X-ray binary has a massive companion (with a mass of the order
of 10 M� or larger), typically an early type star (an O type or B type star, or a blue
supergiant). Matter in HMXBs is typically transferred from the companion star to the
compact object via a stellar wind.

In LMXBs, matter from the out layer of the companion star is stripped off and
accreted onto the surface of the compact object by strong gravitational force. The normal
star fills its Roche lobe and the gas from this star falls onto the compact object via the
first Lagrangian point. During this process, the in-falling matter carries orbital angular
momentum and, as it falls, it forms a ring around the compact object. Viscosity of the
accreting gas leads to a transport of angular momentum outwards as the matter moves
inwards. In General Relativity the innermost point at which matter can orbit stably in
the accretion disc defines the so-called the innermost stable circular orbit (ISCO; Shakura
& Sunyaev 1973), across which the gravitational force is strong enough to pull the matter
onto the surface of the compact object. If the ISCO is outside the compact object (as is
the case in a black hole), an accretion disc can cover the region between the ISCO and
the first Lagrangian point.
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Figure 1.1: Artist’s conception of a low-mass X-ray binary. Matter is transferred
from the companion star (right) to the compact object (left) through an accretion disc.
This plot was taken from http://luiscalcada.scienceoffice.org/illustration/
binary-blackhole/.

In the accretion disc, friction and viscosity convert the kinetic energy of the in-falling
matter into radiation, which is mainly radiated in the X-ray band. The main region
which generates radiation in the disc is the part closest to the central object, with the
temperature of that region reaching up to several millions degrees. The temperature
gradually decreases outwards in the accretion disc, as a consequence, assuming that the
material in the accretion is optically thick, the emission from the accretion disc is the
sum of many single temperature blackbody components coming from different parts of
the disc (Mitsuda et al. 1984; Makishima et al. 1986). These photons from the accretion
disc typically cover the soft X-ray band in the energy spectrum.

In neutron-star LMXBs the neutron-star surface and its boundary layer also generate
thermal radiation in the soft X-ray band. The boundary layer is the place where the
in-falling matter decelerates from its orbital velocity in the accretion disc to the rotation
velocity of the neutron-star surface. The emission from the neutron-star surface and the
boundary layer is typically described by a single temperature blackbody component.

Source photons up to several 100 keV in the energy spectrum of a LMXB mainly
come from a component called corona, which may surround the compact object and the
inner part of the accretion disc. The corona consists of high-energetic electrons with
temperatures up to several hundreds of keV. The soft photons from the accretion disc
are inversely Compton scattered by these hot electrons in the corona and, as a result,
high-energy photons are produced and emitted at high energies. This scenario is able to
explain the high-energy component required in the observed energy spectra; however, the
final power-law like component from the corona is sensitive to the geometric properties
of the corona, which are still poorly understood. For instance, if the corona is very close
to the neutron star in a neutron-star LMXB, the thermal photons from the neutron-star
surface can also be scattered off by hot electrons in the corona and then contribute to

http://luiscalcada.scienceoffice.org/illustration/binary-blackhole/
http://luiscalcada.scienceoffice.org/illustration/binary-blackhole/
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the emission in the high energy band.
In LMXBs, some photons emitted from the corona illuminate the material on the

top layers of the disc. These photons are reflected off the disc and produce the so-
called reflection component. During this process, some of these photons are absorbed
and reprocessed by the disc and, as a result, some absorption and emission line features
appear in the reflection spectrum. Among these features, the most significant one is
the iron fluorescent emission line in the energy range 6.4 - 6.97 keV, due to the high
iron abundance and its large fluorescent yield. An iron fluorescent emission line has
been detected in many LMXBs, providing a key tool to investigate some properties of
the system. The initial iron emission line is very narrow, with its width being of the
order of ∼1 eV (Basko 1978). Since the line originates in a region in the disc very close
to the central compact object, the Doppler shift due to the rotation of the disc, and
special and general relativistic effects due to the strong gravitational field around the
compact object, make the iron line very broad and asymmetric. The profile of the iron
emission line depends on the strength of the general relativistic effects: The iron line
becomes broader and extends towards the red part of the spectrum when the accretion
disc moves closer to the central compact object (Fabian et al. 1989). This provides a way
to measure the ISCO in the system by measuring the iron line profile. Furthermore, in
a black hole LMXB, assuming that the inner part of the accretion disc extends down to
the ISCO, we can estimate the spin parameter of the black hole from the iron line profile
(see e.g., Miller 2007; Reynolds & Fabian 2008). For a neutron-star LMXB, we can use
the iron line to derive the upper limit of the neutron star radius (see e.g., Bhattacharyya
& Strohmayer 2007; Cackett et al. 2008), since the radius of the neutron-star can never
be larger than the radius of the disc, which can be measured from the iron line.

Apart from the iron fluorescent emission line, the continuum of the reflection compo-
nent is also sensitive to general relativistic effects around the compact object. Therefore,
the shape of the whole reflection spectrum provides information about the inner radius
and the ionisation stage of the accretion disc.

1.1.1 Nuclear burning on the neutron-star surface
During the accreting process in neutron-star LMXBs, accreted matter falls onto, and
burns on, the surface of the neutron star. There are two typical types of nuclear burning
on the neutron-star surface: stable and unstable burning. Stable nuclear burning heats
the star so that the surface emits thermally, while unstable burning is detected as type I
X-ray bursts in light curves of these systems. Type I X-ray bursts originate from nuclear
reactions of hydrogen and helium on the neutron star surface. During a type I X-ray
burst, the flux from the source increases by a factor of 10 to 100 within 1 s or less, and
then it decreases exponentially until it return back to the flux level before the burst (e.g.,
Lewin et al. 1993; Strohmayer & Bildsten 2003; Galloway et al. 2008). Observationally,
type I X-ray bursts show a variety of profiles with single, double or multiple peaks. The
shape of the profile in the burst rising phase can be classified into two types according to
a parameter called convexity, C, which quantifies whether the light-curve rise is convex
(C>0) or concave (C<0). Recent theoretical work (Maurer & Watts 2008; Mahmoodifar
& Strohmayer 2015) suggests that the convexity of type I X-ray bursts is related to the
latitude of the region on the neutron-star surface where bursts ignite.

In the last decade a new observational phenomenon connected to the nuclear burning



4 chapter 1: Thesis Introduction

Figure 1.2: An example of a convex burst (a) and a concave burst (b). This plot was
taken from the Figure 6 in Zhang et al. (2016), the top panels show profiles of two bursts,
with the part selected for convexity calculation marked in red. The bottom panels show
the re-normalised two profiles of selected data. The convexity is integrated area above or
below the green dashed line in the plot. The areas above the line is taken to be positive
and areas below the line negative.

on the neutron-star surface has been discovered. Revnivtsev et al. (2001) reported the
first detection of quasi-periodic oscillations (QPOs) in the millihertz (mHz) frequency
range in three neutron-star LMXBs. This type of QPOs appear only when the luminosity
of the source is within a specific range, and the QPO is significant in the low energy band,
<5 keV (e.g., Revnivtsev et al. 2001; Altamirano et al. 2008). Both observational and
theoretical evidence indicates that the mHz QPOs are due to marginally stable nuclear
burning on the neutron-star surface, which is a transitional regime between the stable
and unstable nuclear burning regimes. Current mHz QPO models (Heger et al. 2007;
Keek et al. 2009) are able to explain most of the observed mHz QPO features, except the
relatively low accretion rate at which mHz QPOs occur. The accretion rate required for
generating the mHz QPOs predicted by the models is close to Eddington rate, one order
of the magnitude higher than the values deduced from the observed luminosity. One
possible explanation to bridge this discrepancy between observations and models is that
the local accretion rate of the burning layer where the mHz QPOs originate is higher
than the average global rate (Heger et al. 2007; Altamirano et al. 2008). Nevertheless,
so far this scenario has not yet been confirmed observationally.

1.1.2 Spectral and timing techniques used to study the proper-
ties of LMXBs

The emission from LMXBs normally cover a wide energy range, from radio to the gamma-
ray band. Photons originating from a LMXB provide plenty of useful information about
the physical process happening in the system. In the X-ray band it is impossible to dig
this information directly from the images observed by telescopes due to the relatively low
resolution of the current telescopes and the average distance to these objects. On the
other hand, spectroscopic and timing analysis help us to study the physical mechanisms
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inside the LMXBs. Therefore here I give a brief view of the spectral and timing analysis.
In LMXBs different emitting regions (e.g., accretion disc, corona) generate radiation

components via different radiation mechanisms. These radiation components combined
with each other to form the whole energy spectrum that we observe. In order to study
these individual components, we need to fit the whole energy spectrum to separate these
components. We use different theoretical models to describe different components and
usually apply a chi-square test to determine whether the fitting result is good or not. In
this way we are able to reveal the physical processes behind different radiation compo-
nents with these models. The results from the spectral analysis are dependent on the
models that we select, so the spectral analysis is model dependent.

Light curves of LMXBs show a large variety of timing features on different time
scales, ranging from milliseconds to years. We use the Fast Fourier Transform (FFT)
method to study these features. The FFT converts a signal from the time domain to a
representation in the frequency domain. Intensity variations with a characteristic time
scale t in the light curve produces a power at the corresponding frequency 1/t in the
power spectrum. Therefore we are able to see intensity variations at different time scales
in the light curve by checking the power at the corresponding frequencies in the power
spectra.

A power spectrum calculated from one single light curve is noisy. In order to increase
the signal to noise ratio, we need to divide the whole light curve into several equal-length
(duration of T ) segments, generate one power spectrum for each of these segments, and
finally we calculate an average power spectrum from all segments. Assuming the time
resolution of the light curve is δt, the average power spectrum covers a frequency range
from 1/T Hz to 1/(2δt) Hz, with a frequency resolution of 1/T Hz.

1.1.3 Telescopes
Since the atmosphere of the Earth absorbs all emission in the X-ray band from the sky,
only a telescope in space is able to detect and study X-ray objects in the Universe. In
the following, I will briefly introduce three X-ray telescopes that I used during my PhD.

XMM-Newton

The X-ray Multi-Mirror Mission (XMM-Newton) operated by The European Space Agency
(ESA) was launched on December 10th 1999. The satellite is in a highly elliptical orbit,
with an apogee of about 115,000 km and a perigee of ca. 6000 km. The satellite carries
two distinct types of telescope, three wolter type-1 X-ray telescopes and a 30-cm opti-
cal/UV telescope, which enable simultaneous access to energy spectra in both the X-ray
and optical/UV band. There are three types of instruments onboard:

1. The European Photon Imaging Camera (EPIC). The 3 EPIC CCD cameras are
designed for X-ray imaging, moderate resolution spectroscopy, and X-ray photometry.
There are two types of EPIC cameras, MOS and PN. XMM-Newton carries 2 MOS
cameras (Turner et al. 2001) and one PN camera (Strüder et al. 2001) onboard. The
EPIC cameras are able to carry out observations over a field view of 30′ in the energy
range of 0.15 to 12 keV, with an energy resolution of E/∆E= 20-50. The PN camera
has a very high time resolution down to 0.03 ms in the timing mode and 0.007 ms in the
burst mode.
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Figure 1.3: Schematic illustration of the XMM-Newton spacecraft and the instruments
onboard. The picture was taken from http://xmm.esac.esa.int/external/xmm_user_
support/documentation/technical/Spacecraft/.

2. The Reflection Grating Spectrometer (RGS). There are two identical spectrometers
for high-resolution X-ray spectroscopy and spectro-photometry. The RGS (den Herder
et al. 2000) covers the energy range 0.33-2.5 keV, within which there are varieties of X-ray
emission lines including the K-shell transitions and He-like triplets of light elements.

3. The Optical Monitor (OM; Mason et al. 2001) for optical/UV imaging and spec-
troscopy. It is composed of three optical and three UV filters over the wavelength range
from 180 to 600 nm.

Suzaku

The Suzaku satellite was developed mainly by the Institute of Space and Astronautical
Science of Japan Aerospace Exploration Agency (ISAS/JAXA) in collaboration with
the U.S. (NASA/GSFC, MIT). The satellite is orbiting at an attitude of 550 km, with
an inclination of 31 degree. One of the scientific instruments, the X-ray Spectrometer
(XRS), lost all of its cryogen before routine scientific observations could begin. Suzaku
now has two main types of instruments in operation, the X-ray Imaging Spectrometer

http://xmm.esac.esa.int/external/xmm_user_support/documentation/technical/Spacecraft/
http://xmm.esac.esa.int/external/xmm_user_support/documentation/technical/Spacecraft/
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Figure 1.4: Schematic illustration of the Suzaku spacecraft and the instruments on-
board. The picture was taken from http://www.isas.jaxa.jp/e/enterp/missions/
suzaku/.

(XIS; Koyama et al. 2007) and the Hard X-ray Detector (HXD; Takahashi et al. 2007),
covering the energy range 0.2 - 600 keV. The XIS consists of four imaging CCD cameras
(three working) sensitive in the 0.2-12.0 keV band with a field of view of 19′×19′. The
energy resolution of XIS is 120 eV at 6 keV and 50 eV at 1 keV. The HXD is a non-imaging,
collimated detector sensitive in the 10-600 keV band. The HXD is characterised by a low
background of 10−5 cts/s/cm2/keV. The energy resolution of the HXD is 3 keV at 10-30
keV and 9% at 662 keV.

RXTE

The Rossi X-ray Timing Explorer (RXTE; Bradt et al. 1993) was launched on December
30, 1995 from NASA’s Kennedy Space Center, and the satellite was decommissioned on
January 5, 2012. The satellite was at a low-earth circular orbit at an altitude of 580 km,
corresponding to an orbital period of about 90 minutes, with an inclination of 23 degrees.

RXTE is very good at exploring the variability of X-ray sources due to its unprece-
dented time resolution. There are two pointed instruments onboard, the Proportional

http://www.isas.jaxa.jp/e/enterp/missions/suzaku/
http://www.isas.jaxa.jp/e/enterp/missions/suzaku/
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Figure 1.5: Schematic illustration of the RXTE spacecraft and the instruments on-
board. The picture was taken from http://heasarc.gsfc.nasa.gov/Images/xte/xte_
spacecraft.gif.

Counter Array (PCA; Jahoda et al. 2006) developed to cover the lower part of the energy
range, and the High Energy X-ray Timing Experiment (HEXTE; Rothschild et al. 1998)
covering the upper energy range. In addition, RXTE carries an All-Sky Monitor (ASM;
Levine et al. 1996) that scans about 80% of the sky every orbit, allowing monitoring at
time scales of 90 minutes or longer.

The PCA is an array composed of five proportional counters with a total collecting
area of 6500 cm2. It covers the 2−60 keV energy band with a time and energy resolution
of 1 microsecond and <18% at 6 keV, respectively. The HEXTE consists of two clusters
of detectors. The two clusters rock along mutually orthogonal directions to measure
background every 16 to 128 s. The HEXTE covers the 15 - 250 keV energy band with
an energy resolution of 15% at 60 keV. The time resolution is 8 microsecond and the
field of view is 1 degree FWHM. The ASM contains three wide-angle shadow cameras
with a total collecting area of 90 cm2. It covers the energy range of 2− 10 keV with an
effective area of 90 cm2. The ASM scans 80% of the sky every 90 minutes with a spatial
resolution of 3′×15′.

http://heasarc.gsfc.nasa.gov/Images/xte/xte_spacecraft.gif
http://heasarc.gsfc.nasa.gov/Images/xte/xte_spacecraft.gif
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1.2 Outline of this thesis

In this thesis I present the study of neutron-star low-mass X-ray binaries, focusing on
the iron emission line, reflection component and marginally stable nuclear burning on
the neutron star surface.

In Chapter 2 I use five Suzaku and six XMM-Newton observations, the latter comple-
mented with simultaneous RXTE observations, to study the evolution of the continuum
spectrum and the iron line emission in the neutron star low-mass X-ray binary 4U 1636–53
across different spectral states. I found that the spectrum is consistent with the standard
truncated disc scenario. Interestingly, I also found that the flux and equivalent width of
the iron line first increase and then decrease as the flux of the Comptonised component
increases. This may be due to either changes in the ionisation state of the accretion disc
or maybe light bending effects on the emission from the Comptonised component if the
height at which this component is produced changes in different spectral states.

In Chapter 3 I investigate the neutron-star low-mass X-ray binary 4U 1728–34 using
one XMM-Newton plus simultaneous RXTE observation and one Suzaku observation. I
used a self-consistent model including two reflection components off the disc, either from
the neutron-star surface or from the corona, to fit the spectra of the source. The results
show that current data is not good enough to afford such a complicated model. I then
fitted the spectra with these two reflection components separately. For the first time, the
inclination angle of 4U 1728–34 has been accurately measured, 33±2 degrees, from the
fits of the Suzaku observation. Apart from that, I found that thermal emission from the
accretion disc is not required in the fits, this may be the consequence of the relatively
high absorption of the interstellar medium, which decrease the number of the soft disc
photons that we observe. Besides, the absence of the disc emission can also be naturally
explained if most of the soft thermal emission from the accretion disc is reprocessed in
the corona, thus the direct disc emission is weak.

In Chapter 4 I report the first detection of a mHz quasi-periodic oscillation (QPO)
in the neutron-star low-mass X-ray binary 4U 1636–53 with XMM-Newton. The mHz
QPO appeared from the beginning of the observation until an X-ray burst occurred, after
which it disappeared for ∼25 ks, and the QPO subsequently reappeared untill the end of
the observation. I fitted spectra of segments with/without the QPO in this observation
and found that the temperature of the neutron-star surface increases in segments with
a QPO compared with segments with no QPO. I also found a correlation between the
frequency of the mHz QPO and the temperature of the blackbody component, consistent
with predictions from models in which the frequency of the mHz QPO depends upon the
energy release in the burning layer in the neutron-star crust.

In Chapter 5 I focus on the spectral and timing properties of the mHz QPO in the
neutron-star low-mass X-ray binary 4U 1636–53 using XMM-Newton and RXTE obser-
vations. I found that the mHz QPOs in all observations in this work showed significant
frequency variation and always disappeared before a type I X-ray burst. For the first time
I observed the full lifetime of a mHz QPO, ∼19 ks. The spectral analysis of these obser-
vations showed that there is no significant correlation between the frequency of the mHz
QPO and the temperature of the blackbody component, which is different from theoret-
ical predictions. Furthermore, I analysed all X-ray bursts in this source and found that
all type I X-ray bursts associated with the mHz QPOs are short, bright and energetic,
indicating a potential connection between mHz QPOs and He-rich X-ray bursts.
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In Chapter 6 I further analyse the type I X-ray bursts associated with mHz QPOs in
4U 1636–53 using archival observations with the Rossi X-ray Timing Explorer. I focus
on the convexity of bursts, which measures the shape of the rising part of the burst light
curve and, according to recent models, it is related to the ignition site of bursts on the
neutron-star surface. I found that, with high confidence (3.5 σ), all type I X-ray bursts
associated with the mHz QPOs (39 in total) in 4U 1636–53 have positive convexity. I
did not find a single case in the sample of 39 bursts of an X-ray burst associated with
mHz QPOs that has negative convexity. This finding suggests that the marginally stable
nuclear burning process responsible for the mHz QPOs takes place at the neutron-star
equator. This scenario would bridge the gap between the high accretion rate required for
triggering mHz QPOs in theoretical models and the relatively low accretion rate derived
from observations.
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