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1 Neutron stars in binary systems

Every second tens of kilograms of extremely hot plasma fall onto each square
centimeter of the surface of tens of neutron stars in our Galaxy. This is the con-
sequence of a process known as accretion, by which matter falls onto a celestial
body attracted by its gravity. Accretion onto a compact object, neutron star
or black hole, is one of the most efficient ways of converting rest-mass energy
into radiation and gives rise to extremely powerful X-ray sources. It provides
a unique way to increase the spin rate and mass of the compact object after
its birth and can also affect the surrounding interstellar medium by means of
relativistic jets or outflows associated with the accretion process. There are
different ways in which accretion onto a compact object can proceed. Differ-
ent physical configurations of the accretion flow give rise to different accretion
states, as witnessed by the changing spectral and variability properties of the
X-ray emission. Another consequence of accretion onto neutron stars are ther-
monuclear explosions, which provide a direct view of their photosphere and a
unique opportunity to constrain the properties of ultra-dense matter. In this
Chapter I give an overview of these phenomena, to the study of which this
thesis is devoted.

1.1 Neutron stars

After ending their life in a supernova explosion, stars that are born with
a mass about eight to forty times larger than our Sun leave behind one of
the most fascinating astrophysical objects: a neutron star. Neutron stars
might also be formed in binary systems through a different mechanism, the
accretion induced collapse of a white dwarf. Unlike regular stars, neutron
stars do not generate heat in the core by means of thermonuclear reactions.
The internal structure and composition of an accreting neutron star can be
summarized as follows. In order of decreasing distance from the center, we
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1. Introduction

find: a thin atmosphere, a metal-poor ocean, a metal-rich solid crust and a
core mostly made of neutrons that contains most of the total mass. A typical
neutron star has a mass between one and two times that of the Sun, and
a radius between five and fifteen kilometers. The core features the highest
bulk densities in the present universe, up to a few times 1015 g cm−3, higher
than those present in atomic nuclei. Precise measurements of the neutron
star mass and radius can reveal how compressible matter is at these extreme
densities and can be compared with theoretical predictions of the equation of
state. The magnetic field can also reach extreme values in neutron stars, up to
1015 G in the so-called magnetars. Neutron stars are only slightly larger than
their Schwarzschild radius (which is about four kilometers for a 1.4 Solar mass
neutron star), and their surface gravitational field is as strong as some 1011

times that on Earth. These properties make neutron stars unique physical
laboratories and an exciting target of astrophysical research.

Neutron stars show a rich phenomenology and manifest themselves in a
number of ways throughout the whole electromagnetic spectrum. Rotation-
powered neutron stars emit pulses throughout the whole spectrum, but it is
the emission of pulses in the radio band that led to their discovery forty years
ago by Hewish et al. (1968). Young neutron stars radiate their internal heat
while they cool down and can be observed in the soft X-ray band (Kaspi et al.
2006). Transient high-energy bursting sources (soft gamma repeaters) and
persistent X-ray pulsars that spin down rapidly (anomalous X-ray pulsars)
are thought to be manifestations of the same type of object: a neutron star
with an ultra-strong magnetic field, or magnetar (Woods & Thompson 2006).
Finally, accretion of mass in a binary system gives rise to X-ray binaries,
opening another high-energy window to neutron stars and giving rise to a
number of interesting phenomena, as detailed in the following sections.

1.2 X-ray binaries

A large fraction of the stars in our Galaxy are born in double or multiple
systems. In the Galactic bulge and in globular clusters the stellar densities
are so high that close encounters between stars are frequent and pairs of stars
may form through a number of mechanisms. Soon after the birth of X-ray
astronomy (Giacconi et al. 1962) it was realized that the brightest sources in
the X-ray sky were powered by accretion onto a compact object in interact-
ing binary systems (e.g. Shklovsky 1967; Pringle & Rees 1972). The observed
short-timescale variations in their X-ray luminosity were one of the main rea-
sons to propose this scenario, in which a neutron star (NS) or a black hole
(BH) accretes matter from its companion star. Given that the accretion flow
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can extend down to the deepest parts of the gravitational potential well of
the compact object, where the escape velocities are close to the speed of light,
X-ray binaries are one of the few types of system where we can in principle
test the theory of general relativity in the strong field regime. We can distin-
guish two main types of X-ray binary, low-mass and high-mass X-ray binaries,
depending on whether the mass of the companion star is lower or higher than
about two solar masses. In high-mass X-ray binaries the mass transfer is
mostly due to the strong stellar wind of the (early type) companion star. See
Tauris & van den Heuvel (2006) for a review on formation and evolution of
X-ray binaries.

Figure 1.1: Graphic illustration of a low-mass X-ray binary system, with its main
features labeled (Hynes, 2001).

In low-mass X-ray binaries (LMXBs), the subject of this thesis, the com-
pact object and its companion star orbit so closely that matter is stripped off
the outer layers of the latter and becomes bound to the compact object (Fig-
ure 1.1). As the companion expands or the orbit shrinks, the companion star
fills and overflows its Roche lobe, the volume within which matter is bound to
it. The matter transferred to the Roche lobe of the compact object possesses
angular momentum and forms an accretion disk. As this matter loses angu-
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lar momentum and approaches the compact object, its gravitational energy is
converted into kinetic energy, thermalized and radiated away in the form of
X-rays. Sco X-1 was the first such system to be discovered and it is, after the
Sun, the brightest X-ray source in the sky. Nowadays more than 200 LMXBs
are known (Liu et al. 2007), most of which contain a neutron star. Hasinger
& van der Klis (1989) distinguished two classes among neutron star LMXBs,
Z and atoll sources, by studing their correlated X-ray spectral and variabil-
ity properties. Z sources are more luminous than atoll sources and accrete
persistently, with one exception (Homan et al. 2007). Atoll sources can be
persistent or transient, show numerous type I X-ray bursts and, on average,
harder spectra.

1.2.1 Accreting millisecond pulsars

Eleven years ago the first LMXB showing X-ray millisecond pulsations was
discovered by Wijnands & van der Klis (1998), presenting the first direct
proof of an accreting neutron star having both millisecond spin period and
dynamically important magnetic field. At the moment of writing a total of
ten such accreting millisecond pulsars (AMPs) have been found in transient
systems (see contributions in Wijnands et al. 2008, for a recent overview). Not
only are they thought to be the long sought progenitors of radio millisecond
pulsars (Bhattacharya & van den Heuvel 1991, for a review), but they also
constitute an excellent test bed to study the accretion flow in NS-LMXBs and
its interaction with the neutron star (Fig. 1.2; see also Patruno et al. 2009).

The main open question concerning AMPs is what makes them X-ray pul-
sars, when most NS-LMXBs are not. Although many NS-LMXBs are known
to harbor a neutron star with millisecond spin period thanks to the oscilla-
tions seen during type I X-ray bursts (“burst oscillations”; see e.g. Strohmayer
et al. 1996b; Chakrabarty et al. 2003), in general they do not show millisecond
pulsations in their persistent emission. However, seven members of the AMP
family show clear and strong pulsations during outburst, while the remain-
ing three have shown intermittent episodes of pulsations (see Altamirano &
Casella 2008, and references therein). The typical pulsed fraction in AMPs
ranges from 5 to 10 %, whereas in non-pulsing NS-LMXBs the current upper
limits are between 0.3 and 0.8 % (Vaughan et al. 1994; Dib et al. 2004). As
mentioned above, the pulsations observed in AMPs imply that the neutron
star has a magnetic field strong enough (∼ 108-109 G) to channel the accre-
tion flow and create thereby an asymmetric emission pattern (two hot spots
in the simplest case; see Figure 1.2). The question is then, why do the rest
of NS-LMXBs not show pulsations? One option is that spin and magnetic
axes are aligned in the non-pulsing systems and misaligned in AMPs, or that
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pulsations are smeared out in non-pulsing NS-LMXBs by an optically thick
cloud surrounding the neutron star (Titarchuk et al. 2002). A different phys-
ical mechanism was proposed by Cumming et al. (2001) invoking screening of
the magnetic field in “classical”, non-pulsing, NS-LMXBs by a time-averaged
mass accretion rate higher than that of AMPs. Five of the ten currently
known AMPs are studied in this thesis, from three different points of view:
their fast X-ray varibility, their luminosity and accretion states and their burst
oscillations (see Section 1.6 and Chapters 2, 3, 4, 5 and 9).

Figure 1.2: Three-dimensional magnetohydrodynamic simulations of accretion onto
a magnetized star, by Long et al. (2008). Two views are shown of matter flowing to
a star with a dipolar magnetic field misaligned with the rotation axis. The top panel
shows one of the density levels. The bottom panel shows the equatorial plane with
different density levels. The field lines are shown in both panels.
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1.3 Accretion flows and accretion states

The energy available to be radiated when accreting mass at a rate Ṁ onto
a compact object of mass M and radius R?, sometimes referred to as accre-
tion luminosity, is simply the difference between the gravitational potential at
infinity, far from the compact object, and the gravitational potential at the
surface (or event horizon in the case of a black hole):

Lacc = GMṀ/R? (1.1)

(where G is the gravitational constant). The way in which this energy is ra-
diated constitutes an extensive and active area of astrophysical research, that
can be summarized as the study of accretion flows around compact objects.
Understanding the spectral, timing and polarization properties of the emer-
gent flux and the exact fraction of Lacc emitted at different times in terms of
the physical and geometrical properties of the accretion flow is one of the key
objectives of this field. After the seminal work of Shakura & Syunyaev (1973),
the structure and radiative properties of accretion disks around compact ob-
jects have been extensively studied (see e.g. Figure 1.3, from De Villiers et al.
2003). The widely accepted picture in LMXBs (at least in some states) is that
of a geometrically thin, optically thick accretion disk that emits a spectrum
sum of multiple black body components, each representing an annulus in the
disk. The closer to the central compact object, the more gravitational energy
is released in the disk and the higher is the temperature of the associated black
body. Assuming an optically thick disk one can apply the Stefan-Boltzmann
law to derive the following approximate expression for the disk temperature
at a given radius R, for an inner disk radius Rin (Frank et al. 2002).

T (R) ≈

{

3GMṀ

8πR3σ

[

1−

(

Rin
R

)1/2
]}1/4

(1.2)

Integrating the resulting black body spectra from the outer disk radius, Rout,
to Rin and taking Rout → ∞, Rin → R?, yields an estimate of the maximum
total disk luminosity:

Ldisk,max ≈ GMṀ/2R? = Lacc/2 (1.3)

Both the total disk luminosity and its temperature are directly related to
the amount of matter flowing through the disk, or mass accretion rate. When
the mass accretion rate through the disk is high its innermost parts reach
temperatures of tens of millions degrees Kelvin (photon energies of a few keV)
so that the emerging flux spectrum peaks in the soft X-ray band. This is what
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characterizes the soft states of LMXBs (also called “banana” states in atoll
sources), together with the low amplitude and high frequencies of the X-ray
variability.

Figure 1.3: Three-dimensional magnetohydrodynamic general relativistic simula-
tions of the accretion flow around a spinning black hole, after De Villiers et al.
(2003). The grey scale shows density levels in linear scale. Distances are in grav-
itational radii. The main dynamical features of the system are labeled, and the jet is
outlined by contours of positive radial momentum. The box on the left is a close-up
showing the plunging region from just outside the marginally stable orbit to the black
hole horizon.

It was soon realized that thermal emission alone is not enough to explain the
energy spectra of X-ray binaries (Tananbaum et al. 1972). Many systems that
during a given observation show the characteristics of the soft state outlined
above (i.e. “they are in the soft state” at a given time), can show a completely
different behavior at a different epoch. When they are in the hard state (a.k.a.
“extreme island state” in atoll sources), LMXBs emit a large fraction of their
bolometric luminosity (more than 50% in some cases) above 20 keV, showing
strong hard X-ray tails in their spectrum that can extend up to several hun-
dreds of keV. Hard states show strong X-ray variability, with characteristic
frequencies much lower than those present in soft states. New forms of accre-
tion flow different from the standard Shakura-Sunyaev disk were proposed to
explain these states (Narayan 1996; Blandford & Begelman 1999; Falcke et al.
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2004). Compton up-scattering of the soft X-rays produced in the disk and/or
neutron star surface is thought to play an important role in the production
of high energy photons. When soft photons are up-scattered in a “hot flow”
by a thermal population of electrons, the emerging hard X-ray spectrum de-
pends among other parameters on the temperature and optical depth of the
electron gas. Therefore, hard X-ray spectra can also give important informa-
tion on the physics of accretion, although the geometry and detailed radiative
properties of the accretion flow responsible for the hard X-ray emission, the
“Comptonizing medium”, are still under debate.

Another important and well-debated subject concerning accretion flows
around compact objects is the location of the inner edge of the disk in different
accretion states of LMXBs. The ’standard’ picture, supported by the higher
variability frequencies observed during the soft state, is that of a disk that
is truncated far from the compact object in the hard states (see e.g. Done
et al. 2007) and that reaches the vicinity of the compact object in the soft
states. However, recent observations of black hole systems in the hard state
may contradict this scenario (Miller et al. 2006). If one measures the compact
object mass and has strong evidence that the accretion disk is truncated at
the innermost stable circular orbit, measuring the inner disk radius places di-
rect constraints on the spin of the compact object through general relativity.
Fitting the emitted continuum or disk reflection spectral components are two
possible ways to perform such measurements (e.g. Shafee et al. 2006; Miller
et al. 2009).

1.4 Thermonuclear bursts

In NS-LMXBs a large fraction of the accretion flow finally plunges onto the
neutron star surface, where the infalling matter is piled up and compressed
(Figure 1.4). Due to the high densities and temperatures present there, the
accreted matter is subject to thermonuclear reactions, in the form of steady
burning or through unstable ignition. The latter phenomenon gives rise to an
intense burst of X-rays, was discovered in 1975 (Grindlay et al. 1976; Belian
et al. 1976) and it is known as a type I X-ray burst (Hoffman et al. 1978).
It outshines briefly but by a large amount the power liberated by accretion,
offering a direct view of the neutron star photosphere. The ignition is thought
to be sensitive to the heat coming from deep in the neutron star crust (Cum-
ming et al. 2006), hence type I X-ray bursts are potential tools to study the
physics of matter at extreme densities.

Type I X-ray bursts show a variety of total energy outputs and durations,
set by the mass, thickness and composition of the burning layer: 1039-1040
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Figure 1.4: Neutron star structure in a nutshell. As the accreted matter piles up
it is compressed until the density and temperature at the base of the accreted layer,
deep in the liquid ocean, reach the ignition conditions and a thermonuclear runaway
occurs. Illustration from C. J. Horowitz.

ergs in the case of “normal” bursts (∼5-50 s long), ∼1041 ergs in the case of
long, pure helium bursts (∼10-30 min long) and ∼1042 ergs in the so-called
superbursts, which last for several hours and are associated with the ignition
of a layer of carbon (see Lewin et al. 1993; Strohmayer & Bildsten 2006, for
reviews). They also show nearly coherent and sinusoidal luminosity variations,
the so-called burst oscillations, which are thought to trace within a few Hz the
neutron star spin frequency (Strohmayer et al. 1996b). Detailed study of the
burst energies, recurrence times and mass accretion rate on the neutron star
surface gives a unique tool to constrain the different thermonuclear burning
regimes that operate at high densities and temperatures.

1.5 X-ray timing and spectral studies

Electromagnetic waves are the main carriers of astronomical information, and
we can study them in four basic ways: by looking at their spatial structure or
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distribution (imaging), through their polarization properties (polarimetry), by
measuring their energy distribution (spectroscopy) and by analyzing their time
variability (timing). This thesis is based on X-ray timing and spectroscopic
studies of NS-LMXBs that employ the 0.5–200 keV energy range and cover a
wide range of timescales, from milliseconds to years. In order to characterize
the X-ray spectra of NS-LMXBs I use two distinct methods: i) a photometric
analysis, using X-ray intensities and hardness ratios (i.e., count rates and
ratios of count rates in several energy bands) and ii) spectral decomposition,
i.e., modelling the X-ray spectrum to obtain spectral parameters and measure
the energy flux. The main technique used in this thesis to study the time
variability in the X-ray flux is the Fourier analysis of evenly spaced count
rate time series. A time varying signal is thereby decomposed into a set
of sine waves expressed as Fourier amplitudes, the latter in general complex
numbers. The modulus of these Fourier amplitudes is squared to give a set
of real-valued Fourier power-frequency pairs: a power spectrum. An excellent
review of Fourier techniques in X-ray timing is given in van der Klis (1995b),
and complementary details can be found in Vaughan et al. (1994). For details
of these spectral and timing techniques as used throughout this thesis I refer
to Sections 2.2, 3.3, 4.2, 5.2, 7.2.2, 7.2.1, 8.2 and 9.2.

1.5.1 The Rossi X-ray Timing Explorer

The Rossi X-ray Timing Explorer (RXTE; Bradt et al. 1993; Swank 1999)
was launched on December 30, 1995, from the NASA Kennedy Space Center
into a circular orbit at an altitude of 580 km, corresponding to an orbital
period of about 96 minutes. RXTE opened a new window to X-ray binaries
thanks mainly to its unprecedented time resolution. It covers time scales from
microseconds to years in a broad spectral range, from 2 to 200 keV. It was
designed for a lifetime of two to five years, yet at the moment of writting RXTE
has been active for almost fourteen years, overlapping with many other X-ray
satellites, and the current plan of operations extends to September 2010. This
makes RXTE one of the most long-lived and best calibrated X-ray missions
(Jahoda et al. 2006; Miller 2009).

RXTE carries three scientific instruments onboard (Fig. 1.5): the propor-
tional counter array (PCA, Jahoda et al. 1996, 2006), the high energy X-ray
timing experiment (HEXTE, Rothschild et al. 1998) and the all-sky monitor
(ASM, Levine et al. 1996). The ASM observes ∼80% of the sky during each
orbit with a spatial resolution of 3′×15′. It consists of three Scanning Shadow
Cameras, each with a field of view (FOV) of 6◦ × 90◦ and an effective area
of ∼30 cm2. It is sensitive to the 1.5–12 keV energy range and has a time
resolution of 1/8 seconds. ASM lightcurves from about 350 sources are made
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Figure 1.5: Top: RXTE and its three scientific instruments (see text). Bottom:
RXTE team picture taken before launch at the Kennedy space center, in December
1995.
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Figure 1.6: Sky map centered on the accreting millisecond pulsar XTE J1807–294
(cross). The hexagonal contour centered on XTE J1807–294 shows the field of view of
the PCA and HEXTE instruments on board RXTE, and the circle (with one degree
radius) shows the approximate full width at half maximum of the collimator response.
The contours centered 1.5 and 3 degrees away from XTE J1807–294 show the eight
possible off-source (or “rocking”) positions of both HEXTE clusters (A and B, as
indicated). Other neutron star low-mass X-ray binaries in the field are shown with
black dots, and the Galactic plane is indicated with a thick diagonal line. From
http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/HEXTErock/HEXTErock.pl.
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public by the ASM team (http://xte.mit.edu/ASM_lc.html), which offer a
useful tool to follow the long term (days to years) evolution of X-ray binaries.
The PCA consists of five Xenon proportional counter units (PCUs) that cover
the 2–60 keV energy range with a time resolution of ∼1 µs and an energy
resolution of 17 % (at 6 keV). Its total collecting area is ∼6250 cm2, when all
five PCUs are active. The HEXTE consists of eight NaI scintillation detectors,
sensitive to 15-250 keV photons with a time resolution of 8 µs and an energy
resolution of 15 % at 60 keV, grouped into two clusters of detectors (clusters
A and B). Each cluster has an effective area of 800 cm2 and can change its
pointing position (or “rock”) in mutually perpendicular directions, thereby
providing measurements of the background around the observed target (see
Figure 1.6 ). Both pointed instruments aboard RXTE, PCA and HEXTE,
are co-aligned and have a FOV of ∼1◦ (FWHM). The interested reader is
referred to Appendix A for a detailed description of the PCA and HEXTE
data reduction procedures.

1.5.2 The Swift Gamma-ray Burst Mission

The Swift Gamma-ray Burst Mission (Gehrels et al. 2004, Fig. 1.7) was launched
on November 20, 2004, from the NASA Kennedy Space Center into a ∼600 km
high and ∼90 min long orbit. Swift is a multi-wavelength observatory mainly
dedicated to the study of Gamma-ray burst science. The name of the mission
refers to its rapid slew capability. After detecting a burst in the sky it can
slew automatically within less than 90 seconds so that all instruments can
point to the location of the burst. Swift has been increasingly available for
non-gamma-ray-burst observations since its launch in 2004 and its capabilities
yield important contributions to the whole high-energy astrophysics field.

Swift carries three scientific instruments: the burst alert telescope (BAT),
the X-ray telescope (XRT) and the ultraviolet/optical telescope (UVOT). The
BAT (Barthelmy et al. 2005) is a coded mask instrument with a detecting
area of ∼5200 cm2, a relatively large FOV (∼1.4 sterad) and a ∼4 arcmin
angular resolution. It is sensitive to the 15–150 keV energy range. The XRT
(Burrows et al. 2000) is a focusing X-ray telescope with a 110 cm2 effective
area, 23.6×23.6 arcmin FOV, 18 arcsec resolution (half-power diameter), and
0.2–10 keV energy range. The XRT uses a grazing incidence Wolter 1 telescope
to focus X-rays onto a single CCD detector. The UVOT (Roming et al. 2005)
is a 30 cm Ritchey-Chretien reflector telescope, sensitive to the 170–650 nm
range and co-aligned with the XRT, with a FOV of 17×17 arcmin.
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Figure 1.7: Top: Swift and its three scientific instruments (see text). Bottom: Swift
team picture taken at the Goddard space flight center, in May 2004.
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1.6 A guide to this thesis

This thesis is devoted to the study of neutron star low-mass X-ray binaries,
focusing on their X-ray emission, the luminosity of their different accretion
states, rapid variability phenomena and on the study of thermonuclear bursts.
It is divided in three parts. Part I (Chapters 2, 3 and 4) presents my study
of the aperiodic X-ray variability and spectral properties of three accreting
millisecond pulsars. In Chapter 2, I report the discovery of simultaneous
kHz quasi-periodic oscillations in the X-ray flux of XTE J1807–294 and dis-
cuss their possible connection with the neutron star spin (going back to this
discussion in Chapter 8). I also find correlations between the characteristic
variability frequencies that are clearly shifted with respect to most other NS-
LMXBs, an intriguing phenomenon only seen previously in the first-discovered
AMP, SAX J1808.4-3658. Chapter 3 presents the completely atypical behavior
that I found in the AMP IGR J00291+5934, which showed the strongest vari-
ability and the lowest characteristic frequencies seen thus far in a NS-LMXB.
In Chapter 4 I report our X-ray timing and spectral analysis of yet another
AMP, SWIFT J1756.9–2508, which unveiled a typical atoll source behavior.
Part II (Chapters 5 and 6) contains a thorough analysis of the luminosity of
NS-LMXBs in different states, and a systematic comparison of the luminosity,
spectral and timing properties of a large sample of sources. Chapter 5 reveals
that hard states of atoll sources can be much more luminous than previously
thought (up to at least ∼15% of the Eddington luminosity) and, on the other
hand, soft states can show very low luminosities (down to ∼1% of the Edding-
ton luminosity). In Chapter 6, I study the most luminous NS-LMXBs, the Z
sources, and compare in detail their spectral and timing properties to those of
atoll sources. Part III (Chapters 7, 8 and 9) contains my work on thermonu-
clear bursts from accreting neutron stars. The discovery and detailed analysis
of a rare type of thermonuclear event known as long X-ray burst is presented in
Chapter 7. Chapter 8 presents accretion- and nuclear-powered phenomena all
observed together in IGR J17191–2821: kHz quasi-periodic oscillations, type
I X-ray bursts and burst oscillations. Finally, in Chapter 9, I bring together
accreting millisecond pulsars and thermonuclear bursts by reporting the dis-
covery of burst oscillations in the AMP HETE J1900.1-2455, and discuss the
implications of the observed burst oscillation properties for intermittency in
AMPs.
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