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1 Introduction

We are the sum of all we
have done added to the
sum of all that has been
done to us.

Fitz in Fool’s Fate, ch.1 - Robin Hobb

This thesis has the aim of discussing phenomena that occur in systems that are
known as low-mass X-ray binaries (LMXRBs). These systems are the most powerful
objects in our Galaxy and they emit radiation over a large range of wavelengths.
Here I will focus only on the X-ray emission. In this chapter, I briefly explain what
these systems are, I provide an overview on the physics of X-ray binaries (XRBs)
introducing some of the main phenomena that arise in them and I discuss the methods
by which these systems are studied.

1.1 X-ray binaries

Many of the stars in our universe occur in binary systems, i.e., systems of two stars
in orbit around a common center of mass. If one of the members of these systems is
a compact object (neutron star - NS - or black hole, BH), and the system components
are sufficiently close to allow accretion causing them to become very bright in X-rays,
then they are called X-ray binaries.

X-ray binaries can be divided into high-mass X-ray binaries (HMXBs) and low-
mass X-ray binaries (LMXBs) depending on the mass of the companion star. The
companion to the X-ray source in HMXBs is a luminous star of spectral type O or
B with mass typically larger than 10 M®, necessarily belonging to a young stellar
population as these types of stars do not live longer than ~1( years. In LMXBs the
companion is a faint star of mass lower than 1 M® and tends to belong to a much

1



1. Introduction

older stellar population, with ages that can be thousands of millions of years.

Depending on the mass and evolution stage of the companion and on the mass ra-
tio of the stars in the system, there are two main ways for the donor star to transfer
matter to the compact object: Roche-lobe overflow and wind accretion. In this thesis,
I focus on LMXBs (see Fig. 1.1), where mass transfer from the companion star to
the compact object is due to Roche-lobe overflow. The material from the compan-
ion star that passes beyond the so called Roche-lobe radius flows onto the compact
object attracted by its gravity. Since the Roche-lobe radius is a function only of the
orbital separation and the masses of the two stars, the onset of Roche-lobe overflow
requires that either the envelope of the companion star expands (due to stellar evolu-
tion), or that the binary separation shrinks (as a result of orbital angular momentum
losses). In either cases, the gas cannot fall directly onto the compact object because
of the conservation of angular momentum. Matter does not fall radially towards the
compact object, but orbits circularly at a certain radius from the collapsed star. If the
timescale of energy loss is shorter than the time needed to redistribute the angular
momentum in the ring, viscous dissipation causes energy losses that force matter to
distribute into a sequence of circular concentric annuli with decreasing radius. This
configuration is called accretion disc.

The most powerful phenomena we observe from LMXBs are directly related to the
accretion mechanism, as a large amount of gravitational energy is released when the
matter approaches the compact object. Viscous stresses convert the kinetic energy
of the infalling matter into radiative emission. At large radii, far from the compact
object, the accretion disc is relatively cold and emits at optical wavelengths. In the
innermost regions of the disk the accretion flow can reach temperatures higher than
~107 K and emits in the X-rays. The bulk of the gravitational potential is indeed
released in these regions, in the vicinities of the compact object. Therefore, the anal-
ysis of the X-ray emission from these sources is a fundamental tool we have to study
the properties of compact objects and accretion disks.

X-ray binaries constitute very good natural laboratories where to test theories of
gravity in extreme conditions (e.g. General Relativity) and physics of ultra-dense
matter. In particular the study of systems harboring a NS allow to investigate the
details of the equation of state (i.e., the mathematical description of the relations
between temperature, pressure and density of matter) of these collapsed stars, where
densities are thought to be higher than those in atomic nuclei.

A comprehensive study of XRBs cannot focus only on the accretion process. Rela-
tivistic jets (ejections of matter at velocities approaching the speed of light), which on
far larger scales in Active Galactic Nuclei (AGNs) are among the most powerful phe-
nomena in the Universe, are now thought a near-ubiquitous phenomenon in XRBs.
These jets are collimated anti-parallel outflows of matter launched at relativistic ve-
locities from regions very close to the central compact object and seem to be strictly
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related to the disk accretion mechanism onto relativistic objects.

~ Accretion - T ' X-ray heating .
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Figure 1.1: Artist’s impression of an X-ray binary system, in which all its main elements are
marked. [llustration from R. Hynes, 2001.

1.2 Instrumentation and techniques

In this thesis I study LMXBs by means of energy spectra and time variability anal-
ysis. The combination of these two methods has proven to be very appropriate in
describing the X-ray behavior of LMXBs.

Below, I briefly describe the instruments and techniques used.

1.2.1 The Rossi X-ray Timing Explorer

The results presented in this work are based on data obtained with the Rossi X-ray
Timing Explorer (RXTE, Bradt et al., 1993). It was launched on December 30,
1995 and, at the time this thesis goes to press, is still operating. Figure 1.2 shows a
schematic view of the satellite.

There are three scientific instruments on board the satellite, namely the All Sky
Monitor (ASM, Levine et al., 1996), the High Energy X-ray Timing Experiment
(HEXTE, Gruber et al., 1996; Rothschild & Heindl, 1998) and the Proportional
Counter Array (PCA; Zhang et al., 1993; Jahoda et al., 2006).

The ASM observes ~80% of the sky each orbit with a spatial resolution of 3 x 15/,
it operates in the 1.5-12 keV range and has a time resolution of 1/8 seconds. The
ASM plays an important role in identifying state transitions and outbursts from tran-
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1. Introduction

sient sources, allowing us to trigger follow-up observations with other instruments
within a few hours. The instrument also permits us to monitor the long-term intensity
and behavior of the brightest X-ray sources.

The HEXTE has a field of view of ~1° and operates in the 15-200 keV range. It
consists of two photon counter detectors, each having an area of ~800 cn?, an energy
resolution of 18% at 60 keV, and a time resolution of 10 us. Due to the large field
of view and the lack of spatial resolution, background estimation can be an issue.
This problem is solved by making both clusters oscillate (“rock”) between on and
off source positions (1.5° or 3° from the source), every 16 or 32 seconds. The data
from this instrument have been used in this thesis mainly to better estimate the X-ray
luminosity of sources.

The PCA is the main instrument on board RXTE. It is a pointed instrument, co-
aligned with the HEXTE and having the same collimated field of view of ~1°. It
consists of five Proportional Counter Units (PCUs) with a total collecting area of
~6250 cm?, operates in the 2-60 keV range, has a nominal energy resolution of 18%
at 6 keV and, most importantly for this thesis, a maximum time resolution of ~1pus.
With the exception of regions near the center of the Galaxy, the source density on
the sky is low enough to provide sufficient positional resolution and avoid source
confusion.

1.3 X-ray observations of X-ray binaries

1.3.1 Timing analysis

The analysis of the rapid variability in the X-ray emission form XRBs constitutes
one of the main instruments to probe the matter accreting onto the compact object.
By means of the analysis of the rapid variability in the X-ray emission we can probe
the properties of the matter orbiting in the inner accretion flow, in regions dominated
by strong-gravity fields. The main analysis tool is the Fourier power spectrum of the
X-ray flux time series. By applying a Fourier transform to the flux time series, it
is possible to obtain an estimate of the variance, in terms of power density B,, as a
function of the Fourier frequency v (see van der Klis 1989 for the details). By using
the Fourier analysis, we study the data in the frequency domain (i.e. power density
spectrum, PDS) rather than in the time domain (i.e. the light curve). Since the Fourier
power is proportional to the light curve variance, in a power spectrum we can basi-
cally see if there are preferred frequency in the signal. Therefore, we can easily spot
the presence of periodicities or quasi periodicities (in case the frequency of the signal
is not perfectly constant) in the light curve. Highly coherent features, such as pulsa-
tions in accreting millisecond X-ray pulsars, appear as single frequency-bin spikes.
Aperiodic structures, instead, are spread over several frequency bins, sometimes cov-
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1.3 X-ray observations of X-ray binaries

XTE Spacecraft
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Figure 1.2: Diagram of the XTE spacecraft, with instruments labeled.

ering the entire mHz-kHz frequency range. Broad structures are usually called noise,
while narrow-peaked features are usually referred to as quasi-periodic oscillations
(QPOs). Figure 1.3 shows typical power density spectra of BHs. Although the cen-
troid frequency of these peaks (quasi-periodic oscillations, QPOs) detected in some
BHs can be as high as ~450 Hz, in this thesis I focus on low frequency features (at
frequencies lower than ~40 Hz.). Figure 1.4 shows several power spectra typical of
high-luminosity NSs, the so called Z sources (Hasinger & van der Klis 1989). As
one can clearly see, a power density spectrum consists of a superposition of different
components.

Despite several years of X-ray observations of XRBs at high time resolution, no
exhaustive and complete physical model is available to interpret the X-ray variability
features in the power spectra and robustly relate them to typical timescales of the
accretion flow (see van der Klis 2006 for a review; see also Chapter 5). However,
following Belloni et al. (2002), a unified phenomenological description of these tim-
ing features is possible by fitting the power density spectra with a superposition of

5



1. Introduction

power spectral multi-Lorentzian components. The characteristic frequency (14,42)
of L; is denoted v;. The quality factor Q is defined as Q = 1/FWHM. FWHM
is the full width at half maximum and 1y the centroid frequency of the Lorentzian.
Q quantifies the coherence of a certain aperiodic signal. The higher it is, the more
coherent is the signal. It is particularly useful to study narrow features in the PDS.
The choice of a Lorentzian is justified by the fact that it is the Fourier transform of an
exponentially damped harmonic oscillator. Although the use of this function allows
to fit power spectra reasonably well and to follow the evolution of the peaks in terms
of frequency and strength, there is no physical reason to prefer Lorentzians to other
functions, e.g. Gaussians plus power laws. The big advantage of a unified description
is the possibility of comparing directly different observation and sources, in relation
to other observational parameters.

Leahy Power

Frequency (Hz)

Figure 1.3: Low frequency QPOs in the BH XTE J1859+226, from Casella et al. (2004). The
QPOs are named after Wijnands et al. (1999). The poissonian noise have not been subtracted
from the spectra.

1.3.2 Spectral analysis

Broad-band spectral modeling and interpretation is essential to understand the phys-
ical origin of the emission coming from XRBs, i.e. thermal emission from the accre-
tion disk, non-thermal emission from hot electron in a corona, synchrotron emission
from the jets. Fitting energy spectra (usually by means of ¥ test statistics) with
specific theroertical models allow to extract important physical quantities (i.e. tem-
perature of the inner disk radius, energy of the Comptonizing electrons and optical
depth of the Comptonizing medium) and directly investigate the geometry of the in-
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LFN
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Figure 1.4: Power-density spectra from the Z source GX 17+2 form Homan et al. (2002).
The QPOs are named after Hasinger & van der Klis (1989).

flow and the outflow, and their contribution to the total energy output of the system.
This is fundamental also to infer how the accretion/ejection mechanism works.
Although the properties of the accretion flows of BHs are not always well deter-
mined and there is debate on many issues, their spectra are thought to be the result of
the three different physical components contributions: 1) an optically thick, geomet-
rically thick accretion disk; 2) a distribution of hot electron (what is usually called
corona) able to Comptonize the emission from the accretion disk; 3) a jet (i.e. a
relativistic matter outflow) produced in the very center of the system that is thought
to contribute to the X-ray emission (even though its emission bulk is found in the
infrared and in the radio band). In the case of NSs a fourth component is usually
observed: the black-body emission from the surface is clearly visible in the spectra.
Many different refined models, built on the basis of the mentioned physical compo-
nents, can be used to describe energy spectra. Fitting energy spectra with motivated
models allow to follow the variations in the spectral parameters as function of the
time and describe the evolution of a source in terms of changing physical quantities.
In the best case scenario the X-ray energy spectrum of a given source can be de-
scribed by the combination of one or more physically motivated mathematical func-
tions or models. However, the physical reality of these models is still uncertain and in
many cases the data can be satisfactorily described by different models, making the
results of such spectral analysis inconclusive. In addition, spectral fitting has the in-
convenience to depend strongly on the models used. A model-independent approach
that is widely adopted makes use of the X-ray colors to roughly estimate the spectral
properties of XRBs. colors are defined as hardness ratios between the X-ray counts
(the number of photons detected) in two different broad energy bands. Plotting two
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Figure 1.5: Sketch of the general behavior of a black-hole transients in the HID (top) and
hardness-rms diagra (HRD, bottom).

colors against one another (color-color diagram, CCD) or a color versus the count
rate (hardness-intensity diagram, HID) constitutes a powerful tool to trace recurrent
characteristic patterns that occur in XRBs. The energy bands used to create the colors
are about the same within the same class of XRBs (BHs or NSs). Figure 1.5 (upper
panel) shows the sketch of a typical transient black-hole binary HID (from Belloni
2010). The position of a source in the X-ray HID can be used to infer its spectral sta-
tus. Although the mass accretion rate is probably one of the parameters that drive the
transition between the states, we still do not fully understand how and why transition
happens and which other parameters interfere.

The different behaviors traced in time by XRBs is interpreted as due to different
accretion regimes. Naively, softer means more relative emission coming from the
accretion disk, thus an increase in mass accretion rate. Of course, when dealing with

8
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real observations nothing is simple and straightforward.

In order to achieve a more complete picture of the phenomenology of these sources
and a better understanding of the physics of XRBs, the key is the use of all the meth-
ods described combined, e.g. power spectral and energy spectral variations as a func-
tion of the position on the HID or CCD. Many properties of both power density and
energy spectra are now know to be strictly correlated to the position of the source in
the HID or CCD, allowing to classify sources and define states.

1.4 Long term X-ray variability of LMXBs

In the context of X-ray variability at time scales of hours, days and up to years, low-
mass X-ray binaries can be divided into two main classes: the so called persistent
and transient sources. The persistent ones are those which have been active since the
beginning of X-ray astronomy. Transient sources are those which are generally very
faint or not observable (quiescent state, 10~ 9-108 Lggq), but occasionally show
phases during which the count rate can increase by several orders of magnitude (out-
bursts, X-ray luminosities of 0.1-1 Lg44).

In Fig. 1.6 can be observed the long-term variability of several BH binaries, while
in Fig. 1.7 one can see lightcurves for several NS binaries.

In the case of transient sources, outbursts are usually unpredictable, except in a
few sources, the behavior of which can be predicted with the uncertainty of few days.
Not all outbursts from the same source reach the same intensity or last for the same
amount of time.

1.5 Black Hole X-ray binaries

BH XRBs shows different accretion states, defined according to the position and
the path that the source follows in an X-ray HID (see chapter 2 and Belloni 2010
for a review; see also McClintock & Remillard 2006 for an alternative definition of
the states). Four X-ray spectral canonical states (plus an anomalous state ) can be
identified in the HID during the outburst (indicated in Fig. 1.5).

The X-ray spectral properties of black holes can be classified into two main com-
ponents: when a hard, non-thermal, power-law-like component (associated to Comp-
tonization processes) with photon index in the range 1.5-2 dominates the energy
spectrum, it is said that the source is in its low/hard state (LHS); when a soft, thermal,
black-body like component (due to the accretion disk soft emission) with temperature
kT < 1keV dominates, then the source is in its high/soft state (HSS).

In between the low and the high states, there is the intermediate state which links
both extremes and where complex behavior, including sometimes large flares in in-
tensity, occur. This intermediate state can be subdivided into the Soft Intermediate

9
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Figure 1.6: RXTE All Sky Monitor light curves of BH LMXB showing the outburst be-

haviour from Done et al. (2007).

State (SIMS) and the Hard Intermediate state (HIMS) based mainly on the X-ray time
variability (see, e.g., a discussion in Belloni, 2005).
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1.5 Black Hole X-ray binaries
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Figure 1.7: RXTE All Sky Monitor light curves of NS LMXB (Atoll sources) from Done
et al. (2007). In contrast to the BH binaries, most of the known systems are persistent.

Observations suggest that during the LHS the accretion disc is cold (with temper-
ature T < 1 keV) and truncated at large radii (e.g. McClintock et al. 2001, Belloni
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Figure 1.8: Typical power density spectra of the BH XRB GX 339-4 in outburst, from Homan
et al. 2005. Each power spectrum is representative of one spectral state. See Figure 1.5 for a
connection between the spectral state and the position of the BH in an X-ray HID.

2010, Belloni et al. 2011) at low luminosities (lower than 1% Lg,, ; Cabanac et al.
2009). During the HSS instead, it is thought that the inner accretion disk radius is
close to or coincident with the innermost stable orbit and the temperature at the ra-
dius might be higher than 1 keV. During the last years it has been suggested (see
e.g. Miller et al. 2006, Reis et al. 2009) that the accretion disc might extend to the
vicinity black hole (close to the innermost stable orbit) even in the LHS at very low
X-ray luminosities.

X-ray spectra of BH XRBs in the LHS have also been found to feature iron emis-
sion lines, produced by the reflection of the Comptonized photons off the accretion
disc. It is important to ascertain whether these lines are present and to measure their
broadening that, after having assumed a certain spectral model, can give information
on the inner boundaries of the accretion flow.

In timing studies, the LHS and the intermediate states show strong QPOs and
strong broad band noise (up to 60% fractional rms) components while the HSS and
SIMS are characterized by weak/absent variability: the PDS show weak variability
and a weak powerlaw noise, on top of which a QPO can be observed. Fig. 1.8 shows
typical power density spectra of BHs in the four spectral states in outburst. The type-
C QPO is typical of the LHS and the HIMS, while the type B has been associated
with the transition between the HIMS and the SIMS. Type A is probably associated
to the HSS instead. More details on this topic are given in Chapter 2 and 5
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1.6 Neutron star X-ray binaries

Observationally, low-magnetic field neutron stars can be classified into two main
groups, according to their X-ray spectral and timing properties. Based on the pattern
that they draw in an X-ray CD, Hasinger & van der Klis (1989) named them Z sources
and atoll sources (see Fig. 1.9). Atoll-type NS XRBs constitute the majority of
low-magnetic field accreting neutron stars. They display a broad range of X-ray
luminosities in the range ~ 0.01-0.5 Lg 44 (Where Lg4, is the Eddington luminosity).
This class possibly includes also the accreting millisecond X-ray pulsars and several
faint and very faint (with X-ray luminosities below 0.001 Lg47) NS XRBs (see van
der Klis 2006). Atoll sources feature three states: extreme island state (EIS), the
island state (IS) and the banana branch, the latter subdivided into lower-left banana
(LLB), lower banana (LB) and upper banana (UB) states (see Fig. 1.9). The hardest
and lowest luminosity state is generally the EIS, which shows strong low-frequency
noise. The IS is, instead, spectrally softer than the EIS. At higher luminosities the
banana states are found.

Z-type NS XRBs represent a class of few persistent sources (e.g. Sco X-1, GX
17+2,GX 34942, Cyg X-2,GX 5-1, GX 340+0) plus the transient source XTE J1701-
462 (that switched to an atoll source near the end of its outburst; see Homan et al.
2007, Lin et al. 2009). Z-type NSs accrete at high rate (0.5 — 1.0 Lgyq) and are
the brightest X- ray sources in our Galaxy. Sco X-1 is actually the first XRB ever
detected (Giacconi et al. 1962). They usually draw a Z-shaped pattern in the X-
ray CD (or HID; Fig. 1.9., panel c) in which the three characteristic branches are
called Horizontal, Normal and Flaring branch (HB, NB and FB, respectively). Each
branch defines a spectral state, with distinct timing and jet properties. Z sources are
rapidly variable in the X-rays and can trace the whole Z pattern on timescales of
hours to days. Interestingly, the shape of the path that they draw in the CD (and
in the HID) can change with time, and the only known transient Z source (XTE
J1701-462) exhibited a transition from Z-type to typical atoll-type properties. The
mass accretion rate is supposed be responsible for these changes. However, it is not
completely clear what drives the transition between the different spectral states (both
in atoll and Z sources): both the local mass accretion rate and disc instabilities could
be responsible for that (Lin et al. 2009), although other factors can not be excluded.

1.6.1 Thermonuclear burning on the neutron star surface
Unstable burning

Thermonuclear X-ray bursts constitute a very peculiar phenomenon that can only be
observed in NS. They are also called Type-I X-ray bursts and manifest as a sudden,
unpredictable and rapid increase in the X-ray intensity of accreting neutron stars
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Figure 1.9: Panels a and b: CDs of two atoll sources, 4U 1608-52 and GX 9+1, respectively.
Panel c: typical HID from a Z source, GX 340+0. Adapted from van der Klis (2006).

lasting between few seconds and few minutes (see Maraschi & Cavaliere 1977).

The rise is generally followed by a smooth and approximately exponential decay
with variable length.

As matter accumulates on the surface of the neutron star, it is compressed and
heated until the temperature and density at the base of the accreted layer become
large enough for the fuel to ignite in a “burning spot”. The matter burns unstably
consuming the available fuel as the burning spot spreads rapidly over all the neutron
star surface in matter of seconds. Time-resolved spectral analysis of this type of
bursts shows that the rise and the exponential decay can be interpreted as heating
resulting from the initial fuel ignition, followed by cooling of the ashes once the
available fuel is exhausted.

Although X-ray bursts were known since the 1970s, it was only in the RXTE era
that highly coherent (burst) oscillations associated with thermonuclear bursts were
discovered (see Figure 1.10 for a typical burst with burst oscillations). These os-
cillations have frequencies between 45 and 620 Hz, fractional rms amplitudes be-
tween 5 and 20% and have been detected in bursts from less than 20 sources so far
(Strohmayer & Bildsten 2006, Galloway & Cumming 2006). As the burst evolves,
the frequency of these oscillations generally increases by a few Hz as it reaches an
asymptotic value, which has been found to be stable (within ~ 1 Hz) for a given
source. The asymptotic frequency reached is an excellent estimate of the spin fre-
quency (within ~ 1 Hz) for a given source as has been confirmed by the detec-
tion of burst oscillations at the spin frequency in the accreting millisecond pulsars
SAX J1808.4-3658 and XTE J1814-338 (Chakrabarty et al. 2003, Strohmayer et al.
2003.

Marginally stable burning?

Revnivtsev et al. (2001) discovered a new class of quasi-periodic oscillation in the
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Figure 1.10: X-ray burst lightcurve (histogram) and dynamical power spectrum illustrating
the typical frequency evolution of a burst oscillation (contours). The left axis marks the
frequency of the oscillations and the right one the PCA count rate. Taken from Galloway &
Cumming (2006).

persistent emission (i.e. not during Type-I bursts) from three neutron star X-ray bi-
nary sources. These new QPOs have frequencies in the milli-Hertz range and are
usually seen before a Type-I X-ray burst, but not immediately after. It is important to
notice that their properties differ from those of the other QPOs found in neutron star
systems (e.g., energy dependence, see also van der Klis, 2006). Although Revnivt-
sev et al. (2001) could not discard an interpretation related to disk instabilities, they
conclude that the mHz QPO is likely due to a special mode of nuclear burning on the
neutron-star surface. Such an interpretation is strengthened by the results of Yu &
van der Klis (2002), which suggest that the inner edge of the accretion disk slightly
moves outward as the luminosity increases during each mHz cycle due to stresses
generated by radiation coming from the neutron star surface. Based on numerical
simulations, Heger et al. (2007) show that the mHz QPOs might be explained as the
consequence of marginally stable nuclear burning on the neutron star surface. They
find that the burning is oscillatory only close to the boundary between stable burning
and unstable burning (i.e., Type-I X-ray bursts).

Figure 1.11 show a representative light curve where mHz oscillations are present
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before the occurrence of an X-ray burst and not after. As it is clear from the figure,
when present, these oscillations can be seen directly in the light curve.
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Figure 1.11: Light curve of a data segment in which the mHz QPOs are present prior to the
occurrence of an X-ray burst. Before the X-ray burst occurs, the oscillations are clear from
the light curve while after the burst they seem to disappear. Fourier analysis confirms this.

1.6.2 Millisecond pulsars

Radio pulsars are thought to be highly magnetized (> 10® Gauss) rotating neutron
stars which emit a collimated beam of radio waves. The youngest radio pulsars are
observed to rotate rapidly, up to 100 times per second. This rapid rotation combined
with the high magnetic field strength (10'2~'3 Gauss) of the neutron star produces
beamed radio emission at the magnetic poles, and since the magnetic poles “are fixed”
on the neutron star, the beams spin at the frequency of the neutron star (14). After
a radio pulsar is born, because of the energy loss due to its emission, it slows down
until v is so low (lower than a few tenths of Hz) that the pulsar mechanism is not
able to produce detectable radio emission anymore and it is said that the pulsar has
died. This process takes millions of years, depending on the initial spin frequency
and magnetic field strength of the neutron star.

If it is true that new pulsars have frequencies not higher than ~ 100 Hz, and that
their spin frequency decreases with time, then there is the need to identify a process
able to produce radio pulsars with much higher spin frequencies than 100 Hz, the
fastest now being 716 Hz (Hessels et al., 2006). In the early 1980s, Alpar et al.
(1982) explained these fast pulsars as follows. If a radio pulsar is born in a binary
system which does not get disrupted by the supernova explosion in which the neutron
star is formed, it might be possible that the companion star or the binary orbit evolves
in such a way that at a certain moment the companion star fills its Roche lobe. When
this happens, matter is exchanged from the companion to the neutron star, spinning
it up by the transfer of angular momentum. When accretion stops the system is left
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with neutron star that rotates at several 100 Hz and appears again as a radio pulsar.
The resulting neutron star has a weak magnetic field (~ 10° Gauss, in contrast to the
10'2-13 Gauss in the young pulsars). It is thought that the accretion is responsible
for reducing the magnetic field strength, however, the process for this is as yet poorly
known (Bhattacharya & van den Heuvel, 1991).

If the neutron stars in X-ray binaries are rapidly rotating as predicted by Alpar et al.
(1982), it would be possible, in principle, to see pulsations in X-rays as well. The first
observational indication that neutron stars in low-mass X-ray binaries rotate rapidly
came in 1996 with the discovery of millisecond oscillations (with frequencies that
usually show drifts) during thermonuclear X-ray bursts (see Section 1.6.1). However,
it was only in 1998 that the first accreting millisecond X-ray pulsar was discovered
(Wijnands & van der Klis, 1998). Since then a total of 14 (and even 15 if we consider
Aql X-1 as an accreting millisecond pulsar) have been found out of a sample of
more than 150 neutron star LMXBs known up to date. These systems are known
as Accreting Millisecond X-ray pulsars (AMXPs, also referred to as AMPs in the
literature) and are thought to be accretion-powered; gas coming from the accretion
disk couples to the star’s magnetic field and gets channeled, forming “hot spots”
perhaps at the magnetic poles, which can be seen in X-rays. These hot spots are fixed
on the neutron star surface and therefore rotate with the spin frequency of the neutron
star similarly to what happens in the case of radio pulsars.

An important and not yet resolved issue is why most neutron star LMXBs do not
show persistent pulsations in their X-ray emission. Several theoretical efforts have
been made to explain this, the main question remaining whether the pulsation is hid-
den from the observer (e.g. there is a scattering medium that washes out the coherent
beamed pulsations) or not produced at all (e.g., because the magnetic field is too weak
to channel the accreting matter). So, given that pulsations were only seen from a few
sources, in the literature (up to now) the neutron star systems were sub-classified
into pulsating and non-pulsating ones. The recent discovery of HETE J1900.1-2455
showed that this classification might not cover all systems. This was the first AMXP
which did not show persistent pulsations throughout the outburst, but only during
the first ~ 2 months. Sudden increases in the amplitude of the pulsations were ap-
parently triggered by thermonuclear X-ray bursts; the amplitude decreased steadily
on timescales of days after the bursts (Galloway et al., 2007). This source was also
different from the other AMXPs, as it has been in outburst for more than 3 years,
while typical AMXP outbursts last for no more than a few weeks or months. This
difference suggested that the accumulation of matter on the surface was burying the
magnetic field (Galloway et al., 2007) and therefore extinguishing the pulsations. If
the accumulation of matter is the key process that buries the magnetic field, then this
result could explain why most of neutron star LMXBs do not show pulsations.

Casella et al. (2008) and Altamirano et al. (2008a) reported the discovery of episodes
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of intermittent coherent millisecond X-ray pulsations in two X-ray transients. These
pulsations appear and disappear on timescales of hundreds of seconds and can be
identified as occurring at the spin frequency of the respective sources. These short
time scales cannot be explained by the burying scenario proposed for the intermittent
AMXP HETE J1900.1-2455. Another important conclusion of these discoveries is
that irrespective of the physical mechanisms behind the pulsations, it is now clear
that a strict division between pulsating and non-pulsating neutron star sources cannot
be made. It is possible that all sources pulsate occasionally, although the recurrence
times could be very long.

1.7 Problems, objectives and techniques

In this thesis I present an extended study on variability observed in transient sources
of different kind with the aim of studying the accretion process in the particular con-
text of transient X-ray binaries, that going through large ranges of mass accretion
rate during their outbursts, offer the possibility to study how their properties change
within a quite large accretion rate range. I mostly worked to evidence the main rela-
tions between time and spectral variability properties in my target sources. To pursue
my goals I extensively used X-ray spectral analysis applied to the data simultane-
ously with timing techniques mostly focused on fast aperiodic variability. I mainly
dealt with low-mass X-ray binaries harboring a black hole, even though I also stud-
ied the peculiar behavior of a transient accreting millisecond X-ray pulsar featuring
interesting characteristics (see Chapter 11).

For what concern the accretion process, black hole binaries can be considered
rather simpler than neutron star binaries. This is mostly related to the presence of a
physical surface (and therefore of a boundary layer and an atmosphere) in neutron
stars that origins a number of complications when studying these objects. The typ-
ical X-ray spectrum of an accreting black hole is usually constituted by two main
different components (one originated by the accretion disk and the other related to
Comptonization processes) that can be relatively easily disentangled and the evolu-
tion of which can be usually followed quite well along the outburst evolution. In
the case of neutron stars, instead, the energy spectrum usually shows an additional
component that partly overlap with the accretion disk component and partly affects
the Comptonization emission. This causes confusion between the components that
results difficult to disentangle. The contribution of the surface is consistent also in
the time domain: while accreting black holes show aperiodic variability mostly be-
low few tens of Hz (only sometimes above 30 Hz and basically never above 100 Hz),
neutron stars display strong variability over a much larger frequency range, some-
times up to the kHz (in the form of noise and kHz quasi periodic oscillations). Light
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curves of neutron star binaries also display a number of peculiar features still related
to the presence of a surface - such as bursts of various nature (i.e. type-I and -II
X-ray bursts, see Chap. 11) - that makes the phenomenology of those objects rather
complex. In addition, neutron stars also feature a magnetic field that can strongly
affect the accretion process in the vicinity of the compact object, where most of the
gravitational energy is released and consequently where the effects of accretion are
more important and the emission more powerful.

Therefore black holes constitute more desirable candidates to study accretion and
the related processes (such as relativistic ejections of material from the compact ob-
jects), as it is in principle possible (at order zero) to ignore whatever happens in the
region enclosed in the innermost stable orbit (the same region that is dominated by
the presence of a surface and a strong magnetic field in neutron stars), allowing to
concentrate only on the mere effects of accretion and, by means of the accretion it-
self, the effect of general relativity in strong field regime. Nevertheless also among
accreting black holes it is possible to find exotic objects (e.g. GRS 1915+105, Bel-
loni et al. 1997 and its newly discovered brother IGR J17091-3624, see Altamirano
et al. 2011b) whose understanding and modeling of represent a real challenge.

X-ray variability on time-scales of milliseconds to years is among the most evi-
dent properties in XRBs and also represents a key ingredient to understand physical
processes acting in these systems.

Outbursts occur every several months or years depending on the source and on its
properties. During outbursts X-ray energy spectra of BHBs evolve significantly on
timescales often shorter than a day. Those changes generate fast transitions between
different spectral states (see Chap. 2) and are thought to be the result of abrupt mod-
ifications in the geometry of the system or in its physical conditions. Even though
accretion has been studied for many years and several theoretical models to explain it
have been developed, we still do not have a complete understanding of the origin and
evolution of the emission of XRBs, and the mechanism driving spectral transitions
still remains unknown. as secular variations as well as very fast changes. Most of the
power spectral components are broad (indicating the presence of aperiodic variabil-
ity) and can take the form of a wide power distribution covering several decades of
frequency or of a more localized peak ( QPOs, see Chap. 5). Low frequency QPOs
have been discovered in many black hole transients and are thought to originate in
the innermost regions of the accretion flow. Therefore, they constitute an extremely
valuable tool to probe accretion very close to a compact object. However, the origin
of the fast time variability is still unclear and its nature remains a matter of debate.

Fast time-variability properties are clearly seen to change significantly in BHTSs as
a function of spectral properties and spectral and temporal domains are undeniably
strictly linked to each other. Nevertheless we still lack an exhaustive model able to
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fully explain simultaneously the properties of both. The results of timing analysis
alone so far proved to be inconclusive for the understanding of variability, while
detailed spectral studies are not enough to fully comprehend the nature of the physical
processes at work when the key role of variability is ignored. However, even if we
lack the capacity to fully describe the wide phenomenology of accreting binaries,
spectral and timing analysis could have provided a huge amount of information that,
even still needing to be placed in a coherent scheme, constitutes an essential base to
the comprehension of the bigger picture.

In this thesis I present a comprehensive study extended over several sources involv-
ing simultaneous spectral and timing analysis. The results that I report here include
interesting relations between spectral and timing properties that put great emphasis
on the importance of the relation between these two domains. Through the system-
atic use of spectral and timing analysis that I successfully applied to the systems I
studied, I have been able to identify source-peculiar and general relations between
spectral and timing properties (e.g. specific spectral parameters - see Chap. 3 and
properties of broad-band variability and/or low-frequency QPOs - see Chap. 5) that
serve as constraints to study the transition mechanism by analyzing its effects on
physical observables. Recent works (see Ingram et al. 2009, Ingram & Done 2010,
Ingram & Done 2011) have shown that it is possible to explain broadband variability,
low-frequency QPO and spectral evolution of black hole transients as the result of
a combination of changes in the geometry of the accretion flow and General Rela-
tivistic effects. As the most remarkable finding of the present work, I successfully
used the model presented by Ingram et al. 2009, Ingram & Done 2010, Ingram &
Done 2011 to interpret the results that I obtained during my PhD strengthening the
validity of a combined spectral/timing approach as a powerful tool to probe accre-
tion. Through the results that I have obtained I significantly contributed to create a
complete and coherent observational framework on which to base theoretical studies
that will eventually lead to the comprehension of the accretion mechanism, that will
be exploited as one of the most powerful tools to probe General Relativity.

GX 339-4 constitutes the principal subject of the research in the present work.
GX 339-4 (V821 Ara) is a Low Mass X-ray Binary (LMXB) harboring a > 6 Mg
accreting black hole (Hynes et al. 2003; Mufoz-Darias et al. 2008). Since its dis-
covery (Markert et al. 1973) the system has undergone several outbursts that were
intensely monitored in X-rays, but also at other wavelengths (i.e. radio and opti-
cal/infrared bands). The peculiar regularity of this source, especially evident in its
hardness-intensity diagrams provided to GX 339-4 the reputation of well-behaved
source and for this reason it became one of the most studied X-ray transient. GX
339-4 is usually referred to as the prototypical black hole transient and it is widely
used for comparison to describe the behavior of other sources of the same class.
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1.8 Outline of this thesis

Here I briefly describe the content of each chapter explaining why I analyzed certain
systems, the methods I applied to analyze their properties and the main results that
I obtained. I had a leading role in the work reported in Chap. 3, Chap. 5, Chap. 7
and Chap. 11 and I actively participated to all the works that I report in this thesis
performing a considerable part of the data analysis. I also substantially contributed
to outline the ideas that guided the analysis in most of the cases as well as to the
physical interpretations of the results. I include in this thesis all the works where my
contribution was considerably significant. I am also co-author of other works (see
List of Publications at the end of this thesis) that I did not report here.

e In Chapter 2, I review the current observational standpoint as the result of
sixteen years of activity of the observations of black-hole transients with the
Rossi X-ray Timing Explorer, complemented by other X-ray observatories and
ground-based optical/infrared/radio telescopes. I put emphasis especially onto
the spectral and timing evolution during outbursts of black hole binaries, iden-
tifying the peculiar properties of the sources during their evolution. I also
describe the prospects for future missions such as ASTROSAT and LOFT.

Based on the experience that I acquired during my PhD and mostly on the re-
sults reported in Chapter 4 and 5, I significantly contributed to draft a review
containing the current state of art concerning black hole transient sources. Here
I report the most important concepts and information derived from a complete
observational picture that could be constructed in the recent years. The group I
have been part of during my PhD and most of the researchers I had the oppor-
tunity to collaborate with had a leading role in reaching the present knowledge
on compact objects in accreting sources. My major contribution to the review
I present here was to improve the state classification firstly reported by Homan
etal.(2001), Homan et al. (2005), Belloni (2005) adding important information
related to the aperiodic variability associated to the spectral states (both in the
form of broad band variability and low frequency QPOs). The rms-intensity
diagram (see Chap. 4) allows to clearly separate low-hard state and hard inter
mediate state, while the detailed classification of the narrow features observed
in the power-density spectra allows to univocally define the soft-intermediate
state and separate it from the high-soft state. According to the improved classi-
fication that I report, type-A QPOs no longer serve as landmark to identify the
soft intermediate state, that is instead by definition marked by the presence of
type-B QPOs and an rms level found in a well-defined range. In addition, the
results I present in Chap. 3 allowed me to add to this review a precise charac-
terization of the main spectral components in the X-ray spectrum of black hole
X-ray binaries as they evolve during their outbursts.
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e In Chapter 3, I report the results obtained from the monitoring of the black-
hole candidate GX 339-4 during its 2007 outburst. Broadband (4-200 keV)
spectra could be fitted with a model formed by an exponentially cutoff pow-
erlaw plus a multicolor-disk blackbody. The high-energy cutoff could be fol-
lowed in detail along the outburst thanks for the good coverage and showed a
non-monotonic behavior that solve the contrasting results obtained in the past.
The high-energy cutoff changes more rapidly, just like the timing properties, in
comparison to several other spectral parameters. The observed behavior of the
high-energy cutoff of GX 339-4 is also similar to that observed with RXTE-
INTEGRAL-Swift during the 2005 outburst of GRO J1655-40.

The unprecedented observation coverage obtained for the 2007 outburst of GX
339-4 provided an excellent dataset that I could extensively exploit to follow
in detail the spectral evolution of the source along its hard-to-soft transition.
In this work I focused on the spectral properties of the source. I took care of
the full analysis and in particular I performed a detailed time-resolved spectral
analysis along the whole transition from hard to soft state. I used the state clas-
sification - that is mainly based on the timing properties - as a framework to
describe the evolution of the source emission and in particular of the hard tail
of the spectrum. The result that I present is particular important as a constraint
for those theoretical models attempting to explain the hard emission, the nature
is still poorly understood and therefore still constitute an open problem.

e In Chapter 4, I present a new tool to identify and study spectral states: rms-
intensity diagram for black hole transients. Using the RXTE observations of
the black hole candidate GX 339-4 during outbursts 2002, 2004 and 2007 it
was possible to study the relation between the root mean square (rms) ampli-
tude of the variability and the net count-rate. The relation between rms and
flux previously observed in the low hard state does not hold during all the
states, but different relations can be observed and used as good tracers of dif-
ferent accretion regimes. Hard, soft and intermediate states can be identified in
this diagram and transitions appear marked. In addition, the variability results
mainly associated to the hard component of the spectrum.

Starting from the previously used fundamental diagrams to describe black-hole
transients evolution, I significantly contributed to develop the idea to define the
rms-intensity diagram. Analyzing the relations between variability (in the form
of total rms) and count rate already observed in persistent black hole binaries
(i.e. Cyg X-1, see e.g. Uttley & McHardy 2001), we built a new tool through
which is possible to clearly separate low-hard state form hard-intermediate
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state in an outburst source, operation that is usually non-trivial with the sole
hardness-intensity diagram. Thanks to the information that I gathered analyz-
ing aperiodic variability - in particular low frequency QPOs - in GX 339-4 (see
also Chap. 5) I was also able to define the region where type-B QPOs are
found in a rms-intensity diagram. According to the analysis that I carried out
this region appears always in a rms range between 5 and 10%. The rms range
coincident with the soft-intermediate state is the same for different outburst of
the same sources and for different sources as well. This proves that there is
no or very week dependence between the rms-range where type-B QPOs are
found and the characteristics of a given system. This is fundamental to put
constraints in the comprehension of the transition mechanism itself.

In Chapter 5, I report the result of a comprehensive study of low frequency
quasi periodic oscillations in the black hole binary GX 339-4. We selected all
the RXTE observations where a low frequency QPO could be observed over a
time span of eight years and we performed a complete spectral and timing anal-
ysis. Most of the QPOs could be classified following the ABC classification
and our results show that this classification can be extended to include spectral
dependencies. Type-B QPOs show peculiar properties that differentiate them
from type-A and -C QPOs. The results can be interpreted within the frame-
work of recently proposed QPO models involving Lense-Thirring precession:
type-C and -A QPOs might be connected and could be interpreted as being
the result of the same phenomenon observed at different stages of the outburst
evolution, while a different physical process produces type-B QPOs.

This chapter might be considered the core of this thesis, since it proves that
combined spectral and timing studies successfully leaded to new important dis-
covery about the nature of low frequency QPOs, nature that even after 15 years
of activity of RXTE satellite - specifically made for detailed timing analysis -
is still unclear. I developed the idea to apply the spectral/timing approach as
an attempt to fully exploit the advantages of both spectral analysis and timing
and I then performed the first complete spectral and timing study of QPOs. I
selected GX 339-4 to perform this analysis as it constitute the most desirable
target source for such a study, not only thanks to its regularity, but also because
it displayed a considerable number of low-frequency QPOs during its four out-
bursts. I took care of the whole analysis and through a deep investigation of the
analysis results I discovered a previously unknown relations between certain
types of QPOs and the luminosity associated to specific spectral components.
This further strengthens the validity of a combined spectral/timing approach
as a powerful tool to probe accretion and also provided fundamental informa-
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tion to understand the transition mechanism and the physical conditions and
changes under which it the transition itself takes place. I successfully inter-
preted my results using one of the most promising existing models to explain
QPOs and the spectral evolution of transient sources, building the basis to de-
velop a complete theoretical model that will be able to fully explain the evolu-
tion of transient sources under spectral and timing point of view. I am currently
involved in the development of a more refined theoretical model.

e In Chapter 6, I present a study of the spectral properties during the soft in-
termediate state observed in the 2010 outburst of GX 339-4. All the RXTE
observations within a certain hardness ratio range during the soft intermediate
state where selected. In this sample all the observations that show a type-B
QPO. The spectral analysis of all these observations show that the spectra are
significantly harder during the SIMS of the soft-to-hard transition than they
are during the hard-to-soft transition. In addition, type-B QPOs observed dur-
ing the hard-to-soft transition are found at significantly higher frequencies than
those observed during the soft-to-hard transition. This generates a strong corre-
lation between QPO-frequency and photon index, stressing a peculiar bimodal
behavior.

Thanks to the results obtained from the spectral/timing analysis of all the QPOs
of GX 339-4 (see Chap. 5) I identified a peculiar relation between specific
spectral parameters and the behavior of low frequency QPOs. Thus I suggested
to further investigating the relation between spectral shape and the frequency
of type-B QPOs. I worked in close contact with the first author of the paper
corresponding to this chapter (see Stiele et al. 2011) and solved important tech-
nical issues related to the data analysis (mainly related to background problems
in RXTE data, for details, see Chap. 6, Sec. 6.4). After producing the funda-
mental diagrams to use as a framework where to base the subsequent analysis
and the description of the source spectral evolution, I performed the timing
analysis and part of the spectral analysis that allowed to evidence the relation
between spectral index and type-B QPO frequency. The 2010 outburst of GX
339-4 proved to be particularly suitable to this kind of analysis because of the
high number of type-B QPO detected, that is related to a very dense cover-
age of the soft intermediate state. The results I report constitute an interesting
starting point to study in detail the relation between the appearance of type-B
QPOs and the physical conditions of the system, that can be probed through the
spectral analysis. In particular the fact that the hardness ratio cannot be used as
a tracker of the spectral shape ad different luminosity levels - the consequence
of which is the bimodal behavior - must be put in relation with the different
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properties of the radio emission of the source that are equally different at dif-
ferent luminosity levels. This topic will be explored by myself and the group I
am part of in a forthcoming work.

In Chapter 7, I present the outburst evolution of the black hole candidate H
1743-322 during two different outbursts occurred in 2008 and 2009. During
2008 only the hard states were reached, while during 2009 the source displayed
a complete outburst. We attempted to identify the cause of this difference per-
forming spectral and timing analysis for all the RXTE observations obtained
the two outbursts. The early evolution of the spectral parameters is consistent
between the two epochs, and it does not provide clues about the subsequent
behavior of the source. However, the variation of the flux associated to the two
main spectral components (i.e. disk and powerlaw) allows to set a lower limit
to the orbital inclination of the system of > 43 degrees.

H 1743-322 is one of the few sources that displayed a failed outburst and the
only one that (so far) displayed both complete and failed outbursts. I assumed
that the fact that this system displayed two types of outburst close in time of-
fered a unique opportunity to investigate in detail the transition mechanism
under the hypothesis that the system properties (such as black-hole mass, or-
bital separation of the binary, inclination with respect to the line of sight) are
the same. Then I performed the whole state classification and spectral analysis
of the two outburst as described in Chap.3 attempting to find differences in the
spectral properties that allow to forecast the failed or standard nature of an out-
burst. The results the I describe confirm that the transition mechanism involves
several factors that are not restricted to changes in the macroscopic properties
of the system (i.e. smaller or bigger inner disk radius, higher or lower inner
disk radius temperature, different Comptonization temperatures and so on).
Such factors proved to be elusive also approaching the source with a combined
spectral-timing analysis. This demonstrate that our comprehension of the tran-
sition mechanism - and also of the outburst mechanism itself - is far from being
complete and must be revised and further developed.

In Chapter 8, I present spectral and timing studies of the outburst evolution of
the black-hole candidate Swift J1753.5-0127, monitored with the Rossi X-ray
Timing Explorer and the Swift satellites. The outburst started in 2005 and it
still on-going, since after an initial flare the X-ray luminosity decreased, but
the sources never reached the quiescence state. Similarly to H 1743-322, Swift
J1753.5-0127 source transited to the hard intermediate state, but it never made
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it to the soft states. This behavior is observed in other sources characterized
by short orbital periods (approximately < 5 hours). The morphology of the
outburst is peculiar and reminiscent of those observed in a class of cataclysmic
variables, the Z Camelopardalis. However, we show that both spectral and tim-
ing properties of Swift J1753.5-0127 are in agreement with the binary hosting
a black hole.

The peculiar nature of the six-years long outburst of Swift J1753.5-0127 and
the fact that, similarly to H1743-322, it is among the very few transients dis-
playing failed outbursts, makes this source an interesting case of study to in-
vestigate the transition mechanism. I produced the first HID indicating that
Swift J1753.5-0127 has left the low-hard state and then I performed the broad
band spectral analysis of all the observations belonging to the failed outburst
and part of the timing analysis that allowed to confirm that the system indeed
left the hard intermediate state and reached the hard-intermediate state, with-
out however moving to the soft states. The results of the spectral and timing
analysis as well as the behavior of the source in the fundamental diagrams also
provided the main clues that allowed to state that Swift J1753.5-0127 most
likely host a black hole rather than a neutron star.

e In Chapter 9, I report the results of a two-day long RXTE observation and
simultaneous Swift data of the bright X-ray transient XTE J1752-223. The
spectral and timing analysis showed that the properties of the source were sta-
ble during the observation. The properties of the energy spectrum and power
density spectrum, as well as the time-lags between soft and hard X-rays sug-
gest that XTE J1752-223 is a black-hole candidate, with all timing and spectral
components very similar to those of Cyg X-1 (a persistent black hole binary)
during its canonical hard state.

XTE J1752-223 completed it outbursts in 2010, showing an HID very similar
to the ones displayed by GX 339-4. However, its uncommonly long and stable
low-hard state allowed to study in detail a spectral phase that in many sources
is sometimes so short to be missed by most of the X-ray laboratories currently
working. I performed the broad band spectral analysis and I provided the fit of
an extraordinarily good quality power-density spectrum. The high quality of
the data also allowed to measure precisely the time-lags and to directly com-
pare them to the case of Cyg X-1. The results of my analysis provided the most
important information to state the black-hole nature of XTE J1752-223. It is
remarkable that even though XTE J1752-223 proved to be a black-hole tran-
sient, its low-hard state properties could not be unambiguously distinguished
from those of a persistent source such as Cyg X-1. This might provide further
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clues to investigate the transition mechanism.

In Chapter 10, I present a comprehensive spectral-timing study of the black
hole candidate MAXI J1659-152 during its 2010 outburst. Using 65 RXTE ob-
servations taken along this period it was possible to compute the fundamental
diagrams commonly used to study black hole transients. Timing and spectral
analysis allowed to analyze the properties of the source along the outburst,
while the study of the variability observed at different energy bands made pos-
sible to conclude that the hard emission accounts for the observed fast variabil-
ity, it being strongly quenched when type-B oscillations are observed. Also
the analysis of the time-lags confirm that lags are larger during the hard-to-soft
transition than during the hard state.

Even though the black hole candidate MAXI J1659-152 displayed a rather typ-
ical behavior during its evolution along its first outbursts, it showed a pecu-
liarly high level of variability in its soft-state that made it worthy of a detailed
spectral-timing analysis. I performed the spectral analysis of the full outburst
as well as the timing and through the spectral deconvolution I could evidence
that the main source of variability resides in the high-energy emission after the
source has transited to the soft intermediate state. This results basically con-
firms the validity of the truncated disk model (see Done et al. 2007, predicting
that the accretion disk is able to reach a steady state (i.e. no or very small vari-
ability coming from the disk) once the source gets to the high-soft state.

In Chapter 11, I report a study of the morphological, spectral and temporal
properties of 107 of the bursts from the 11 Hz accreting pulsar IGR J17480-
2446 discovered in 2010 and located in the globular cluster Terzan 5. The
source has shown several X-ray bursts with a recurrence time as short as few
minutes with the shorte