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Introduction

In this thesis, we investigate the spectral and timing properties of black-hole
low-mass X-ray binaries. These properties evolve during outburst and their
study allows us to reveal the geometry of these systems and the physical mech-
anisms involved in the process of X-ray emission. In this chapter, we give an
overview of the properties of black-hole low-mass X-ray binaries and the in-
struments which data have been used to study these systems.

1.1 X-ray binary systems

X-ray binaries are binary systems in which a compact object, i.e., a neutron star
(NS) or a black hole (BH), is in orbit with a star (that is known as companion
star) around a common centre of mass. In these systems, mass is transferred
from the companion star to the compact object via Roche-lobe overflow or via
stellar winds, releasing gravitational energy such that these sources become
very bright in X-rays.

According to the mass of the companion star, X-ray binaries are classified
as high-mass X-ray binaries (HMXBs) or low-mass X-ray binaries (LMXBs).
HMXBs are systems in which the companion star is of type O or B with a
mass of 10M� or larger. In HMXBs (left panel of Figure 1.1), the mass of the
companion star is captured by the compact object via stellar winds. LMXBs,
on the other hand, are systems in which the companion star is a faint star
with a mass lower than 1M�. In LMXBs, the mass is captured via Roche-lobe
overflow (right panel of Figure 1.1).

In this thesis, we focus on the study of LMXBs that host a BH as a compact
object, the so-called black-hole low-mass X-ray binaries (BH LMXBs). The
process of mass transfer from the companion star to the compact object, in
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this thesis a BH, occurs via Roche-lobe overflow. The distance between the
compact object and the companion star is such that the material of the outer
parts of the companion star reaches the edge of its Roche-lobe and falls onto
the compact object via the first Lagrangian point (e.g., Frank, King & Raine
2002). This process starts when (1) the companion star expands or (2) the
distance between the two components of the binary is reduced. Because of
conservation of the angular momentum, the material cannot fall onto the com-
pact object directly, so spirals onto it forming a series of circular rings around
the compact object. This downward spiral produces a loss of angular momen-
tum that is transferred outwards, spreading the rings inwards and outwards
and forming a disc structure known as accretion disc (Pringle & Rees 1972).
The accretion disc is restricted to extend between the first Lagrangian point
and the innermost stable circular orbit (ISCO, Shakura & Sunyaev 1973).
After crossing the ISCO, the material cannot be in a stable orbit, so it plunges
onto the compact object. This process is known as accretion. The right panel
of Figure 1.1 shows a representation of the accretion process around an LMXB.
In the process of accretion, viscous stresses convert the kinetic energy of the
in-falling material into radiation, heating up the disc up to several millions de-
grees close to the compact object and generating emission in X-rays. The outer
parts of the disc are heated up to thousands of degrees, emitting at optical and
infrared wavelengths.

Along with the accretion disc, there is a region that is believed to surround
the accretion disc and the compact object: the corona. The corona is a region
of hot electron plasma of temperature from tens to hundreds of keV that emits
in X-rays. The geometry and the origin of the corona is still unknown, but
there is evidence that the hot electrons interact with the photons coming from
the accretion disc via inverse Compton scattering (e.g., Thorne & Price 1975;
Dove, Wilms & Begelman 1997).

The study of the X-ray emission from BH LMXBs is a fundamental tool to ex-
plore the properties of compact objects and the accretion process itself. Given
the gravitational forces produced close to the compact object, these systems
provide an excellent laboratory to test general relativity under extreme condi-
tions. Moreover, although it is not the purpose of this thesis, LMXBs allow us
to study scenarios of ultra-dense matter, like neutron stars, to constrain their
equation of state.

1.2 Spectral and timing properties of BH LMXBs

As was explained in the previous paragraphs, the study of the properties of
the X-ray emission of LMXBs is very important to understand the physical
processes occurring around the compact object and the geometry of the system.
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Figure 1.1 – Left panel: Artist’s representation of a high-mass X-ray binary.
The companion star emits stellar winds that are captured by the compact
object. Credits: ESA. Right panel: Representation of a low-mass X-ray binary.
The compact object (in the centre of the accretion disc), captures matter from
the companion star via Roche-lobe overflow. Image property of Rob Hynes.

The intensity of the X-ray emission from BH LMXBs varies with time, from
short-term variations (from milliseconds to seconds) to long-term variations
(from days to years). In terms of long time-scale variations, there are two
types of BH LMXBs: persistent and transient sources. Persistent sources
are actively accreting and showing emission in X-rays for several years (even
decades). The transient sources, on the other hand, show long periods of very
faint emission (or no emission at all) in X-rays, interrupted by outbursts of
relatively short duration (from days to years) during which the X-ray intensity
can increase by several orders of magnitude. The periods in which the source
shows very faint X-ray emission are known as quiescence.

During outburst, we can also find X-ray variations in both short and long time
scales. The study of these variations is, therefore, of the utmost importance in
order to understand the geometry and the physical processes involved in BH
LMXBs. Although, we focus on the study of the properties of BH LMXB dur-
ing outburst, we open the door to the study of these systems during quiescence
in order to predict their properties during outburst (see Chapter 2).

1.2.1 Energy spectra of BH LMXBs

One of the most important tools to study the properties of BH LMXB and how
they evolve with time is the energy spectrum, which gives information about
the energy distribution of the X-ray photons.

The energy spectrum of BH LMXBs can be described by two main components
(see e.g., Remillard et al. 2006; Done, Gierliński & Kubota 2007; Belloni
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2010a). The first one is a soft thermal component described by a multi–colour
disc blackbody (Mitsuda et al. 1984) peaking at 0.1–1 keV (see review by Done,
Gierliński & Kubota 2007). A multi–colour disc blackbody spectrum can be
understood as a superposition of rings with a blackbody spectrum, each of them
with its own temperature and flux. The soft thermal component is thought to
be produced by a geometrically thin and optically thick accretion disc (Shakura
& Sunyaev 1973). The second component is a hard power-law component that
extends from a few keV up to tens or hundreds of keV, originating in the
corona (Sunyaev & Truemper 1979; Sunyaev & Titarchuk 1980). Although
the geometry of the corona is still unknown, it is believed to emit in X-rays
by inverse Compton scattering of soft photons that come from the accretion
disc (e.g. Titarchuk 1994; Zdziarski et al. 2004; Done, Gierliński & Kubota
2007; Burke, Gilfanov & Sunyaev 2017). In addition to the two components
mentioned in this paragraph, there is also a third component in BH LMXB
known as the reflection component that originates from the irradiation of the
accretion disc by the up-scattered photons coming from the corona. However,
since the contribution of the reflection component has not been of importance
in the following chapters, its explanation is out of the scope of this thesis.
Figure 1.2 shows the energy spectra of the BH system Cyg X–1 representing
two different states of the outburst: the black symbols show an spectrum
dominated by the soft component, while the grey symbols show an spectrum
dominated by the hard component.

The contribution of the hard and soft components to the total X-ray energy
spectrum varies during outburst. At the beginning of the outburst the energy
spectrum is dominated by the hard component. As the X-ray intensity in-
creases, the contribution of the soft component increases and that of the hard
component decreases. Once the source reaches its peak X-ray intensity, the en-
ergy spectrum is dominated mostly by the soft component. When the intensity
of the source starts to decay, the evolution reverses and the hard component
becomes gradually more dominant, until the source goes into quiescence.

1.2.2 Power density spectra (PDS) of BH LMXBs

The main tool to study the fast X-ray variability of BH LMXBs is the Fourier
power density spectrum (PDS, see van der Klis 1989b). The PDS allows us to
study the fast variability in the frequency domain and gives us the frequencies
at which the variability occurs, and the amplitude of the signal. The amplitude
is usually given in terms of its fractional root-mean-square (rms) amplitude.
As for the energy spectrum, the properties of the PDS vary along the outburst.
Therefore, it is very important to understand the properties of the PDS.

In order to create the PDS, the light curve is first divided into several segments
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Figure 1.2 – Energy spectra of Cyg X–1. Black symbols show an energy
spectrum dominated by the disc component. Grey symbols show an energy
spectrum dominated by the hard power-law component. Plot extracted from
Gilfanov, Churazov & Revnivtsev (2000).

of equal length. Then, we obtain the Fourier transform of each segment. The
minimum frequency and the frequency resolution of the PDS are determined by
the length of the segments, while the highest frequency, known as the Nyquist
frequency, is determined by the time resolution of the data.

Two types of features can be distinguished in the PDS of BH LMXBs: sig-
nals covering a broad frequency range, which are known as broadband noise
components, and narrow peaks known as quasi-periodic oscillations (QPOs).
Figure 1.3 shows a representative PDS of the BH system MAXI J1348–630,
where broadband noise components (Lb, Lb2, Lh and Lu) and a QPO (LLF )
are present.

As suggested by Belloni, Psaltis & van der Klis (2002), the power spectra of
BH LMXBs can be well fitted with a combination of multiple Lorentzians, each
of them represented by the expression:

P (ν) =
r2∆

π

1

∆2 + (ν − ν0)2
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Figure 1.3 – Representative PDS from the BH system MAXI J1348–630,
see Chapter 5. Broadband noise (Lb, Lb2, Lh and Lu) and a QPO (LLF ) are
present. The solid black line represents the combination of the Lorentzians used
to fit the PDS. The other coloured lines represent the different components.

where r is the integrated fractional rms amplitude of the Lorentzian, ν0 is
the centroid frequency and ∆ is the half width half maximum (HWHM) of
the Lorentzian. Instead of using ν0 and ∆ to characterise the Lorentzian, we
use the “characteristic frequency”, defined as νmax =

√
ν20 + ∆2 and the full

width half maximum (FWHM), defined as FWHM = 2∆. Alternatively, we
can study the width of the Lorentzian using the quality factor Q, defined as
Q = ν0/FWHM (Belloni, Psaltis & van der Klis 2002).

The broadband noise in the PDS is usually fitted by one broad Lorentzian or a
combination of them. BH LMXBs usually show broadband noise up to 500 Hz.
However, the broadband noise starts to decrease from 50–100 Hz (Sunyaev &
Revnivtsev 2000). Some examples of broadband components of a BH LMXB
can be seen in Figure 1.3 (light blue, red, blue and pink lines).

QPOs are usually fitted with narrow Lorentzians (Q > 2). QPOs appearing
in the PDS of BH LMXBs can be classified into three types: A, B and C.
Type-C QPOs are the most common QPOs in BH LMXBs. These QPOs are
characterised by a centroid frequency that ranges from a few mHz to ∼30 Hz
(e.g., Casella et al. 2004; Belloni et al. 2005; Ingram & Motta 2020) and have
a strong fractional rms amplitude up to ∼30%. This type of QPOs appear
simultaneously with a strong broadband noise component with a fractional
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Figure 1.4 – Examples of the different types of QPOs: type-A (top panel),
type-B (middle panel) and type-C (bottom panel). Image adapted from Figure
1 in Ingram & Motta (2020).

rms amplitude of 30%–50% (e.g. Méndez & van der Klis 1997; Belloni et al.
2005; Remillard et al. 2006; Muñoz-Darias, Motta & Belloni 2011; Motta 2016).
Type-B QPOs are characterised by a fractional rms amplitude of up to ∼5%
and centroid frequencies between 1 and 6 Hz (Motta et al. 2011). Type-B
QPOs appear simultaneously with a weak broadband noise component of a few
percent rms. Type-A QPOs are weaker (few percent fractional rms amplitude)
and broader than type-B and type-C QPOs and are characterised by a centroid
frequency of 6–8 Hz (Wijnands, Homan & van der Klis 1999; Casella et al.
2004; Belloni & Stella 2014). Figure 1.4 shows three examples of a type-A
(top panel), type-B (middle panel) and type-C (bottom panel) QPOs. Since in
Chapter 5 we focus on the study of type-C QPOs, we focus the next paragraph
and the next section on this type of QPO.
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1.2.3 Type-C QPOs. Energy dependence of fractional rms ampli-
tude and phase lags

The study of the frequency of the type-C QPOs is not enough to shed light on
all the physical processes behind the origin of type-C QPOs. The study of the
energy dependence of the fractional rms amplitude and lags (see below) allows
us to understand the radiative processes of QPOs.

From the studies of the rms spectra of type-C QPOs (e.g., Tomsick & Kaaret
2001; Casella et al. 2004; Rodriguez et al. 2004b,a; Casella, Belloni & Stella
2005; Sobolewska & Życki 2006; Axelsson & Done 2016; Zhang et al. 2017b,
2020c; Karpouzas et al. 2021), we know that the rms of type-C QPOs increases
with energy up to ∼20 keV. At higher energies the fractional rms remains
constant. In some cases, however, the rms can decrease above 20 keV (Tomsick
& Kaaret 2001). The behaviour of the fractional rms with energy strongly
suggests that the QPO radiation comes from the corona.

Lags can be defined as the delay between the photon coming from two different
energy bands. Hard lags are those that are produced by the delay of photons
coming from high energies with respect to the photons coming from soft ener-
gies. On the contrary, soft lags are defined as the delay between soft photons
with respect to hard photons.

Hard and soft lags have been observed in type-C QPOs (e.g., Reig et al. 2000;
Cui, Zhang & Chen 2000; Casella et al. 2004; Muñoz-Darias et al. 2010; Zhang
et al. 2017b; Jithesh et al. 2019; Zhang et al. 2020c). van den Eijnden et al.
(2017) found evidence that the lags of type-C QPOs depend on the inclination
of the system: at high QPO frequencies, high-inclination sources show soft
lags and low-inclination sources show hard lags. At low QPO frequencies, both
high- and low-inclination sources show hard lags. Nevertheless, the inclination
dependence of the lags cannot explain those observed in GRS 1915+105, since
this source shows both soft and hard lags (e.g., Reig et al. 2000; Pahari et al.
2013; Zhang et al. 2020c).

Some models have been proposed to explain the radiative mechanism behind
the lags of type-C QPOs (e.g., Lee & Miller 1998; Kotov, Churazov & Gilfanov
2001; Ingram, Done & Fragile 2009; Shaposhnikov 2012; Misra & Mandal 2013;
Ingram et al. 2016). A Comptonisation model was presented by Nobili et al.
(2000). In this model, the lags are produced by variations of the inner radius
of the accretion disc. When the inner radius of the accretion disc is larger
and is far from the compact object, the corona up-scatters the photons coming
from the accretion disc. Because of this, the up-scattered photons come later
than the photons coming directly from the accretion disc, producing hard
lags. Alternatively, when the inner radius of the disc is small and close to
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the compact object, part of the accretion disc is located inside the corona and
a down-scattering of photons is produced. As a consequence, soft lags are
produced.

The model of Nobili et al. (2000) can explain the hard and soft lags observed
in BH LMXBs, and locates the origin of the lags in the variations of the
accretion disc. However, the study of the energy dependence of the fractional
rms amplitude of type-C QPOs points to variations in the corona as the origin
for the radiative processes producing type-C QPOs. The models proposed by
Kumar & Misra (2014) and Karpouzas et al. (2020) consider that the origin
of the variability is the corona. As in the model of Nobili et al. (2000), the
corona up-scatters the photons coming from the accretion disc producing hard
lags. To explain the soft lags observed in LMXBs these models make use of
the concept of feedback, originally introduced by Lee, Misra & Taam (2001).
Some of the up-scattered photons in the corona impinge back onto the disc and
heat the accretion disc. But, since the disc is cooler than the corona, these
photons are then emitted at lower energies than the photons up-scattered in
the corona, producing soft lags.

1.3 Spectral states of BH LMXBs

As it has been explained in the previous two sections, both the energy spectrum
and the power spectrum of BH LMXBs change through the outburst (see e.g.
van der Klis 1989a; Méndez & van der Klis 1997; van der Klis 2000; Homan
et al. 2005; Remillard et al. 2006; Belloni 2010a; Belloni, Motta & Muñoz-
Darias 2011; Plant et al. 2014; Motta 2016). Depending on the contribution of
the soft and the hard component to the X-ray energy spectrum, BH LMXBs
show different spectral states. Following the classification of Homan & Belloni
(2005), four spectral states can be identified:

• Low/hard state(LHS). The energy spectrum is dominated by the
Comptonised component. However, a weak disc blackbody component
can also be detected (Capitanio et al. 2009; Alabarta et al. 2020). Grey
symbols in Figure 1.2 represent a typical energy spectrum of this state.
In terms of variability, the LHS is characterised by a strong broadband
noise component showing a fractional rms amplitude of 30%–50% (e.g.
Méndez & van der Klis 1997; Belloni et al. 2005; Remillard et al. 2006;
Muñoz-Darias, Motta & Belloni 2011; Motta 2016). Type-C QPOs can
also be detected in this state at high luminosities (e.g., Casella et al.
2004; Belloni et al. 2005). Figure 1.3 and bottom panel of Figure 1.4
show two representative PDS of the LHS.

• Hard/intermediate state (HIMS). During this state, the energy
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spectrum softens with respect to the LHS. The power-law index increases
and the thermal disc component increases its contribution. The broad-
band noise component of the PDS shows a lower fractional rms amplitude
(10%–30%; e.g. Muñoz-Darias, Motta & Belloni 2011; Motta et al. 2012)
and type-C QPOs can also be present (e.g. Casella et al. 2004; Belloni
et al. 2005; Belloni & Stella 2014).

• Soft/intermediate state (SIMS). As for the energy spectrum, this
state is just slightly softer than the HIMS. However, the timing properties
are completely different. The broadband noise component is replaced by
a power-law noise component and type-C QPOs are replaced by type-B
and type-A QPOs (e.g. Wijnands, Homan & van der Klis 1999; Homan
et al. 2001; Casella et al. 2004; Belloni et al. 2005; Belloni & Stella 2014).
This state is actually defined by the presence of type-B QPOs (Wijnands,
Homan & van der Klis 1999; Casella et al. 2004; Casella, Belloni & Stella
2005; Belloni & Motta 2016). The top and middle panels of Figure 1.4
show two representative PDS of the SIMS showing a type-A and type-B
QPO, respectively.

• High/soft state (HSS). In this state, the energy spectrum is domi-
nated by the thermal disc component, with only a small contribution
of the hard power-law component (e.g., Capitanio et al. 2009). Black
symbols in Figure 1.2 represent a typical energy spectrum of the HSS.
The broadband fractional rms amplitude is less than 5% (Méndez & van
der Klis 1997) and low-frequency QPOs can be sometimes detected (e.g.
Remillard et al. 2006; Muñoz-Darias, Motta & Belloni 2011; Motta 2016).

In some outbursts, BH LMXBs evolve from the LHS to the HSS through the
HIMS and the SIMS and then, after that, the evolution reverses at lower lu-
minosities than before until the end of the outburst. We call these outbursts
“full outbursts”, since they follow the full spectral evolution expected for BH
LMXBs. However, in some cases, a source does not reach the HSS. These
outbursts are called in the literature “hard-only state” outbursts (Tetarenko
et al. 2016), “low/hard state” outbursts (Belloni et al. 2002), “failed outbursts”
(e.g., Capitanio et al. 2009; Curran & Chaty 2013) or “failed state transition
outbursts” (Bassi et al. 2019b). However, none of these names describes prop-
erly the evolution of the source during outburst. Because of that, in this thesis
call them: “Failed-Transition” outbursts (hereafter FT outbursts), since this
represents better the observed phenomena.
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1.4 Outburst reflares

During the decaying part of an outburst, sometimes the system rebrightens,
peaking at X-ray luminosities one or two orders of magnitude lower than at
the peak of X-ray intensity during the outburst. These events are known in the
literature as “reflares”, “rebrightenings”, “rebursts”, “echo-outbursts” or “mini-
outbursts”, and have been observed in a few sources (e.g., Callanan et al. 1995;
Altamirano et al. 2011; Jonker et al. 2012; Patruno et al. 2016; Cúneo et al.
2020; Zhang et al. 2020a,b).

Reflares have been observed in some BH systems (e.g., Kuulkers, Howell &
van Paradijs 1996; Kuulkers 1998; Tomsick et al. 2003; Homan et al. 2013; Yan
& Yu 2017a; Cúneo et al. 2020; Zhang et al. 2020a; Stiele & Kong 2020) and
in some LMXBs with a neutron star as compact object (Šimon 2010; Patruno
et al. 2016; Bult et al. 2019a), making it possible to study the properties of
the energy spectra and variability of the systems during a reflare. Yan & Yu
(2017a) and Cúneo et al. (2020) studied the reflares of GRS 1739–278 and
MAXI J1535–571, respectively, and found that both sources underwent spec-
tral transitions during the reflares, similar to the spectral evolution observed in
full outbursts. Moreover, Yan & Yu (2017a) found that the X-ray peak lumi-
nosity at the HSS and the luminosity at the transition to the HSS are correlated
during reflares as also was observed in full outbursts. The other BH systems
showing reflares are MAXI J1820+070 (Stiele & Kong 2020) and MAXI J1348–
630 (Zhang et al. 2020a). Contrary to GRS 1739–278 and MAXI J1535–571,
MAXI J1820+070 and MAXI J1348–630 remained in the LHS during the re-
flares, with this spectral evolution being consistent with that of FT outbursts.

Given the similarities between reflares, full and FT outbursts, it was pointed
out that all these phenomena are driven by the same physical processes and
that reflares are, indeed, small-scale outbursts (e.g., Patruno et al. 2016; Cúneo
et al. 2020). According to the disc instability model (DIM; see for a review
Lasota 2001), reflares are triggered by an instability in the accretion disc.
Unfortunately, the DIM predicts that the accretion disc is depleted at the end
of the outburst, so there is not enough material to produce a new instability
that triggers a reflare. Although some models have been proposed to explain
the triggering of reflares (e.g., Chen, Livio & Gehrels 1993; Kuulkers et al.
1994; Hameury, Lasota & Warner 2000; Hameury 2000; Zhang et al. 2019),
none of them have been proven due to the lack of observational evidence.

1.5 Evolution diagrams

The evolution through the different spectral states during outburst can be
well studied by the evolution of the spectral and timing properties described
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in the previous section. However, we can also study them using the evolution
diagrams. Evolution diagrams provide a tool to study qualitatively the spectral
evolution of LMXBs, allowing us to measure subtle changes in the energy
spectra and power spectra. The evolution diagrams included in this thesis are
the hardness-intensity diagram (HID, Homan et al. 2001; Remillard et al. 2006;
Belloni et al. 2006), the hardness-rms diagram (HRD, Belloni et al. 2005), the
rms-intensity diagram (RID, Muñoz-Darias, Motta & Belloni 2011) and the
power-colour-colour diagram (PCC diagram, Heil, Uttley & Klein-Wolt 2015).

Hardness-intensity diagrams (HIDs) are one of the most common tools to study
the evolution of a BH LMXB during outburst (Homan et al. 2001; Remillard
et al. 2006; Belloni et al. 2006). In HIDs, we plot intensity vs hardness ratio.
The hardness ratio is defined as the ratio of the count rate of two energy
bands. Full outbursts follow a very characteristic track along the HID. Due to
its shape, this track is known as the q-track. We can see the q-track in grey in
Figure 1.5. At the beginning of the outburst, when the source is in the LHS, its
intensity increases while the hardness ratio remains approximately constant,
following an almost vertical line in the right part of the HID. Then, the source
starts its transition to the HIMS and SIMS, moving to the top left part of the
HID horizontally at a (approximately) constant intensity. The source reaches
the HSS at the top left part of the HID. During the HSS, the intensity of the
source starts to decrease at a constant hardness ratio, moving vertically down
in the HID. At some point, the source reverses its evolution and comes back
to the SIMS and HIMS, following an horizontal line from left to right. Finally,
the source enters again the LHS and moves down to the bottom right of the
HID until the outburst ends.

FT outbursts, on the other hand, do not follow the trend in the HID described
in the previous paragraph. In some outbursts, the source remain in the LHS
(vertical branch on the right of the HID; blue track in Figure 1.5). In other
FT outbursts, the source starts to make a small transition moving to the left
in the HID. However, before reaching the HSS, the source comes back to the
LHS (red track in Figure 1.5).

We also use in this thesis the HRD. In an HRD we plot the fractional rms
amplitude in a specific frequency range versus the hardness ratio. We can see
the track in the HRD followed by the system along the outburst in Figure 1.6.
During the LHS, the source is located on the top right part of the HRD. As
the source moves through the HIMS and the SIMS, it moves diagonally to the
bottom left of the diagram, reaching this position in the HSS. After this, the
evolution reverses and the source returns to the LHS following the same track
as in the rise of the outburst.

The third evolution diagram that we use in this thesis is the RID. In the RID
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Figure 1.5 – Schematic HID of full (grey) and FT (red and blue) outbursts.
The red track represents the sources that leave the LHS but do not reach the
HSS and the blue track represents the sources that do not leave the LHS. This
figure is explained in more detail in Chapter 2.

we plot the X-ray intensity vs the absolute rms amplitude, which is defined as
the fractional rms multiplied by the source count rate. Figure 1.7 shows an
example of an RID of the 2002, 2004 and 2007 outbursts of GX 339–4. During
the LHS, the source evolves along the so-called “Hard Line” (HL, Muñoz-
Darias, Motta & Belloni 2011): a diagonal line that goes from the bottom
left to the top right of the RID. During the HIMS and the SIMS, the source
evolves horizontally to the left of the diagram until it reaches the HSS. Then,
the source moves down following a diagonal line corresponding to a fractional
rms amplitude of 1%. When the source comes back to the SIMS and HIMS, it
moves again following a horizontal line to the right of the RID. Finally, during
the LHS at the end of the outburst, the source evolves moving down diagonally
following the so-called “Adjacent Hard Line” (AHL), which intersects the HL.

The last evolution diagram we use is the PCC diagram (Heil, Uttley & Klein-
Wolt 2015). These authors define the “power colours” as the ratio of the broad-
band variability in two different frequency bands. In order to build the PCC di-
agram, they defined two power colours: PC1 as the ratio between 0.25−2.0 Hz
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Figure 1.6 – Example of an HRD of the 2018 outburst of MAXI J1727–203.
Colours represent different spectral states. Red: LHS. Black and orange: HIMS
and SIMS. Blue: HSS. See Chapter 3.

Figure 1.7 – Example of an RID of three outbursts of GX 339–4. The dotted
lines represent from top to bottom the 1, 5, 10, 20, 30 and 40 per cent fractional
rms amplitude. Plot extracted from Muñoz-Darias, Motta & Belloni (2011).
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Figure 1.8 – Schematic PCC diagram with the regions corresponding to the
different spectral states. Plot extracted from Heil, Uttley & Klein-Wolt (2015).

and 0.0039−0.031 Hz and PC2 as the ratio between 0.031−0.25 and 2.0−16.0
Hz. We then plot PC2 vs PC1. Heil, Uttley & Klein-Wolt (2015) found that
BH LMXBs follow a similar track along the PCC diagram. This allows us to
study qualitatively the evolution of power spectra between different spectral
states. The overall shape of BH LMXBs in the PCC diagram is similar to the
loop that can be seen in Figure 1.8. At the beginning of the outburst, during
the LHS, the source is in the top left or top central part of the PCC diagram.
As the outburst evolves to the HIMS and the SIMS, the source moves clock-
wise in the PCC diagram, occupying the bottom right and the bottom left
part of the diagram, respectively. Then, the source reaches the HSS in the top
left part of the PCC diagram. After that, the evolution reverses and so the
evolution in the PCC diagram does, moving now counterclockwise until the
initial position during the LHS.

1.6 Instrumentation

1.6.1 The Neutron star Interior Composition ExploreR (NICER)

The Neutron star Interior Composition ExploreR (NICER, Gendreau, Arzou-
manian & Okajima 2012)) is the main instrument used in this thesis. NICER
was launched in June 2017 and it is operating on board the International Space
Station (ISS).

The instrument on board NICER, the X-ray Timing Instrument (XTI), was
originally planned to study neutron stars in the soft X-ray energy band 0.2–
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Figure 1.9 – Representation of NICER on board the ISS. Credits: NASA.

12.0 keV. It has a time resolution of ∼ 100 ns and an energy resolution of ∼ 85
eV at 1 keV. XTI consists of 56 X-ray "concentrator" optics (XRC) and silicon
drift detector (SDD) pairs. Each XRC collects X-rays from a 300 arcmin2 of
area of the sky.

NICER data were used in Chapters 3, 4, and 5.

1.6.2 The Rossi X-ray Timing Explorer (RXTE)

The Rossi X-ray Timing Explorer (RXTE) was launched on December 30,
1995 and was decommissioned on January 5, 2012. It had three instruments
on board: ASM, PCA and HEXTE.

The All Sky Monitor (ASM; Levine et al. 1996) observed 80% of the sky every
90 minutes in the 1.5–12 keV band with a spatial resolution of 3’x15’. With a
sensitivity of 30 mCrab, one of the principal uses of ASM was to alert observers
on the appearance of transients or outbursts in already known transients and
to monitor long-term intensity of the bright X-ray sources.

The Proportional Counter Array (PCA; Zhang et al. 1993) consisted of five
identical proportional counters called Proportional Counter Units (PCUs).
The PCA worked in the 2–60 keV energy range and had an energy resolu-
tion of 18% at 6 keV and a time resolution of 1 µs.

The High Energy X-ray Timing Experiment (HEXTE; Gruber et al. 1996)
consisted of two clusters of four NaI/CsI scintillation counters, having each of
them a collecting area of 80 cm2. It operated in the 15–250 keV range with an
energy resolution of 15 % at 6 keV, a time resolution of 8µs and a field of view
of ∼ 1◦. Because of the large field of view and the lack of spatial resolution,
each cluster oscillated along mutually orthogonal directions in order to provide
background measurements 1.5◦ or 3.0◦ away from the source.
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Figure 1.10 – Diagram of the XTE spacecraft. Credits: NASA.

RXTE/PCA data were used in Chapter 2.

1.6.3 Neil Gehrels Swift Observatory (Swift)

The Neil Gehrels Swift Observatory is a telescope launched by NASA in 2004.
The main objective of this telescope is the multiwavelength study of gamma
ray bursts (GRBs). For this purpose, Swift carries three instruments: the X-
ray Telescope (Swift/XRT; Burrows et al. 2005), the UV/Optical Telescope
(Swift/UVOT; Roming et al. 2005) and the Burst Alert Telescope (Swift/BAT;
Barthelmy et al. 2005). Their characteristics are the following:

• Swift/XRT is a sensitive, flexible and autonomous X-ray imaging spec-
trometer designed to measure fluxes, spectra and light curves of GRBs
over a range of more than 7 orders of magnitude in flux (Burrows et al.
2005). It has an effective area of 110 cm2 at 1.5 keV and an 18 arcsec
spatial resolution on the 0.2–10 keV energy range.

• Swift/UVOT is a 30 cm UV/optical telescope co-aligned with the XRT.
It provides simultaneous optical and ultraviolet coverage in the 170–650
nm wavelength range.

• Swift/BAT is a telescope designed to monitor a large fraction of the sky
for the detection of GRBs (Barthelmy et al. 2005). The BAT provides
the burst trigger and the position that it is used to observe the burst with
Swift/XRT and Swift/UVOT. At the same time, Swift/BAT produces
an all-sky hard X-ray survey in the energy range of 15–150 keV.

Data from Swift/BAT were used in Chapters 2 and 3. Data from Swift/XRT
were used in Chapter 4.
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Figure 1.11 – Representation of Swift. Image extracted from Gehrels et al.
(2004).

1.6.4 Monitor of All-sky X-ray Image (MAXI)

The Monitor of All-sky X-ray Image (MAXI; Matsuoka et al. 2009) is an
X-ray camera installed on the Japanese Experiment Module-Exposed Facility
(JEM-EF) on-board the International Space Station (ISS). MAXI monitors
the X-ray variability for thousands of X-ray sources every 96 minutes covering
the entire sky on time scales from days to months. Figure 1.12 shows a picture
of MAXI.

MAXI has two types of cameras aligned to two fields of views to observe the
zenith and the horizontal directions. The cameras are the following:

• The Gas Slit Camera (GSC) is a slit camera with a gas proportional
counter covering the 2–30 keV energy band with a total effective area of
5000 cm2.

• The solid-state Slit Camera (SSC) is a slit camera with an X-ray sensitive
CCD that covers the 0.5–1.0 keV energy band with a total effective area
of 200 cm2.

MAXI data were used in Chapters 2 and 3.

1.6.5 The Small and Moderate Aperture Research Telescope Sys-
tem (SMARTS)

The Small and Moderate Aperture Research Telescope System (SMARTS)
is a group of four telescopes at the Cerro Tololo Inter-American Observatory
(CTIO). These telescopes have a diameter of 0.9m, 1.0m, 1.3m and 1.5m (Sub-
asavage et al. 2010). The characteristics of the telescopes are the following:
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Figure 1.12 – Picture of MAXI. Credits: Japan Aerospace Exploration
Agency (JAXA).

• The 0.9 m telescope is equipped with a Tektronics 2048×2046 pixel opti-
cal imager. The usable filters are those available at CTIO and a standard
Johnsons-Kron-Cousins UBVRI set of filters (Subasavage et al. 2010).

• The 1.0 m telescope is equipped with Y4KCam, which is a dedicated STA
4064×4064 CCD that covers the largest field of view available within
SMARTS.

• The 1.3 m telescope is equipped with ANDICAM (DePoy et al. 2003)
that observes simultaneously in the optical (filters BVI) and near-infrared
(filters JHK). ANDICAM contains a movable internal mirror in the IR
that allows dithered images to be taken while a single optical exposure is
undertaken (Buxton et al. 2012). Figure 1.13 shows the 1.3m telescope
of SMARTS.

• The 1.5 m telescope is equipped with two spectrographs, a Richey-
Chrétien spectrograph and a fiber echelle spectrograph (Subasavage et al.
2010).

Data from SMARTS were used in Chapter 2.

1.7 Thesis outline

In this thesis, we study the evolution of the X-ray spectral and timing proper-
ties of different BH LMXBs.

In Chapter 2, we present the observational differences between full and FT
outbursts in X-rays, optical and infrared wavelengths. From the comparison
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Figure 1.13 – Picture of the 1.3 m telescope of SMARTS. Credits: Yale
University.

of all the available X-ray data of BH LMXBs from RXTE/PCA, Swift/BAT
and MAXI, we show that both types of outburst evolve in a similar way during
the rise of the outburst in X-rays. We also compared the optical and infrared
(O/IR) data of full and FT outbursts of the BH LMXB GX 339–4. We show
that, while the source is in quiescence in X-rays, this system is brighter in the
O/IR before the onset of FT outbursts than before the onset of full outbursts.
We interpreted these results in terms of the models describing the onset and
evolution of X-ray binaries.

In Chapter 3, we present the evolution of the X-ray spectral and timing proper-
ties of the BH LMXBMAXI J1727–203 during its 2018 outburst. We show that
the spectral and timing properties, in addition to the evolution of MAXI J1727–
203 along the different evolution diagrams is similar to other BH systems,
suggesting the BH nature of the compact object of the system.

In Chapter 4, we study the spectral and timing properties of the reflares of the
BH system MAXI J1535–571. We show that the reflares of the system trace a
q-track in the HID, similar to those traced by the outbursts of BH LMXBs. In
addition, hard-to-soft and soft-to-hard transitions were detected at the peak
and at the valleys of the reflares, respectively. These transitions occurred at
the lowest luminosities ever observed in BH systems.

In Chapter 5, we study the timing properties of the type-C QPO of the BH
LMXB MAXI J1348–630 during its 2019 outburst and its following reflare
using NICER data. We fitted the PDS with a multi-Lorentzian model and
found that the frequency of the QPO is correlated with the frequencies of
the broad components Lb, Ll and Lu, and that correlations follow the PBK
(Psaltis, Belloni & van der Klis 1999) and WK (Wijnands & van der Klis 1999)
relations. We also studied the energy-dependent fractional rms and phase lags
of the type-C QPO from 0.5 to 12 keV. The fractional rms increases with
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energy up to 2–3 keV and above this energies remains approximately constant.
On the other hand, the lags of the QPO are hard using the full energy band
as reference band. We finally discuss the energy dependence of the fractional
rms and phase lags in the context of the models of X-ray variability in X-ray
binaries, pointing to Comptonisation as the mechanism driving the behaviour
of the fractional rms and phase lags with energy.
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