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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 ∼107 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

2



1.2 Instrumentation and techniques

related to the disk accretion mechanism onto relativistic objects.

Figure 1.1: Artist’s impression of an X-ray binary system, in which all its main elements are
marked. Illustration 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 30th,
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′×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-

3



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 cm2, an energy
resolution of 18% at 60 keV, and a time resolution of 10 µs. 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 cm2, 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 ∼1µs.
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 Pν , as a
function of the Fourier frequency ν (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

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 (νmax)
of Li is denoted νi. The quality factor Q is defined as Q = ν0/FWHM. FWHM
is the full width at half maximum and ν0 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.

10

10

0.1 1 10

10

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 χ2 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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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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1. Introduction

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
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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, 10−9–10−8 LEdd), 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 LEdd).

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 ∼< 1 keV 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
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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

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% LEdd ; 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

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 LEdd (where LEdd 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 LEdd) 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 349+2, 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 LEdd) 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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1.6 Neutron star X-ray binaries

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 (∼> 108 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 (1012−13 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 (νs). After
a radio pulsar is born, because of the energy loss due to its emission, it slows down
until νs 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

16
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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 (∼ 108 Gauss, in contrast to the
1012−13 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 BHTs 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 M$
accreting black hole (Hynes et al. 2003; Muñoz-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.

• 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
et al. (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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• 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.

• 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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1.8 Outline of this thesis

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.

• 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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1.8 Outline of this thesis

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.

• 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 shortest recurrence time ever observed from a neutron star.
The analysis carried out on RXTE observations shows that the ratio between
the energy generated by the accretion of mass and that liberated during bursts
indicate that Helium is ignited in a Hydrogen rich layer. Therefore, despite
the peculiar bursting behavior of the source, it was possible to state that bursts
shown by IGR J17480-2446 are Type-I X-Ray bursts. The non-drifting pulsa-
tions observed at the spin frequency in all the brightest bursts result as phase-
locked with respect to the pulsation detected in the persistent emission and they
are not associated to an increase of the rms associated to the pulse frequency.
This behavior would favor a scenario where the type-I burst, possibly ignited
at the polar caps, immediately propagates to the entire neutron star surface.

The behavior displayed by IGR J17480-2446 is certainly unique and makes the
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source an extraordinary laboratory to investigate in details the mechanisms that
origin thermonuclear X-ray bursts, especially in the limit case of extremely
short recurrence time X-ray bursts. I leaded this work starting from a basic
preparation on the topic acquired during my bachelor thesis (I studied ther-
monuclear bursts from the bursting atoll source 4U 1636-53). Making use of
the litterature and learning from the experience of most of the people involved
in this work (see ?) I reached a good knowledge of the topic - and exceeding
my supervisor’s knowledge in this field - that allowed me to define a clear re-
search strategy that leaded to very relevant results. I analyzed one by one all
the outbursts showed by the source in the first days after the start of the out-
bursts, measuring the main burst properties (such as burst start time, burst peak
time, decay time, fluences) that allowed to test the theoretical model on X-
ray bursts. I also analyzed the persistent emission spectrum, the spectra of the
bursts and I performed time-resolved spectral analysis for the first, very intense
X-ray bursts observed during this outburst (the only one that was unmistakably
a thermonuclear burst). The results that I report here are extremely impor-
tant for two main reasons: i) despite the statement made by Galloway & in’t
Zand (2010) (who argued that the bursts showed by IGR J17480-2446 were
type-II X-ray bursts), I could unambiguously demonstrate the thermonuclear
nature of bursts that were morphologically identical to type II X-ray bursts; ii)
I could demonstrate that the currently accepted theories on the production of
thermonuclear bursts cannot be extended down to very short recurrence times
and therefore must be reviewed to include the limit case represented by IGR
J17480-2446.
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Abstract

Sixteen years of observations of black-hole transients with the Rossi X-ray Tim-
ing Explorer, complemented by other X-ray observatories and ground-based op-
tical/infrared/radio telescopes have given us a clear view onto the complex phe-
nomenology associated to their bright outbursts. This has led to the definition of a
small number of spectra/timing states which are separated by marked transition in ob-
servables. The association of these states and their transitions to changes in the radio
emission from relativistic radio jets complete the picture and have led to the study
of the connection between accretion and ejection. A good number of fundamental
questions are still unanswered, but the existing picture provides a good framework
on which to base theoretical studies. We discuss the current observational standpoint,
with emphasis onto the spectral and timing evolution during outbursts, as well as
the prospects for future missions such as ASTROSAT (2012) and LOFT (>2020 if
selected).
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2.1 Introduction
The first black hole transient (BHT), A 0620−00, was discovered more than thirty
years ago (Elvis et al., 1975) and already showed that the spectral evolution of these
objects was very complex. The first major step forward came with the Japanese satel-
lite Ginga, which thanks to the presence of an all-sky monitor and a large pointed
detector led to the discovery and detailed study of a few objects (Tanaka & Lewin,
1995). Complex variability patterns were discovered, including Quasi-Periodic Os-
cillations, which led to the extension of the hard/soft states of black hole binaries
(originally developed for Cygnus X-1) to additional states (see e.g., Miyamoto et al.,
1993). Because of the scarcity of sources and of coverage, Ginga data gave only a
limited view of the spectral/timing evolution of BHTs. Around the same epoch, op-
tical observations yielded the first strong dynamical evidence for a BH (i.e. compact
object heavier than ∼3 M$) in A 0620−00 (McClintock, 1986), which was fully
confirmed a few years later by Casares et al. (1992) with the measurement of a mass
function >6 M$ in another BHT, the Ginga source GS 2023+338 (=V404 Cyg). The
situation changed with the launch of the Rossi X-ray Timing Explorer (RXTE) at
the end of 1995. Sixteen years of operations (with high level of flexibility and fast
response) led to the observation of a large number of objects through extensive cam-
paigns, often with coordinated observations at other wavelengths (see e.g., Remillard
& McClintock, 2006). From this wealth of data, clear patterns emerged which are
now leading to the development of theoretical models. The evolution of spectral,
timing and spectral/timing parameters can now be classified into a small number of
states which can be easily identified and followed throughout an outburst (see Bel-
loni, 2010), as well as linked to observations at lower energies (see Fender et al.,
2010). In this paper, we summarize the current observational status, focussing on
the outburst evolution and spectral states, and briefly discuss the contributions from
upcoming missions like ASTROSAT and LOFT.

2.2 The tools of the trade: fundamental diagrams
The behaviour of BHTs is known to be easily characterized in terms of spectral states
and transitions between them. These states, dubbed “canonical” by Miyamoto et al.
(1992), are defined on the basis of the spectral and timing properties displayed by
the sources during their outburst phases (see Sec. 2.3). The canonical states become
apparent in a hardness–intensity diagram (HID), where the total count rate is plotted
as a function of the spectral hardness (defined as the ratio of observed counts in two
energy bands). Here the spectral evolution of many BHTs can be followed along
a q-shaped pattern that is traced anti-clockwise. In the HID (see Fig. 2.1, top-left
panel) four different branches can be identified, corresponding to the four sides of
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2. Black-hole transients

the “q” (the fact that the transition from hard to soft takes place at higher flux than
the reverse transition is seen in all systems, see Maccarone & Coppi, 2003). The right
and left vertical branches respectively match the low hard state and the high soft state
already known before the RXTE era. In between these two well-established states,
the situation is rather complex and the intermediate points that fill this region roughly
correspond to those previously know as very-high state and intermediate state. These
two states show very similar properties in the spectral domain, making it practically
impossible to distinguish between them (see Homan et al., 2001). However, when the
timing properties are taken into account, the “intermediate region” of the HID can be
easily divided into two well separated areas, as they show completely different fea-
tures in the time-domain (see Sec. 2.3). It is important to remark that not all transients
show a regular evolution like the one which will be described here. However, the ba-
sic states and their properties can be defined for all systems. For an overview of a
large number of RXTE transients see Dunn et al. (2010).

The first step towards a clear distinction of the intermediate regions is made by
looking at the hardness–rms diagram (HRD, see Fig. 2.1, bottom-left panel), where
the fractional rms, integrated over a broad range of frequencies, is plotted versus
hardness. In this diagram, unlike in the HID, most of the points follow a correla-
tion over a single line (no hysteresis here), extended from the softest points, where
the points show a low level of variability (<5%), to the hardest points, where the
variability is much higher (also exceeding 30%). In the region at intermediate hard-
ness, the correlation is rather tight; however in a narrow hardness ratio band several
points show a lower variability than the points on the main correlation (see Fig. 2.1).
This behaviour already suggests the presence of two separate states in this region,
corresponding to the points on the main correlation (spanning a very large range in
hardness and rms) and to those deviating from it (found in a narrow hardness and
rms range). However, it is only by examining the fast aperiodic variability that the
canonical states can be distinguished clearly from one another.

Examining the Power Density Spectra (PDS) allows one to probe the fast timing
properties of a source. It is worth mentioning that although important information can
be extracted from higher-order timing tools (such as phase/time lags, coherence and
bicoherence, see Nowak & Vaughan, 1996; Maccarone, 2005), these are not essential
for the basic determination of states and state transitions. A number of different PDS
shapes can be observed in BHTs, but it is now clear that we can classify them as
belonging to a few basic types that are closely related to the position on the HID
and HRD (in addition there are a few more complex PDS shapes, not shown here,
associated to the “anomalous” state found at very high accretion rate in some sources,
Belloni, 2010). The most prominent features in the PDS are narrow peaks, known as
low frequency quasi periodic oscillations (QPOs). QPOs have been discovered in
many systems and, even though their physical origin is still under debate (see Motta
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2.2 The tools of the trade: fundamental diagrams

et al., 2011, and references therein), they are thought to originate in the innermost
regions of the accretion flows around stellar-mass black holes.

Low-frequency QPOs (LFQPOs) with frequencies ranging from a few mHz to
∼20 Hz were already found in several sources with Ginga and divided into different
classes (see e.g., Miyamoto et al., 1993; Takizawa et al., 1997). Observations per-
formed with the RXTE have led to an extraordinary progress in our knowledge on
properties of the variability in BHBs and it was only after RXTE was launched that
LFQPOs were detected in most observed BHBs (see van der Klis, 2006; Remillard &
McClintock, 2006; Belloni, 2010, for recent reviews). Three main types of LFQPOs,
dubbed types A, B, and C, originally identified in the PDS of XTE J1550–564 (see
Wijnands et al., 1999; Homan et al., 2001; Remillard et al., 2002), have been seen
and identified in several sources. All the basic types of PDS (with the exception of
the additional ones related to the “anomalous” state) were observed in the outbursts
of GX 339–4 between 2002 and 2011(see Fig. 2.1, right panel).

• The hard points in the HID (region [1] in Fig. 2.1, left-upper panel) show a PDS
similar to [1] in Fig. 2.1 (right panel). Its shape can be fitted with a small num-
ber of very broad Lorentzian components. In some cases also a low-frequency
QPO peak is observable at very low frequencies (ν ≤ 0.01 Hz). The charac-
teristic frequencies (see Belloni et al., 2002) of all these components increase
with source flux, while the energy spectrum (see below) softens gradually.

• PDS [2] in Fig. 2.1 can be considered a high-frequency extension of PDS [1]. It
is found at intermediate hardness values (region [2] in Fig. 2.1, top-left panel).
The most prominent feature is a QPO with centroid frequency varying be-
tween ∼0.01 and ∼20 Hz and a quality factor Q around 10. The characteristic
frequencies of all Lorentzian components vary together, including that of the
QPO. As in the previous case, they are correlated with hardness: softer spectra
correspond to higher frequencies and also to lower integrated rms variability
(see Fig. 2.1, middle panel). The LFQPO observed here is termed “type-C”
QPO (stars in Fig. 2.1, see Casella et al., 2005; Motta et al., 2011, for a precise
definition of the three QPO types) and it always appears together with mod-
erately strong (10–30% rms) band-limited noise. It is often accompanied by
two peaks harmonically related: one at half the frequency and one at twice the
frequency, with the higher one having a similar Q to that of the fundamental;
higher harmonics are often observed (Rao et al., 2010). The frequency of the
type-C QPO is strongly correlated with the characteristic (break) frequency of
the main underlying broad-band noise components (see Wijnands et al., 1999;
Belloni et al., 2002), a correlation which also extends to neutron-star binaries.

• Over a narrow range of intermediate hardness, PDS similar to region [3] in Fig.
2.1 can be found (region [3] in the HID, see Fig. 2.1, top-left panel). These
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2. Black-hole transients

PDS feature a QPO called “type-B” (squares in Fig. 2.1). This oscillation
shows different properties from type-C QPOs. The fact that type-B QPOs are
not simply an evolution of type-C QPOs is demonstrated by the fast transitions
observed between them (see Takizawa et al., 1997; Nespoli et al., 2003; Casella
et al., 2004; Belloni, 2005). Type-B QPOs are associated with a weak power-
law noise that replaces the broad Lorentzian components of the previous PDS
types. Type-B QPOs show a harmonic structure similar to that of type-C QPOs
(harmonic peaks and a peak at 1/2 the frequency of the main peak). While
type-C QPOs span large range in frequency, type-B QPOs are limited to the
range 1–6 Hz, but detections during high-flux intervals are concentrated in the
narrow 4–6 Hz range (see Motta et al., 2011). The centroid frequency appears
positively correlated with source intensity rather than hardness.

• At hardness values systematically slightly lower than those of PDS [3], PDS
showing “type-A” QPO can be observed (triangles in Fig. 2.1). Being a much
weaker and broader feature, we know less details about this oscillation. Some-
times it is only detected by averaging observations. Its frequency is always in
the very narrow range 6–8 Hz and it is associated to an even lower level of
power-law noise than type-B.

• The three types of QPOs can be separated by plotting them against the inte-
grated fractional rms of the PDS in which they appear (see Casella et al., 2005;
Muñoz-Darias et al., 2011; Motta et al., 2011).

• The softest points in the HID (region [4] in Fig. 2.1, left panels) show PDS
([4] in Fig. 2.1, right panel) with a weak steep component, which often needs a
long integration time for a detection. Weak QPOs at frequencies higher than 10
Hz are sometimes observed, as well as a steepening/break at high frequencies.
The total fractional rms can be as low as 1%.

• In addition to the PDS shapes described, there are two types of PDS which are
not always observed in BHTs. One PDS has a featureless curved shape, the
other with additional broad and narrow features (see e.g., Belloni, 2010).

By the introduction of a third fundamental diagram, the rms-Intensity diagram
(RID, see Muñoz-Darias et al., 2011), it becomes possible to clearly separate the
canonical states without the intervention of any spectral information. To produce the
HID and the RHD three variables are needed: spectral hardness, intensity (or count
rate) and integrated fractional rms. The RID is the third possible plot between these
variables: the integrated rms (not fractional) as a function of the total count rate.
In the RID, the fast variability can be used as a good tracer of different accretion
regimes in black hole binaries and it becomes apparent that apart from the linear
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rms-flux relation (a.k.a. hard line) found during LHS (see Gleissner et al., 2004),
different relations are followed during the soft and intermediate states, to the extent
that it is possible to identify the states from the RID alone. State transitions produce
marked changes in the rms-flux relation. It is also important to notice that, in the
RID, type-B QPOs (that are the defining feature of the SIMS, see Sec. 2.3) appear in
a well-defined region between 5 and 10% fractional rms. This fact virtually removes
the necessity of a detailed analysis of the PDS to separate the intermediate states (see
Sec. 2.3). A detailed description of the RID and its properties and peculiarities can
be found in Muñoz-Darias et al. (2011).

It is important to remark that the diagrams described above are instrument de-
pendent and source dependent, which means that a quantitative comparison between
them is not always possible. However, they are also model independent and provide
very precise measurements. For a discussion of similar diagrams based on spectral
fits, see Dunn et al. (2010).

2.3 Timing-spectral states
The diagrams presented in the previous section lead to the definition of small number
of states, whose boundaries are rather precise and defined by the data (see also Homan
et al., 2005; Belloni et al., 2006; Belloni, 2010). It is important to stress that it is
possible to characterize these states only by considering both spectral and timing
properties, so that the concept of “spectral” states carries little meaning. While the
states do not have direct physical connection, their definition is a necessary step in
order not to miss major physical changes in the accretion flow.

• The Low-Hard State (LHS). Only (and possibly always, but there are quite
a few cases of missed starting LHS) at the beginning and at the end of an out-
burst. It corresponds to the right nearly-vertical branch in the HID (the spec-
trum softens as the flux increases). The energy spectrum is hard and usually
associated to thermal Comptonization (Gilfanov, 2010). Strong (> 30% frac-
tional rms) variability in the form of a band-limited noise is present (see PDS
[1] in Fig. 2.1, right panel). As flux increases, the total fractional variability
in most cases decreases. At high rates, the end of this state is marked by the
leaving of the hard line (see Fig. 2.1, middle panel), while the actual shape of
the power density spectrum changes more gradually across the transition.

• The Hard-Intermediate State (HIMS). It corresponds to horizontal branches
in the HID. It takes place after the initial LHS and before the final LHS, as
well as in the central parts of the outburst, through mini state transitions. The
energy spectrum is softer than in the LHS and at low hardness an accretion
disc component starts contributing to the RXTE/PCA band. The variability is

35



2. Black-hole transients

dominated by a weaker band-limited noise and a type-C QPO (stars in Fig. 2.1,
left and middle panels, PDS [2], right panel; for a discussion of the different
types of QPO see Casella et al. 2005; Motta et al. 2011). The fractional rms
decreases with hardness down to ∼10%; overall, the evolution of the power
spectra is such that they are an extension of the LHS ones. The QPO frequency
is anti-correlated with hardness and correlated with the photon index of the
hard spectral component.

• The Soft-Intermediate State (SIMS). When both hardness and fractional rms
drop below well defined thresholds (0.71 for GX 339–4, see Fig. 2.1), the
source enter the SIMS. Here the energy spectrum is similar to that of the nearby
HIMS (at least below ∼ 10 keV, see below), but the timing properties are com-
pletely different: the band-limited noise disappears (drop in the HRD, rms be-
low 10%) and is replaced by a power-law noise, while a marked type-B QPO
is present (squares in Fig. 2.1, PDS [3]), whose frequency correlates with the
hard X-ray flux (see Motta et al., 2011).

• The High-Soft State (HSS). The leftmost branch in the HID. Here the spec-
trum is soft, dominated by a thermal disc contribution. A hard component is
observed with varying intensity. Very little variability is observed (PDS [4] in
Fig. 2.1, right panel), sometimes with type-A QPOs. This state spans a larger
range in luminosity.

The main time evolution of a transient are: LHS – HIMS – SIMS - HSS as ac-
cretion rate increases, followed by HSS – SIMS – HIMS – LHS as accretion rate
decreases (for a discussion of the reverse transition from soft to hard see Kalemci
et al., 2006; Belloni et al., 2006). Intermediate minor transitions between states, usu-
ally not involving the LHS, can be observed. In some sources the initial LHS (or
LHS – HIMS) is so fast that it is not observed. Some sources never leave the LHS,
in very few cases reaching the HIMS without showing a transition to the SIMS (Cap-
itanio et al., 2009; Motta & Belloni, 2010). Very few sources show a more complex
time evolution, which however involves observations that can be classified in one of
the four states outlined above. In addition, an “anomalous state” is present in some
sources, related to very high luminosities (see Belloni, 2010; Done & Kubota, 2006).
The level at which the LHS – HIMS transition takes place can vary in one source
from outburst to outburst, but it is always higher than the reverse transition and their
level appear to be anti-correlated: a brighter upper HIMS branch corresponds to a
fainter lower HIMS branch (see Maccarone & Coppi, 2003; Dunn et al., 2010). What
physical quantity determines the flux (and accretion rate) level at which the hard to
soft transition takes place is currently unknown, although it has been suggested that
the time from the previous outburst plays a role (Yu & Yan, 2009, and references
therein).
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2.4 Energy spectra
Timing properties are crucial to define the states, but although few models have been
proposed to explain the origin and the nature of time-variability, still there is not a
clear interpretation nor an explanation on their physical origin.

Even though we are still far from achieving a clear and complete comprehension
of the full accretion mechanism acting in X-ray binaries, we have an idea of the main
physical processes involved. Here we will discuss spectral variations along the HID
and we will mainly focus on the changes that take places during spectral transitions.
Note that the information we discuss in this section is mainly based on the 2–200 keV
energy band since a good portion of it comes from RXTE data. Very detailed spectra
come from instruments with higher spectral resolution.

The emission coming from X-ray binaries cover a very broad energy interval, ex-
tending from the radio to the very high energies (hard X-rays and sometimes gamma-
rays). The main effects of the accretion mechanism in the region close to the compact
object can be observed in the X-rays, but other fundamental processes are responsi-
ble for the emission at very different wavelengths (see also Sec. 2.7). The X-rays
consist of both thermal emission coming from the very inner regions of an optically
thick accretion disc as well as a harder component, extending to hundreds of keV
and sometimes up to an MeV. The characteristics of this hard component are state-
dependent. In the hard states (LHS and HIMS), it is usually interpreted as thermal
or hybrid Compton radiation from the interaction of the soft disc photons with rel-
ativistic electrons in the inner regions of the accretion flow (see Done et al., 2007;
Gilfanov, 2010, for recent reviews). It has also been suggested that non-thermal
Comptonization processes (e.g., self-Compton from synchrotron emission from the
jet or bulk motion Comptonization) could be responsible for this component (Lau-
rent & Titarchuk, 2001; Markoff, 2010). For the soft states (HIMS and HSS), the
hard component extends to higher energies and is possibly of non-thermal origin.

The movement of a source along the HID must be decomposed in vertical (i.e.
count rate) and horizontal (i.e. spectral hardness) excursions. The vertical movement,
typical of the hard state where the spectrum softens less dramatically, is thought to
be driven by accretion rate, depending on the geometry of the system and of the
accretion flow. The horizontal movement is caused by a combination of a steepening
of the hard component and the appearance of a thermal disc component in the RXTE
band. While accretion rate most likely continues increasing, the marked change in
accretion properties is triggered by a hitherto unknown parameter (but see Yu & Yan,
2009).

• LHS ([1] in Fig. 2.1) – as already mentioned, all outbursts most likely start in
this state, although at times it is not observed, probably because of its short time
scale. The corresponding broad-band energy spectra are very hard and usually
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Figure 2.2: PHA ratio of GX 339–4 to Crab for three selected observations. (1) LHS spec-
trum, (2) HIMS spectrum, (4) HSS spectrum. Figure adapted from Motta et al. (2009).

show a high-energy cutoff around 50–100 keV (spectrum 1 in Fig. 2.2). In GX
339–4 and GRO J1655–40 this cutoff was seen to move to lower energies as
flux increased (see Fig. 2.3), together with a steepening of the photon index. A
faint cold disc with a large inner radius and a peak temperature of few tenths
of keV is sometimes observable if the interstellar absorption is low (see e.g.,
Muñoz-Darias et al., 2010a). However, in few sources a hot thermal disc has
been detected, suggesting that in some cases the inner disc radius could be al-
ways close to the innermost stable orbit. Sometimes an additional non-thermal
component is also present in the spectrum (Markoff et al., 2002). This com-
ponent has been proposed to be associated with the synchrotron jet detected at
radio waves.

• HSS ([4] in Fig. 2.1) – the energy spectrum is dominated by the thermal emis-
sion from the disc, observed with a small inner disc radius and a temperature
that reaches typical values of ∼1 keV. The hard component, probably the result
of Comptonization of soft photons on a non-thermal distribution of relativis-
tic electrons, is in general very faint and variable without an observed cutoff
below 1 MeV (spectrum #4 in Fig. 2.2).

• HIMS/SIMS ([2] and [3] in Fig. 2.1) – during the HIMS and the SIMS, the
transition from hard to soft state takes place. The spectrum is a combination of
the soft and hard component dominating the HSS and LHS respectively (spec-
trum 2 in Fig. 2.2). In several sources the inner disk radius has been observed
to move inward during these states. This behaviour provides a physical ex-
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Figure 2.3: Evolution of the high-energy cutoff in the 2007 outburst of the BHT GX 339–4.

planation to the changes in the spectral shape during the transition, partially
produced by the increasing soft emission coming from the disc. Whether the
cutoff decreases, increases or disappears in the intermediate states has been a
topic of debate for several years. This has been partially solved thanks to the
good coverage achieved for some sources. In GX 339–4 (Motta et al., 2009, see
Fig. 2.3) and GRO J1655–40 (Joinet et al., 2008), after the decrease during the
LHS, the high-energy cutoff is observed to suddenly increase in the HIMS, to
reach its maximum in the SIMS. If a high energy cutoff is present in the HSS,
it is not observable below 1 MeV (Del Santo et al., 2008). The decrease seen
during the LHS is thought to be produced by the cooling of the Comptonizing
medium due to the higher fraction of soft photons undergoing Comptonization,
while the reason for the HIMS increase is still under discussion. Spectra from
the softest HIMS and from the SIMS are very similar, since their hardness is
very similar and the evolution from one to the other is smooth (for a discussion,
see Stiele et al., 2011).

As mentioned above, some sources (e.g., GRO 1655–40) display another state, the
“anomalous” or “ultra-luminous” state. Here, the source shows very high luminosi-
ties and the energy spectrum appears dominated by a soft disc component. The disc
component allows to infer a high inner-disc temperature associated to a small inner
disc radius, while the hard component is steep and faint.
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2.5 Rms spectra
The amount of variability as a function of energy is another observable which is seen
to vary along the outburst. This is expected, since the relative contribution of each
spectral component strongly depends on the accretion state. Apart from its average
spectral shape, usually measured over long time scales (≥ 1 ks), each component
also prompts a certain level of variability in the observed light-curve. The shape of
the rms spectrum (i.e., fractional rms as a function of energy) encodes information
directly related to the relative contribution of each emission process and the intrinsic
origin of the variability itself. Whereas the former can also be obtained from spectral
studies, the latter results in unique insights into accretion physics.

As for many other cases, the RXTE/PCA has made a strong contribution, most of
the results present in the literature being referred to the ∼ 2–20 keV energy band. In a
first approximation, rms spectra with three different shapes are observed in BHT: flat,
rms decreasing with energy (soft; aka., inverted) and increasing with energy (hard).
The first two cases correspond to the hard states (see below), whereas a hard rms
spectrum is seen as the system softens. In Fig. 2.4 we show an example of these
shapes using RXTE/PCA data of GX 339-4 during its hard-to-soft transition.

• LHS: Flat and inverted rms spectra are observed during this state. Clear ex-
amples of the former are e.g., XTE J1550–564 (Gierliński & Zdziarski 2005),
Cyg X–1 or XTE 1752–223 (Muñoz-Darias et al. 2010a). The latter behaviour
is observed in XTE J1650–500 (Gierliński & Zdziarski 2005) or Swift 1753.5–
0127 (Soleri et al., submitted). Flat rms spectra are easily explained by consid-
ering that variability arises from variations in the normalization of one single
spectral component. This could account for what we see in the hard state,
where the hard component is dominant (≥ 2 keV; see Sect. 4). Variations in
the spectral shape of this component (i.e., not only in normalization) need to
be taken into account to explain inverted rms spectra. Gierliński & Zdziarski
(2005) (see also Zdziarski et al. 2002) show that a strongly varying (disc) seed
photon input can produce inverted rms spectra, since it varies the spectral shape
by making the power-law to pivot around ∼ 50 keV. Variations in the normal-
ization of the power-law component are also needed to reproduce the observed
dependence of the rms with energy. Interestingly, in some of the cases where
flat rms spectra are observed, they are still consistent with being inverted at ∼
1–2% level (e.g., Fig. 2.4).

• HIMS: As it happens for several spectral and timing parameters, a major
change in the shape of the rms spectra is observed along the HIMS. Whereas
LHS-like rms spectra are observed during the early stages of the HIMS, they
harden as the system approaches the soft states. This transition occurs fast; for
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Figure 2.4: Evolution of the 0.1–32 Hz rms spectrum along the hard-to-soft transition of GX
339–4. Left panel, from top to bottom: rms spectra from a bright LHS, a hard HIMS and
a softer HIMS (see inset). Right panel, from top to bottom: rms spectra from a HIMS just
before the transition, a SIMS and a HSS (see inset).

instance, the two last HIMS spectra presented in Fig. 2.4 are separated by five
days. Their corresponding energy spectra are different as well, since the disc
component is only present in the second one. Muñoz-Darias et al. (2011) ob-
served a flux increase at constant absolute variability in correspondence to the
appearance of the disc component in the energy spectra of this system during
the HIMS. The above suggests disc variability to be low at least during last
(softest) stages of the HIMS.

• SIMS and HSS: Hard rms spectra are observed during soft states. As shown
in Fig. 2.4, these are remarkably similar to those observed at the softest end
of the HIMS, but with total variability decreasing as the system softens. These
patterns can be explained by considering no or very little disc variability, which
results in lower rms values in the soft band when disc dominates. Above 5–
10 keV, where the variable power-law dominates, we recover the flat shape
observed in the LHS.
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2.5.1 The origin of the variability and the role of the disc compo-
nent

It has been known for years that variability is mainly associated with the hard compo-
nent rather than the disc. During soft states, where the disc dominates, low variability
levels (≤ 5 per cent) are observed. Even there, its energy dependence also points to
a hard-component origin (see e.g., Gilfanov 2010 and references therein). HIMS ob-
servations also point in the same direction (see above) and in the LHS, where only
the hard component is present above ∼ 2 keV, we see the highest variability levels.
Paradoxically, Comptonization models aiming at explaining the inverted rms spectra
require a highly variable disc during the LHS. Softer (≤ 2 keV) XMM observations
have shed some light on this issue. Evidence for low frequency (∼<1 Hz) disc vari-
ability during the LHS has been reported by Wilkinson & Uttley (2009). Also at
low frequencies, Uttley et al. (2011) published time-lag measurements showing disc
variability leading hard-component variability. Both results represent a strong evi-
dence for a variable disc component during the LHS at low frequencies (Gierliński &
Zdziarski, 2005), whereas for time scales shorter than ∼ 1 s (i.e. those typically used
for variability studies) results are not conclusive.

If variability originates in the soft component, it should progressively disappear
to explain the lack of variability observed as the energy spectrum softens. Hard-
component variability should decrease as well, but high levels of hard-component
variability are observed during soft states. Interestingly, Muñoz-Darias et al. (2011)
report a dramatic fade of hard-component variability during the SIMS in MAXI
J1659–152. The light curve associated to the disc component is also shown to be
more stable at very low frequencies once the system reaches the HSS.
We note that the role played by the jet component, which is probably highly variable
(e.g., Casella et al. 2010) and has been proposed to account in some cases for the
observed X-ray emission during the LHS (e.g., Markoff et al. 2001) should be much
better understood to solve this problem. The combination of multiwavelength studies
and the broader spectral coverage planned for future X-ray missions, such as LOFT
(Feroci & LOFT Consortium 2011) and ASTROSAT (Agrawal, 2006), should make
a decisive contribution to this issue.

2.6 High-frequency oscillations
Despite the large number of available RXTE observations of black hole binaries, only
a handful of detections of quasi-periodic peaks above 30 Hz is available (see Belloni
et al., 2006, and references therein). Three sources show a single QPO peak, although
for two of them the detection is not very significant and in the case of XTE J1650–500
the peak appears only after stacking spectra from a specific state. Four other sources

42



2.7 The multi-wavelength view

show two peaks, which when detected more than once appear at almost the same
frequency: GRO J1655–40 (300 and 450 Hz), XTE J1550–564 (184 and 276 Hz), H
1743–322 (165 and 241 Hz) and GRS 1915+105 (41 and 69 Hz). In the first three
cases, the frequencies are consistent with being in 3:2 ratio, for GRS 1915+105 the
ratio is 5:3. Interestingly, an additional peak at 27 Hz was found in GRS 1915+105,
which is in 2:3 ratio with 41 Hz (Belloni et al., 2001). These features are very impor-
tant as they constitute the highest-frequency signals from accreting black holes and
they are most likely related to effects of General Relativity in the strong field regime.
This is not the place to discuss more details or applicability of models, but it is im-
portant to remark that all these detections correspond to sources in (or close to) the
SIMS. The case of GRS 1915+105 is more complex, as the association of its features
with the four states described above is not simple (see Reig et al., 2003; Soleri et al.,
2008).

2.7 The multi-wavelength view
The phenomenology described above was found to have strong links with the proper-
ties of relativistic jets as observed in the infrared and radio bands. The radio emission
offers the possibility to study the synchrotron emission related to the relativistic jets
(see Fender et al., 2010; Gallo, 2010), while in the IR, optical and UV bands the
thermal emission from the companion star and from the outer edge of the disc can be
observed (see e.g., Homan et al., 2005; Russell et al., 2006; Migliari et al., 2007).

The basic properties are summarized in Fig. 2.5. In the LHS, a steady compact jet
is observed, with a flat or inverted spectrum and a barely resolved spatial distribution.
The radio and infrared fluxes are correlated with the X-ray flux, correlation which
extends to the AGN when the proper mass scaling is considered (see Coriat et al.,
2011, and references therein). The infrared flux also correlates with the X-ray one.

At the top of the LHS branch, in GX 339–4 the correlation between X-ray and
infrared was observed to break down (Homan et al., 2005). As the source follows the
HIMS and approaches the transition to the SIMS, the radio spectrum starts steepening
(Fender et al., 2004). Around, but not exactly at the time of the transition (Fender
et al. 2009), a radio flare is observed (or the ejection time of a fast relativistic resolved
jet). The hardness threshold at which this happens has been dubbed “jet line”. After
the source enters the HSS, no nuclear radio emission has been detected up to know,
as all detections are compatible with emission from the ejecta. Recent observations
of 4U 1957+11 have put the limit to more than 300 times lower than the LHS radio
flux at the same X-ray flux (Russell et al., 2011).

In correspondence of additional transitions back and forth between HIMS and
SIMS, there is some evidence that more radio flares are emitted in XTE J1859+226,
(see Brocksopp et al., 2002), and in GRS 1915+105 where the oscillations have been
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Figure 2.5: Stylized hardness-intensity diagram for a BHT with labels indicating the radio
properties.

connected to such transitions (Fender et al., 2004).
On the return transition, the radio emission becomes detectable again, but at a

higher hardness value than it disappeared earlier, when the source has already reached
the LHS (Kalemci et al., 2006). The radio/X-ray correlation is re-established and can
be followed down to very low accretion rate (Gallo et al., 2006).

2.7.1 Optical and infrared timing

The advent of new instrumentation during the last decade (e.g., ULTRACAM; Dhillon
et al. 2007) has enabled us to extend some of the timing studies, classically performed
at high energies, to the optical and infrared domains with unprecedented quality.
In contrast to what is typically observed in neutron stars (e.g., Muñoz-Darias et al.
2007), complex cross correlation functions, with optical variability leading and anti-
correlated to X-rays were found in BHT during the LHS (e.g., Kanbach et al. 2001;
Durant et al. 2008). These features cannot be explained solely by reprocessing on the
accretion disc (see Hynes et al. 2003) and theoretical interpretations proposed gener-
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ally require of a substantial contribution to the optical emission from the synchrotron
jet observed at radio waves (Malzac et al. 2004; Veledina et al. 2011). This interpre-
tation is also supported by some spectral energy distribution studies, which point to
a significant jet contribution to the OIR (optical-infrared) and maybe to higher ener-
gies during the LHS (e.g., Markoff et al. 2001; Russell et al. 2010) and by high time
resolution studies performed in the near IR (Casella et al., 2010). To gauge the jet
contribution to the OIR is an important open issue since it has strong implications in,
e.g., understanding the amount of energy carried by the jet. New studies are being
currently undertaken by several groups from both spectral and timing point of view,
and much progress is expected in the forthcoming years in this relatively young field.
Here, it is worthy to notice the timing capabilities of ASTROSAT in the UV, that
could be exploited in the very near future.

2.8 Dynamical measurements of black hole masses
At present, more than ∼ 20 of X-ray binaries where the compact object is heavier
than 3M$ have been found, with masses as high as ∼ 15M$ (Orosz et al. 2007).
Most of these measurements come from BHT, where the companion star is usually
detectable during the quiescence epoch and classical techniques based on the Kepler
laws (see e.g., Casares et al. 2007 for a recent review) can be applied. However, this
number is still not enough to have a good description of the mass spectrum of stellar
mass BHs, and some open questions remain (e.g., is there a real gap in the distribu-
tion of masses of compact objects between NS and BHs?; see Özel et al. 2010). On
the other hand, the mass is a key parameter for BH spin measurements (e.g., Mc-
Clintock et al. 2011). New analysis methods (e.g., Hynes et al. 2003; Muñoz-Darias
et al. 2008, Cantrell et al. 2010) and observing facilities (e.g., Corral-Santana et al.
2011) are allowing us to tackle faint systems and to infer more accurate masses. A
big improvement will come with the next generation of telescopes (20–40 m), which
will enable to study objects with very faint quiescence levels. Still, one of the main
problems will be to discover more of those systems without the need that they go into
outburst. This would increase significantly the number of dynamical mass measure-
ments since the population of quiescence black holes is expected to be at least of the
order of few thousands (see e.g., Romani 1998 and references therein).

2.9 Where do we go from here: ASTROSAT and LOFT
The natural successor of RXTE is the Indian multi-wavelength mission ASTROSAT
(Agrawal, 2006), which is currently schedule for launch by the second half of 2012.
While its all-sky monitor (SSM) will allow good coverage of the transient X-ray
sky and its UV telescope (UVIT) will observe the very few BHTs which are not
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affected by very high absorption, its X-ray pointed instruments will extend the RXTE
characteristics and make it possible to continue and extend the study of bright BHT
transients. The soft X-ray telescope (SXT: 0.3–8 keV) and the coded-mask imager
(CZTI: 10–150 keV) will complement the large proportional counter array (LAXPC:
3–80 keV) to produce broad-band X-spectra, and the LAXPC effective area (6000
cm2 at 10 keV) will yield the large photon counting necessary for fast-timing studies.

For the phenomenology described above, the LAXPC effective area is particularly
interesting. While comparable to that of the RXTE/PCA below 10 keV, between
10 and 80 keV the LAXPC will be much more sensitive (in particular since later
PCA observations are performed with 1 or 2 detector units, see Fig. 2.6). All timing
signals from BHTs, with the exception of the strong noise in the LHS, are stronger
at high energies. In Fig. 2.6 are shown the energy dependence of a type-C QPO and
a HFQPO, superimposed on the PCA and LAXPC effective areas. It is clear that the
higher sensitivity of the LAXPC above 10 keV will allow the study of weaker signals
and in particular will offer the possibility to detect new HFQPOs in addition to the
handful already available.

As the observational constraints of ASTROSAT will not be the same as those of
RXTE, it is important to plan the best observational strategy for BHTs. An extremely
dense coverage of outbursts such as that in Fig. 2.1 is most likely not going to be
available, at least in the first phases of the mission. However, the detailed knowl-
edge of the phenomenology described in the previous sections make it sure that even
selected pointings, triggered by other instruments such as the SSM, MAXI, INTE-
GRAL/IBIS or Swift/BAT, have the potential of a late yield. In particular, a strategy
of fewer longer observations in correspondence of main transition and states will gen-
erate crucial data, especially if coordinated with observations at lower wavelengths
(radio, IR) from the ground.

For the most distant future, not before 2020, the LOFT mission has been proposed
and is being evaluated (Feroci & LOFT Consortium, 2011). The effective area of the
LAD instrument is currently being planned to be 12 m2 at 8 keV, clearly a major step
forward compared to current instrumentation. With LOFT, it will be possible to de-
tect HFQPOs at very low fractional rms, therefore unveiling its nature by examining
the distribution in detected frequencies (one of the current models predicts that the
frequencies are constant), while the relative variation of the frequencies will tell us
to which relativistic time scales, if any, they correspond to. Moreover, a very large
collecting area will allow the detection of a sufficiently high number of photons to
study low-frequency oscillations directly in the time domain, opening the possibility
of understanding the nature of their quasi-periodicity and its connection to accretion
and General Relativity. The good energy resolution will also make it possible to
link fast variations to spectral measurements, tying two parallel aspects connected to
relativistic effects, a subject that it is barely possible to touch with RXTE.
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Figure 2.6: A comparison of instrument effective areas and energy-dependent variability
for selected signals. Dark gray: area of RXTE/PCA (2 units); medium gray: RXTE/PCA
effective area (5 units); light gray: ASTROSAT/LAXPC effective area (3 units). The black
points report the energy dependent fractional rms variability of the type-C QPO in XTE
J1859+226 (from Casella et al., 2004), the white points that of the HFQPO in GRS 1915+105
(from Morgan et al., 1997).
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Abstract

We report on X-ray observations of the black-hole candidate GX 339-4 during its
2006/2007 outburst. The hardness-intensity diagram of all RXTE/PCA data com-
bined shows a q-shaped track similar to that observed in previous outbursts. The
evolution through the HID suggests that in the early phase of the outburst the source
underwent a sequence of state transitions, from the hard to the soft state, which is
supported by our timing analysis. Broadband (4-200 keV) spectra, fitted with an ex-
ponentially cutoff powerlaw, show that the hard spectral component steepens during
the transition from the hard to the soft state. The high-energy cutoff decreased mono-
tonically from 120 to 60 keV during the brightening of the hard state, but increased
again to 100 keV during the softening in the hard intermediate state. In the short-lived
soft intermediate state the cutoff energy was ∼ 130 keV, but was no longer detected
in the soft state. This is one of the first times that the high-energy cut-off has been
followed in such detail across several state transitions. We find that in comparison
to several other spectral parameters, the cut-off energy changes more rapidly, just
like the timing properties. The observed behaviour 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. These results constitute a valuable reference to be con-
sidered when testing theoretical models for the production of the hard component in
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these systems.
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3.1 Introduction

The spectral evolution of black hole X-Ray transients (BHTs) has recently been de-
scribed in terms of patterns in an X-ray hardness-intensity diagram (HID) (see Homan
et al. 2005; Belloni et al. 2005; Belloni (2005), Gierliński & Newton 2006, Remillard
& McClintock 2006, Belloni 2010, Fender et al. 2009). Different states are found to
correspond to different branches/areas of a q-like pattern that shows up in a log-log
representation. Four main states are identified within this framework: Low Hard
State (LHS), Hard Intermediate State (HIMS), Soft Intermediate State (SIMS), High
Soft State (HSS). Twostates correspond to the original states discovered in the 1970s:
the Low/Hard State (LHS), observed usually at the beginning and at the end of an
outburst, showing a spectrum dominated by an hard component with sometimes a
thermal disc component (very faint) and the High/Soft State, usually observed in the
central intervals of an outburst, that shows an energy spectrum dominated by a ther-
mal disc component, with the presence of an additional weak and steep power-law
component.

In between these two well-established states, the situation is rather complex and
has led to a number of different classifications. Homan et al. (2005) identify two
additional states, clearly defined by spectral/timing transitions. In the evolution of
a transient, after the LHS comes a transition to the Hard Intermediate State: the
energy spectrum softens as the combined result of a steepening of the power-law
component and the appearance of a thermal disc component. At the same time, the
characteristic frequencies in the power spectrum increase and the total fractional rms
decreases. The transition to the Soft-Intermediate State can be very fast (sometimes
over a few seconds, see Nespoli et al. 2003) and is marked by the disappearance
of some particular features in the power density spectrum and by the appearance of
some others.

Together with the association of the transition to the SIMS with the ejection of
fast relativistic jets, this has led to the identification of a jet line in the HID, sepa-
rating HIMS and SIMS (Fender et al. 2004). The jet line can be crossed more than
once during an outburst (as in the case of XTE J1859+226: Casella et al. 2004;
Brocksopp et al. 2004). Notice that recently the comparative study of different sys-
tems has shown that the jet ejection and HIMS/SIMS state transitions are not exactly
simultaneous (Fender et al. 2009). For a more detailed state classification see cite-
Belloni2010. McClintock et al. (2009) use another state classification based more on
spectral properties than on timing properties, unlike the classification presented by
Homan et al. (2005).They define three different states on the basis of precise bound-
aries of a number of parameters such as integrated fractional rms and the presence
of QPO in the Power Density Spectrum, power law photon index and disk fraction
in the energy spectra. For a comparison between the two classifications, see Belloni
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(2009).
While the physical nature of the soft component in the X-Ray spectra of BHTs

is commonly associated with an optically thick accretion disc, there is no consensus
as to the origin of the hard spectral component. Nevertheless there are various sug-
gestions regarding this: the hard spectral component could be due to the presence of
different component, such as a hot corona, the very inner part of the accretion flow,
the formation/ejection of relativistic jets. The hard component is usually interpreted
as the result of thermal Comptonization or of a combination of thermal/non-thermal
Comptonization involving the hot electrons of the corona and the soft photons orig-
inating in the accretion disk. When fitted with a power-law, the slope of the hard
component is typically found to be ∼1.6 for the LHS, 1.6-2.5 in the SIMS/HIMS and
2.5-4 for the HSS (Belloni et al. 2006). It has been known for a long time (Sunyaev
& Titarchuk 1980) that the LHS spectrum shows a cutoff around ∼ 100 keV. A com-
parative measurement of a number of systems with CGRO/OSSE has been presented
by Grove et al. (1998). Here the energy spectra could be clearly divided into two
classes: the ones with a strong soft thermal component and no evidence of a high-
energy cutoff until ∼ 1 MeV, and those with no soft component and a ∼ 100 keV
cutoff. Zdziarski et al. (2001) and Rodriguez et al. (2004) measured the high-energy
spectrum of GRS 1915+105 and found no direct evidence of a high-energy cutoff,
but spectra which appeared to contain two components. At energies of 50-150 keV,
the hard spectral component often shows a cut off (Belloni et al. 2006, Joinet et al.
2008, Miyakawa et al. 2008, Del Santo et al. 2008), which can provide additional
information about the properties and origin of the hard spectral component. This cut
off is thought to be related to the temperature of the thermal comptonizing electrons
located in an optically thin corona close to the black hole, responsible for the comp-
tonization of the soft photons emitted by the accretion disc. More recently Miyakawa
et al. (2008) performed an analysis on Rossi XTE Observation of GX 339-4 with
the aim to investigate the radiation mechanism in the hard state of the source. They
observed a high-energy cutoff ranging from 40 to over 200 keV. Joinet et al. (2008)
presented the analysis of the high energy emission of GRO J1655-40 at the beginning
of the 2005 Outburst. Their high-energy data allowed them to detect the presence of
a high-energy cutoff and to study its evolution during the outburst rise. They ob-
served a cutoff decreasing from above 200 keV down to ∼ 100 keV. Following that it
either increases significantly or vanishes completely. Caballero-Garcı́a et al. (2009)
also studied GRO J1655-40 during the 2005 outburst but claimed that no cutoff was
required for their INTEGRAL dataset.

The X-ray spectra of BHTs also include additional components which are im-
portant in terms of the physics of accretion onto black holes, such as emission and
absorption line features (see e.g. Miller et al. 2002, Miller et al. 2004, Miller et al.
2006, Neilsen & Lee 2009) and Compton reflection humps (see e.g. George & Fabian
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1991, Zdziarski et al. 2001, Frontera et al. 2001).

3.1.1 GX 339-4
GX 339–4 was one of the first two BHTs for which a complete set of transitions was
observed and studied (see Miyamoto & Kitamoto 1991; Belloni et al. 1997; Mendez
& van der Klis 1997), and is known to spend long periods in outbursts.

A detailed study of the evolution of the hard spectral component in GX 339-4
at energies above 3 keV was performed during its 2004 outburst which began in
February of that year. To get broad-band coverage during the expected HIMS-SIMS
spectral transition, simultaneous RXTE and INTEGRAL observations were made.
Belloni et al. (2006) combined data from PCA, HEXTE and IBIS, and obtained good
quality broad-band (3-200 keV) energy spectra before and soon-after the transition.
These spectra indicated steepening of the hard, high-energy component. Also, the
high-energy cut-off which was present at ∼70 keV before the transition was not de-
tected later. Therefore, although spectral parameters at lower energies do not change
abruptly during the transition, the energy of the cut-off increases or disappears rapidly
(within 10 hours). The power spectra before and after the transition showed signifi-
cant differences (see Belloni 2005): from strong band-limited noise and type-C QPO
to much weaker noise and type-B QPO (for a description of the properties of different
types of QPO, see Casella et al. 2005).

Del Santo et al. (2008) report on X-ray and soft γ-ray observations of the black-
hole candidate during an outburst in 2006/2007, performed with the RXTE and IN-
TEGRAL satellites. The evolution in the HID of all RXTE/PCA data suggests that
a transition from hard-intermediate state to soft-intermediate state occurred, simul-
taneously with INTEGRAL observations performed in March. The transition was
confirmed by the timing analysis which revealed that a weak type-A quasi-periodic
oscillation (QPO) replaced a strong type-C QPO. At the same time, spectral analysis
revealed that the flux of the high-energy component showed a significant decrease.
However, Del Santo et al. (2009) observed a delay of roughly one day between vari-
ations of the spectral parameters of the high-energy component and changes in the
flux and timing properties.

The aim of this work is to use RXTE data collected during the 2006/2007 outburst
to study the broad-band spectral evolution of GX 339-4 during a full hard-to-soft state
transitions and in particular the behaviour of the high-energy cut off. Here we study
the spectral evolution of GX 339-4 over a longer period of time, covering almost the
entire LHS to HSS transition (from 27 December 2006 to 18 April 2007). Thanks
to the unprecedented data coverage of the main phases of the source’s evolution we
were able for the first time to follow in a detailed way the spectral evolution of the
source and in particular of the cut-off energy component of the spectra over the LH,
HIMS, SIMS and the first part of the HSS state of the sources.
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3.2 Observations and data analysis

In 2006 November, X-ray activity of GX 339-4 was detected with the Rossi X-ray
Timing Explorer (RXTE; Swank 2006). The source had an almost constant flux un-
til the end of December 2006, when the hard (15-50 keV) X-ray flux increased by
a large amount. It reached its brightest level since 2004 November, as detected by
SWIFT/BAT (Krimm et al. 2006). In order to follow the new outburst of GX 339-4
at high energies, an RXTE ToO campaign was carried out. As expected in BHTs
(Homan et al. 2005), at the beginning of the outburst GX 339-4 was in the LHS. Re-
sults of X-ray and soft γ − ray observations of GX 339-4 during its 2006/2007 out-
burst, performed with RXTE and INTEGRAL satellites have already been reported
in Del Santo et al. (2008). Additional results can be found in Caballero-Garcı́a et al.
(2009), who reported on simultaneous XMM-Newton and INTEGRAL observations.

Starting from December 27, 2006 (MJD 54096) a total of 220 RXTE pointings
were performed over a period of about 10 months, covering the full outburst of the
source. We report here the color analysis of all observations (MJD 54096 to 54388,
see Figs. 3.1 and 3.2, top panel) and spectral analysis of 83 observations (MJD 54134
to 54208) covering the transition from the LHS to HSS.

We extracted energy spectra from the PCA and HEXTE instruments (background
and deadtime corrected) for each observation using the standard RXTE software
within HEASOFT V. 6.4, following the standard extraction procedures. For our
spectral analysis, only Proportional Counter Unit 2 from the PCA and Cluster B
from HEXTE were used. A systematic error of 0.6% was added to the PCA spectra
to account for residual uncertainties in the instrument calibration. We accumulated
background corrected PCU2 rates in the channel bands A = 4 - 45 (3.2 - 18.3 keV),
B = 4 - 10 (3.2 - 5.4 keV) and C = 11 - 20 (5.7 - 9.0 keV). A is the total rate, while
the hardness was defined as H = C/B (see Homan & Belloni 2005). PCA+HEXTE
spectra were fitted with XSPEC V. 11 in the energy range 3 - 20 keV and 20-200 keV
respectively. See Tab. 3.2 for the counts and hardness ratio values.

For our timing analysis, we used custom software under IDL. For each observation
we produced power density spectra (PDS) from stretches 128 seconds long using two
separate energy bands: PCA channel band 0-249 (corresponding to ∼ 2-60 keV) for
the main power spectrum, and PCA channel band 18-249 (∼ 7.7-60 keV) in order to
look for high-frequency oscillations, which are usually more prominent in this high-
energy band (see Homan et al. 2002). We averaged the power spectra and subtracted
the contribution due to Poissonian noise (see Zhang et al. 1995) in order to produce
two Power Density Spectra (PDS) for each observation: one for the whole energy
band and one for the high one. The power spectra were normalized according to
Leahy et al. (1983) and converted to squared fractional rms (Belloni & Hasinger
1990). See Tab. 3.2 for the rms values.
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Figure 3.1: Top panel: RXTE/PCA (filled circles) and RXTE/HEXTE (empty circles) light
curve of GX 339-4 during the 2006/2007 outburst. The energy range is 3.3 - 21.0 keV for
PCA and 19.0 - 200.0 keV for HEXTE. The vertical lines separate the four canonical States
(see Sec. 3.3.1 and 3.4). Bottom panel: Time evolution of the hardness ratio. The dashed
line separates the LHS from the HIMS, the solid line marks the passage from the HIMS to
the SIMS and the dot-dashed line separates the SIMS from the HSS. Notice that the source
crosses the HIMS-SIMS transition line several times; we marked only the first transition from
the HIMS to the SIMS and from the SIMS to the HSS. The two dotted lines indicate the time
interval during which the source undergoes several transitions from and to the SIMS (See
Sec. 3.4).

3.3 Results
In this section, we describe the general evolution of the outburst. In Fig. 3.1, we
show the full light curve of the outburst (top panel) and the evolution of the hardness
ratio (bottom panel). The Hardness Intensity diagram is shown in Fig. 3.2.

In Tab. 3.2 we list the background corrected PCU2 count rate and the hardness.
As one can see from Fig. 3.1 and Fig. 3.2, the source evolution during the outburst
is very similar to that of the 2002/2003 and 2004 outbursts (see also Belloni 2005):
a monotonic increase in count rate at a rather high color, a horizontal branch with
the source softening at a nearly constant count rate, softening with a transition to the
SIMS, and further observations at very low hardness. Finally, at count rates lower
than the initial LHS-HSS transition, the transition from the HSS back to the LHS
takes place. A noticeable difference between this outburst and the 2004 outburst is
the count rate level of the top horizontal branch, which is a factor of ∼ 3.5 higher in
the 2006/2007 outburst, similar to the count rate level of the 2002/2003 outburst.

In this work we concentrate on the first part of the outburst, covering the LHS and
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Figure 3.2: Hardness-Intensity diagram from RXTE/PCA data for the complete 2006/2007
outburst which starts from the middle right and proceeds in a counter-clockwise direction.
Different symbols indicate different timing properties: type-A QPOs (diamonds), type-B
QPOs (squares), type-C QPOs (triangles), strong band-limited noise components in the Power
Density Spectrum (stars), weak powerlaw noise in the Power Density Spectrum (crosses).
The black dots indicate observations for which we did not perform timing analysis. The
vertical lines mark the transitions as in Fig. 3.1. In this plot the SIMS-HSS transition line is
the same for both the main and the second SIMS-to-HSS transition (see Sec. 3.4).

the complete LHS to HSS transition, from observation #1 to observation #83. We
will refer to Tab. 3.2 and Tab. 3.3 and to the observation numbers reported therein.

3.3.1 Timing Analysis
Since we usually describe the evolution of a source in terms of spectral states, de-
fined on the basis of spectral and timing properties, first of all we have to classify all
observations following stated criteria (see Homan et al. 2005; Belloni 2005, Fender
et al. 2009, Belloni 2010). For this reason we need the HID and the timing informa-
tions in order to identify the branches we see in the HID in terms of canonical BHTs
canonical states, which will serve as a framework for the spectral analysis (see Sec.
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Figure 3.3: Power density spectra for PCA belonging to two different states. Top curve: Obs.
#15, belonging to the LHS (right vertical branch in the HID, Fig. 3.2). Middle curve: Obs.
#25, belonging to the HIMS (top horizontal branch in the HID). Type-C QPOs are evident in
both PDS. Bottom curve: obs. #47, belonging to the SIMS, middle part of the top horizontal
branch of the HID in Fig. 3.2. A strong type B QPO is evident in the PDS. We observed 2
Type B QPOs and 2 Type A QPOs during the SIMS. The top curve is multiplied by a factor
of 10 and the bottom curve is scaled down by a factor of 10 for clarity.

3.3.2). Beginning form the HID and examining the power spectra, the presence of
state transitions becomes more clear.

• Observations from #1 to #19 show a high level of aperiodic variability in the
form of strong band-limited noise components (see Fig. 3.3, top curve), with
total integrated fractional rms in the range 26−47%, positively correlated with
hardness. The PDS can be decomposed in a number of Lorentzian components,
one of which can take the form of a type-C QPO peak (see table 3.1). All
the observations #1 to #19 correspond to the right branch in the top panel of
Fig.3.2. The total fractional rms decreases as the source softens and brightens.
All observations in which we found type-C QPOs are marked with triangles in
Fig. 3.2, while the other observations are marked with stars.

• Observations #20 to #31 and observations #46, #48, #49 show fast aperiodic
variability with a band-limited noise and strong type-C QPOs (see Fig. 3.3,
middle curve). The PDS can be decomposed in the same Lorentzian compo-
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#obs ID Noise Type QPO type RMS (in %)

#1 to #8 strong band limited noise - 26-47%

#9 to #19 strong band limited noise C 26-47%

#20 to #31; #46,#48,#49 strong band limited noise C 14-23%

#32,#47 weak powerlaw component A 11%

#45,#50 weak powerlaw component B 5-6%

#33 to #44; #51 to #83 weak powerlaw component - 1-2%

Table 3.1: Timing properties seen in the PDS of each observation.

nents as in the preceding observations. The total fractional rms is lower than in
the LHS (14-23%) and decreases as the source spectrum softens. The observa-
tions correspond to the first part of the horizontal branch in Fig. 3.2, where the
largest color variations are observed. Notice that the boundary between this
group and the former is somewhat arbitrary, as the evolution in parameters is
rather continuous.

• Observation #32 and #47 correspond to a much weaker variability, in the
form of a weak (∼ 11% fractional rms) powerlaw component. A type-B QPO
is prominent in the PDS (see Fig. 3.3, bottom curve). As observed in the 2004
outburst (see Belloni 2005, Belloni et al. 2008) we see significant differences
in the power spectra, with respect to the previous power spectra. Strong band
limited noise and a Type-C QPO give way to a much weaker noise and Type-B
QPO. Observations #45 and #50 show a Type-A QPO, weaker than the type-B
QPO detected and with a total fractional rms of ∼ 5% and ∼ 6% respectively.
These two observations were also softer than the two showing a Type-B QPO.
All the observations presenting a type-A or B QPO are marked respectively
with diamonds and squares in Fig. 3.2.

• Observations from #33 to #44 and #51 to #83 show weak powerlaw noise with
a rms of a few %. They correspond to the softest observations in Fig. 3.2 (top
panel). All these observations are marked with crosses in the HID in Fig. 3.2.

These results are summarized in Tab. 3.1.
From the PDS described above, we can identify the four groups of observations

as belonging to the LHS (Observations from #1 to #19, right vertical branch of the
HID in Fig. 3.2), the HIMS (Observations from #20 to #31 and observations #46,
#48, #49, on the right part of the top horizontal branch of the HID in Fig. 3.2), the
SIMS (observations #32,#45,#47,#50, marked with squares in the middle of the
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HID in Fig. 3.2) and HSS (Observations from #33 to #44 and observations #51 to
#83, left vertical branch of the HID in Fig. 3.2). Corresponding transition lines are
shown in Fig. 3.2 and in Fig. 3.1. We examined all power spectra, both at low and
high energies, for high-frequency features, but found no significant excesses.

In order to compare our results with the classification of McClintock et al. (2009),
we follow their updated recipe. They present three states: Hard, Thermal Dominant
(TD) and Steep Power Law (SPL). These three states do not fill the complete parame-
ter space: observations which do not qualify are classified as “intermediate”. For the
83 observations we analyzed in detail, we calculated the disk fraction of the total 2-20
keV unabsorbed flux, the fractional rms integrated over the range 0.1-10 Hz, the QPO
amplitude if any QPO is seen and we used the values of photon index for the power-
law used in the fits of our spectra (see Tab. 3.3). The criteria used for the McClintock
& Remillard classification are summarized in Tab. 1 in McClintock et al. (2009). In
Tab. 1, in addition to our state, we also report theirs. A comparison between the two
schemes as applied to these observations can be seen in Tab. 3.5. We see that 42% of
the observations fall into the intermediate state. The others show a general (expected)
trend: all the LHS are Hard, most of the HSS are Thermal-Dominant and the SIMS
are steep-power law. However, the association is not one to one. In conclusion we
can say that for our data the classification we used and McClintock and Remillard
classification are quite similar, but for the latter more than 40% of the observations
remain unclassified.

3.3.2 Spectral Analysis
PCA (4-20 keV) and HEXTE (20-200 keV) spectra were combined for our broad-
band spectral analysis. For fitting the spectra, we used XSPEC V.11.2.3.

Following Miyakawa et al. (2008) in Fig. 3.4 we first plot the ratio of the three
representative spectra to a Crab-like spectrum. We selected Obs. #1, Obs. #19
(where we observed respectively the highest and the lowest high-energy cutoff during
the LHS) and Obs. #34 (where there is not a detectable cutoff). The Crab spectrum
was simulated using a simple powerlaw with photon index 2.1 and normalization 10
using xspec. As can be seen from the figure, there is a cutoff at high energies that
changes from ∼ 120 keV (Obs. #1) to ∼ 60 keV (Obs. 19) with increasing flux.

In order to fit spectra we started trying a model of only one component, either
cutoff power law or disk, but it could not fit all the spectra. A combination of the two
was successful, with the exception of a few observations where a single component
was sufficient. A simple model consisting of a multi-color disc-blackbody (diskbb)
and a cut-off power law (cutoffpl) was used to fit spectra. A hydrogen column
density measured with instruments having a low-energy coverage, e.g. Chandra, was
taken into account by adding a wabs component into XSPEC, with NH frozen to
5 × 1021cm−2 (Mendez & van der Klis 1997; Kong et al. 2000). An iron emission
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Figure 3.4: PHA ratio of GX 339-4 to Crab for three selected observations. We reported
observation #1 (circles), observation #19 (triangles) and observation #34 (squares). The high
energy cutoff depends on the X-Ray luminosity and decreases with increasing luminosity.

line with centroid fixed at 6.4 keV was further needed in order to obtain acceptable
fits. The line never becomes wider than 0.8 keV1. To account for cross-calibration
problems, a variable multiplicative constant for the HEXTE spectra (as compared to
the PCA) was added to the fits. In order to account for a reflection component, we
introduced a smeared edge with energy between 7.1 and 9.3 keV. This component is
alway ∼ 10 keV wide and does not vary during the source evolution, so we can assert
that the smeared edge component does not affect the properties of the cutoff. For
the first part of the outburst (from #1 to #23), a disk component was not needed in
order to obtain good spectral fits and was therefore removed from the fit. The average
reduced χ2 was 1.17 for 92 degrees of freedom. In Fig. 3.5 spectral fits from selected
observations are shown. The upper spectrum is from observation #1 (belonging to
the LHS, in the right vertical branch of the HID in Fig. 3.2). The high-energy cutoff
for this spectrum is the highest seen that can be considered reliable. Several HSS

1Miller et al. (2004) analysed spectra of GX 339-4 obtained though simultaneous XMM-
Newton/EPIC-pn and Rossi XTE observations during a brigh phase of the 2002/2003 outburst. They
revealed an extremely skewed, relativistic Fe Kα emission line in the spectra with strong red wings and
intrinsically broad due to the Doppler shift near the innermost stable orbit.
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Figure 3.5: Spectral fit results of the combined PCA and HEXTE spectra of GX 339-4 for
two selected observations. For both spectra we used a model consisting of an interstellar
absorption component, a gaussian line, a smeared edge in order to account for the reflection
component, a multicolor disk-blackbody and a cutoff powerlaw. Top panel: observation #1
(LHS, right vertical branch in the HID. 3.2). This observation shows the highest value of
the cutoff we can consider reliable (small errors). The high values we found during the HSS
presents too large error bands to be considered reliable. Bottom panel: observation #19 (LHS,
upper part of the right vertical branch in the HID) shows one of the lowest values of the high-
energy exponential cutoff we observed in our data. The top panels in both the figures show
a spectrum fitted with a cut-off powerlaw model (see text), the middle panels show residuals
from a fit with a simple cutoff-powerlaw model, the bottom panels show the residuals for a
simple powerlaw model.
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observations present very high values for the high-energy cutoff, but with very large
uncertainties. The lower spectrum is from observation #19 (belonging to the LHS,
in the right vertical branch very high part in the HID). This spectrum shows one
of the lowest cutoff energies we observed in our data. This observation was taken
just before the LHS-to-HIMS transition. For the second group of observations (from
#24 to #32, from #36 to #39 and from #43 to #50), a disk black body was necessary,
yielding an average reduced χ2 of 0.90 for 90 degrees of freedom. Finally, the softest
observations (from #33 to #35, from #40 to #42 and from #50 to #83) did not
require a high-energy cutoff. The average reduced χ2 was 0.92 for 91 degrees of
freedom.

The best fit parameters are listed in Tab. 3.3, while in Fig. 3.6 one can see the
evolution of the main spectral components. The data shown in all the panels in Fig.
3.6 come from a selection of 51 observations (from #1 to #51) covering the entire
hard-to-soft transition of the source. Fig. 3.7 shows the evolution of the best fit
model.

In order to accumulate spectra with better statistics for soft observations where
a high-energy cutoff is not measured, we summed spectra corresponding to similar
hardness. The resulting fit parameters are shown in Tab. 3.4: a high-energy cutoff is
detected, although with large uncertainties. In Fig. 3.6, where we also mark the tran-
sitions established through timing analysis, we can follow the evolution of spectral
prameters. In the bottom panel of Fig. 3.6 we used the parameters coming from Tab.
3.4, while for the other panels of Fig. 3.6 we used parameters coming from Tab. 3.3.
From Fig. 3.6 we can see that:

• The photon index undergoes a slight increase during the LHS from Γ ∼ 1.4 to
∼ 1.6. During the HIMS it rises from 1.6 to 2.4 in a few days. After the HIMS
to SIMS transition the photon index is consistent with being constant.

• The high-energy cut off is clearly present in the LHS, during which it changes
almost monotonically from ∼120 keV to ∼60 keV. After the transition to the
HIMS the high-energy cut off increases considerably, from 60 keV to 100 in
a few days. During the SIMS and the HSS, the high-energy cut off appears to
be very high (∼160 keV) and constant, while after the final transition to the
HSS (taking place between observations #50 and #51) it disappears. Since in
this phase of the outburst the hard tail of the spectrum is very weak and a small
fluctuation in the flux can modify the spectrum, during the SIMS and the HSS
the high-energy cutoff appears with large uncertainties. Therefore, we cannot
assert the presence or the absence of a high-energy cutoff. The fact that this
happens near the HIMS-SIMS and SIMS-HSS transitions is particularly rele-
vant in the context of jets models, because the high-energy cutoff changes take
place very close in time to the moment in which the jet emission is supposed

62



3.3 Results

Figure 3.6: Light curve and evolution of the main spectral parameters of the source. For
all the panels shown we plotted the spectral parameters for a selection of 51 observation
(from #1 to #51) covering the entire hard-to-soft transition of the source, coming from Tab.
3.3. From the top to bottom: Light curve, inner radius in km (assuming a distance of 8 kpc
and inclination of 60 degrees), disc temperature in keV at the inner radius, photon index,
cutoff energy in keV. The vertical lines mark the transitions and follow the same convention
as in Fig. 3.1. Points with horizontal error band correspond spectra obtained averaging
observations with similar hardness. The error bar represents the time interval corresponding
to the accumulation. In the bottom panel we used the values coming from Table 3.4.

63



3. The evolution of the high-energy cut-off in GX 339-4

Figure 3.7: Different models fitting the Spectra in the LHS, HIMS and HSS. The solid
lines correspond to LHS observations (#5, #7, #15, #19, #20), the dashed line corresponds
to a HIMS observation (#25) and the dotted dashed line corresponds to an HSS observation
(#33). The bottom two curves are scaled by a factor of 20 for clarity.

to happen (Fender et al. 2009).

In the first part of the outburst (corresponding roughly to the LHS), there is no
measurable thermal disk component. When the disk appears, after the LHS-
HIMS transition, we observe an increase in the disk radius through the HIMS-
SIMS-HSS transitions, followed by a decrease. At the same time, the disk
temperature decreases steadily. Given the simplified form of our model, the
absolute measurements of the inner radius are not robust and therefore not
reliable. While the disk component was needed it could not be constrained
very well and that we cannot draw any firm conclusions about its behavior
from our fits. In addition, the poow low-energy sensitivity of RXTE usually
makes very difficult the measurement of the spectral parameters related to the
low-energy components.

3.4 Discussion
From the results persented in the previous section, we conclude that we observed
three different transitions: from LHS to HIMS, from HIMS to SIMS and from SIMS
to HSS.
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• The LHS-HIMS transition took place between Obs #19 and Obs. #20. It is
identified through the appearance of a stronger type-C QPO in the power den-
sity spectra, by a change in the parameters of the hard spectral component,
and by a large change in the hardness (see Fig. 3.2). The power-law index
increases faster with time across this transition, while the high-energy cut off
stops decreasing.

• The first HIMS-SIMS transition took place between Obs. #31 and Obs. #32
and, by definition, was marked by the disappearance of the type-C QPO typical
of the LHS and HIMS and the onset of a type-B QPO in Obs. #32. This
observation is one of the four observations in the SIMS, all of them showing a
type-A or type-B QPO. At the same time the high-energy cutoff shows a large
change, jumping from ∼150 keV to higher values.

• The first SIMS-HSS transition takes place between Obs. #32 and Obs. #33,
identified through the low value of integrated fractional rms and the absence of
type-A/B/C QPOs.

• Besides these three main transition we observed transitions involving the inter-
mediates states.

To summarize, we observed:

– a transition from LHS to HIMS

– a main transition and two secondary transitions from HIMS to SIMS

– a main and a secondary transition from SIMS to HSS (this last transition
is reported in Del Santo et al. 2008)

In Fig. 3.1, 3.2, 3.6, we marked the LHS-HIMS transitions and only the first tran-
sitions from HIMS to SIMS and from SIMS to HSS. We refer to these first transition
as the main transitions. Due to the short time scale of the transitions to and from the
SIMS, we cannot be sure that we observed all transitions underwent by the source.
All we can say is that the line in the HID corresponding to the HIMS-SIMS transition
was crossed at least five times in total. The location of the three main transitions in
the HID (see Fig. 3.2) was consistent with those of the previous outbursts.

The observed behaviour of the photon index is also similar to that of the previous
outbursts (Belloni 2005; Del Santo et al. 2008), while the high-energy cut off be-
havior shows different properties. In 2004, the major HIMS to SIMS transition on
the primary horizontal branch was simultaneously observed with INTEGRAL and
RXTE (Belloni et al. 2006): after the transition, these authors report the lack of
the high energy cut-off in the SIMS (present at ∼70 keV in the HIMS). Del Santo
et al. (2008) confirm the latter result (disappearance of the cut-off in the SIMS) for
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3. The evolution of the high-energy cut-off in GX 339-4

the 2004 outburst by using simultaneous IBIS, SPI and JEM-X data collected dur-
ing the same transition. However, they found a higher value of the cut-off in that
same HIMS (115+27

−23 keV) because of new INTAGRAL calibrations. Del Santo et al.
(2009), using RXTE/PCA, RXTE/HEXTE and INTEGRAL/IBIS/ISGRI data per-
formed a broad band spectral analysis covering the energy range from 3 keV (PCA)
to 200 keV (IBIS/ISGRI). They observed a secondary HIMS/SIMS transition in the
2006/2007 outburst of GX 339-4 and found a different behaviour in relation to what
we observed: during the transition HIMS/SIMS the high-energy cut-off has moved
to a lower energy, while we observed an opposite trend. Moreover, this variation is
observed to take place before the HIMS/SIMS transition as deduced from the tim-
ing properties. Thanks to our RXTE data we clearly observed a high-energy cut off
increase during the HIMS to SIMS transition.

Miyakawa et al. (2008) studied a large sample of RXTE data from GX 339-4 dur-
ing the hard state through different outbursts (not including the one presented here)
using the same model we adopted (powerlaw with high energy exponential cutoff,
smeared edge, Fe-line component). They found that a cutoff energy is present in all
their hard-state observations. They could not make a real comparisons with previ-
ous results (Zdziarski et al. 1998, because those authors used different models, but
they clearly found a variable energy cut-off in GX 339-4, with values between 40
and 200 keV or more, similar to our results. The power law photon index showed an
anticorrelation with the source luminosity. The cut off energy was also anticorrelated
with luminosity above 1037 erg s−1, while it was constant around ∼200 keV below
that value. Our LHS data span luminosities from 1037 erg s−1 to 1038 erg s−1. We
observe the same anticorrelation cut off-luminosity, which continues in the HIMS up
to 2.6× 1038erg s−1.

They also calculated the absorption-corrected X-ray luminosities in the 2-200 keV
range and assumed the distance of GX 339-4 to be 8 kpc (Zdziarski et al. 2004).
They obtained luminosities ranging from 1.0 × 1037 erg s−1 to 2.1 × 1038 erg s−1

and they found a clear anti-correlation between luminosity and the cutoff energy for
luminosities > 7 × 1037 erg s−1. On the other hand they observed that the value
of the high-energy cutoff seemed to be roughly constant at 200 keV when the lumi-
nosity was < 7 × 1037ergs−1. We calculated the absorption-corrected luminosity
of the source following the same criteria Miyakawa et al. (2008) used and we found
a similar range of luminosity (from 1.01 × 1038 erg s−1 to 1.14 × 1037 erg s−1).
We found the same anticorrelation during the LHS and during the HIMS, while the
luminosity ranged from 1.01×1038 erg s−1 and 2.57×1038 erg s−1. During the HSS
the luminosity decreases from 7.25 × 1037 erg s−1 to 1.14 × 1037 erg s−1. As we
pointed out before, during the SIMS and the HSS after the final transition from SIMS
to HSS, we cannot exclude the presence of a cutoff, that either remains constant in
energy or disappears. This behavior is consistent with a constant cutoff around 200
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keV with a luminosity < 7× 1037erg s−1.
The observed behaviour 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 (Joinet, Kalemci & Senziani 2008), in contrast to the results of Caballero-
Garcı́a et al. (2009) who do not find evidence of a cut off in the INTEGRAL spectra
of the same source in the LHS. From their table, it is possible to reconstruct the
time evolution of the high-energy cutoff, shown in Fig. 3.8. They used various
models available in the standard XSPEC 11.3.1 fitting package. For all models the
iron emission line, a multicolor disk blackbody and an interstellar absorption com-
ponent were present. They first fitted the data with a reflection model (PEXRAV
in XSPEC) consisting of a power-law with a high-energy cutoff and reflection from
neutral medium. Since the hard powerlaw plus cutoff model in the LHS is usually
interpreted as thermal Comptonization in a hot optically thin plasma, they also used
the COMPTT model (Titarchuk 1994) in order to describe the high-energy spectrum.
They observed that, with both models, the cutoff decreases through the LHS and the
HIMS, starting from ∼ 200 keV and reaching ∼ 60 keV, to increase again in SIMS
and HSS. The coverage of this outburst is good but unfortunately the HIMS was
particularly short.

The high-energy cutoff appears to be changing much more rapidly than other spec-
tral parameters and possibly as fast as the timing properties. From Fig. 3.2 and Fig.
3.6 (first panel from the bottom) we can see that transition from LHS to HIMS is evi-
dent both in the HID and in the cutoff evolution, while we cannot say the same thing
for the HIMS-to-SIMS transition. The cutoff energy shows a big variation crossing
the HIMS-to-SIMS line, jumping from ∼100 keV to ∼160 keV, and at the same time
the PDSs change very quickly. It is known that the ejection of transient relativistic
jets typical of most black-hole binaries (see Fender, Belloni, Gallo 2004) takes place
on very short time scales. The variations of the high-energy cutoff takes place on
comparable timescales. Recently a comparative study of different systems has shown
(crossing of the ”jet line”) that the jet ejection and HIMS/SIMS state transitions are
not exactly simultaneous (Fender, Homan, Belloni 2009). Our data make possible to
assert that the variation of the high-energy cutoff takes place just in correspondence
with the main HIMS/SIMS transition, but due to the lack of radio observations we
cannot exclude that the jet line coincides to the transition. In other words, it is pos-
sible that changes in the high-energy part of the spectrum and the crossing of the jet
line are always simultaneous. Clearly the idea of a “canonical” 100 keV cutoff (see
Zdziarski at al. 1996) in the LHS of black-holes binaries is too simplified. Large vari-
ations are seen in at least two sources across the LHS. These are transient systems,
but also for persistent sources such as Cyg X-1 this paradigm needs to be revised (see
Wilms et al. 2006).
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Figure 3.8: Time evolution of the high-energy cutoff for the 2005 outburst of GRO J1655-
40 as measured by INTEGRAL (from the data of Joinet, Kalemci, & Senziani 2008), with
RXTE-determined states.

The transition can also be seen in the photon index evolution (see Fig. 3.6, fourth
panel from the top). Even though the evolution of the photon index across the tran-
sitions seem to be continuous we clearly see a change in its trend. Summarizing, in
coincidence to the HIMS/SIMS transition, defined through timing properties, we see:
a sudden increase n the high-energy cutoff and a reverse in the trend of the powerlaw
slope. We cannot exclude that these spectral changes are directly associated to the
ejection of transient relativistic jets.

Qualitatively, we can understand the reason for the softening in the LHS. Indepen-
dent of whether the inner disk of the accretion disk moves inward or not, as the source
becomes brighter more soft photons will be emitted by the disk. The photon input to
the Comptonizing medium will therefore increase. This will steepen the power-law
part of the Comptonization spectrum and will cool the population of electrons (see
Sunyaev & Titarchuck, 1980). On the contrary, during the HIMS, when the softening
is much more marked and the thermal disk starts to dominate, the increase in cutoff
energy and hence in temperature of the Comptonizing cloud can not be explained
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within this framework.
The softening can therefore be understood in terms of thermal comptonization, but

not the subsequent evolution. The idea that two varying powerlaw components, one
associated with a high-energy cutoff (thermal) and one without it (non-thermal), can-
not explain the high-energy cutoff evolution after the LHS to HIMS transition. The
behaviour seems to indicate that it is only one component that evolves. Therefore, a
simple disappearing of a thermal component and its replacement with a non-thermal
one is not a favored scenario. However, Del Santo et al. (2008) show that the HIMS
spectra from INTEGRAL observations indicate the presence of an additional com-
ponent to the thermal compton one, evidence of the presence of a non-thermal tail in
the distribution of the electrons. This tail could become dominant when approaching
the soft state, mimicking an increase in cutoff energy. We tried to simulate a spec-
trum from a model consisting of a cutoff-powerlaw (with the parameters found at the
LHS/HIMS transition) plus a simple powerlaw (with the parameters corresponding to
those of the SIMS and decreasing fluxes). We then fitted the simulated spectra with a
cutoff powerlaw: we found that the high-energy cutoff does not vary significantly in
response to the powerlaw addition. Therefore we can conclude that the non-thermal
powerlaw component, if present, does not influence the high-energy cutoff evolution.

3.5 Conclusions
The results presented above constitute an important measurement of the changes of
the broad-band X-ray spectrum of a BHT across the hard to soft state transition,
which is necessary for the development and testing of theoretical models. We have
presented RXTE observations of GX 339-4 which covered the first half of the out-
burst. We followed the source spectral evolution from the LHS through the HIMS and
the SIMS untill the HSS. Our detailed broadband spectral analysis showed that the
hard spectral component steepens during the transition from the hard to the soft state
and the high-energy cutoff varies non-monotonically and rapidly though the transi-
tions. The high-energy cutoff decreased monotonically from 120 to 60 keV during the
brightening of the hard state, but increased again to 100 keV during the softening in
the hard intermediate state. In the short-lived soft intermediate state the cutoff energy
was ∼ 130 keV, but was no longer detected in the soft state. The changes in the high-
energy cutoff were interpreted as a conseguence of the transitions. The high-energy
cutoff behavior is similar to what observed with RXTE-INTEGRAL-Swift during the
2005 outburst of GRO J1655-40. The transitions can also be seen in the photon index
evolution (see Fig. 3.6, fourth panel from the top). Even though the evolution of the
photon index across the transitions seem to be continuous we clearly see a change in
its trend. From our analysis it is clear that although the transition from the LHS to the
HSS is a process that takes days to weeks (see e.g. Belloni 2005, a sharp transition
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3. The evolution of the high-energy cut-off in GX 339-4

in the properties of fast time variability takes place on a much shorter time scales,
similarly to what happens to the high-energy cutoff. From what we have shown it is
clear that the transition in the properties of fast time variability corresponds also to a
change in the high-energy properties.
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3. The evolution of the high-energy cut-off in GX 339-4
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3.5 Conclusions

# kT (keV) R (Km) Γ Ec

22-23 0.98+0.07
−0.15 - 1.90+0.02

−0.04 61.3+5.5
−3.1

28-31 0.87+0.01
−0.01 38.6+6.7

−5.2 2.30 ± 0.02 92.1+12.8
−10.1

32, 45, 45, 50 0.87+0.01
−0.02 49.9+3.5

−3.4 2.48+0.02
−0.04 164.4+40.6

−26.7

33-44, 46, 48, 49 0.88+0.01
−0.01 61.3+3.6

−4.4 2.18+0.05
−0.03 146.0+34.4

−26.8

Table 3.4: Spectral parameters of spectra averaged across multiple observations (see text).
Columns are observation number, inner disc temperature, inner disc radius (assuming a dis-
tance of 8 kpc and an inclination of 60o) and a high-energy cut-off.

H SPL TD INT

LHS 17 - - 2

HIMS 4 3 - 7

SIMS - 3 - 1

HSS - 2 19 25

Table 3.5: Comparison between the two classificatin schemes of Belloni (2009) and McRem
(see text). In the first row we report the states of the McClintock & Remillard classification:
Hard (H), Steep Power Law (SPL), Thermal Dominated (TD) and Intermediate (INT); in the
first column we report the states of the classification we used: Low Hard State (LHS), Hard
Intermediate State (HIMS), Soft Intermediate State (SIMS), High Soft State (HSS). We see
that more than 40% of the observations results unclassified, that is belong to the Intermediate
state. The states coming from the two different classifications are also reported in Tab. 3.2.
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4 Fast variability as a tracer of
accretion regimes in black hole

transients

Teo Muñoz-Darias, Sara E. Motta, Tomaso M. Belloni

Monthly Notices of the Royal Astronomical Society, 2011, 410, 679

Abstract

We present the rms-intensity diagram for black hole transients. Using observations
taken with the Rossi X-ray timing explorer we study the relation between the root
mean square (rms) amplitude of the variability and the net count-rate during the 2002,
2004 and 2007 outbursts of the black hole X-ray binary GX 339-4. We find that the
rms-flux relation previously observed during the hard state in X-ray binaries does not
hold for the other states, when different relations apply. These relations can be used
as a good tracer of the different accretion regimes. We identify the hard, soft and
intermediate states in the rms-intensity diagram. Transitions between the different
states are seen to produce marked changes in the rms-flux relation. We find that one
single component is required to explain the ∼ 40 per cent variability observed at
low count rates, whereas no or very low variability is associated to the accretion-disc
thermal component.
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4. Fast variability as a tracer of accretion regimes

4.1 Introduction

Black Hole X-ray transients (BHTs) are observed in different states during their out-
burst evolution. They correspond to particular spectral and timing properties seen in
the observations. The physical interpretation of the states is still strongly discussed,
but they are probably associated with different accretion regimes. A hard state [his-
torically known as low/hard state (LHS)] is generally observed at the beginning and
at the end of the outburst. It is roughly characterized by a power-law shaped energy
spectrum with a photon index of ∼ 1.6 (2-20 keV) and a high level of aperiodic vari-
ability [root mean square (rms) amplitude above ∼ 30 per cent]. In the middle of the
outburst, the energy spectrum is dominated by a soft thermal component and almost
no variability is seen. During this soft state [historically known as high/soft state
(HSS)] a hard tail up to ∼ 1 MeV is also present (Grove et al. 1998). In contrast, a
high-energy cut-off ( ∼< 200 keV ) is observed in the LHS (e.g. Wilms et al. 2006;
Motta et al. 2009). From a physical point of view, the thermal component present in
the HSS is usually associated with emission from an optically thick accretion disc,
whereas the emission in the hard state is believed to arise from a ‘corona’ of hot elec-
trons, where seed photons from an optically thin accretion disc are up-Comptonized.
Synchrotron emission from a jet, which is known to dominate the radio and infrared
spectrum during the LHS (e.g. Fender 2006; Russell et al. 2006), could also have a
significant contribution to the hard X-ray emission (Russell et al. 2010).
In between these two ‘canonical’ states the situation is rather more complex. Hard-to-
soft and a soft-to-hard transitions are observed in relatively short time scales (hours/days)
as compared to the ones seen for the canonical states (weeks/months). During these
transitions, both timing and spectral properties change dramatically, leading to dif-
ferent states classifications (see e.g. Belloni 2010 for a review). Homan et al. (2005)
and Belloni (2005) (B05) identify two additional states, the hard-intermediate state
(HIMS) and the soft-intermediate state (SIMS) based on spectral and timing proper-
ties (see e.g Casella et al. 2004 for different types of QPOs). McClintock & Remil-
lard (2006) propose a more quantitative but model dependent classification, which
requires of a steep power-law state and an intermediate state in addition to the two
canonical states (for a comparison see Motta et al. 2009; hereafter M09).
A fundamental tool for studying the evolution of BHT is the hardness-intensity dia-
gram (HID), where the evolution of the spectral hardness as a function of the acretion
rate can be followed (see e.g. Homan et al. 2001). The hard–soft–hard usual evolu-
tion and the main transitions become apparent in the HID. The latter are usually not
associated with major changes in flux, with the final soft-to-hard transition occurring
at count-rates ∼ one order the magnitude lower. While the HID provides a general
description of the BHT evolution, it is not enough for detailed studies (e.g. it is not
able to establish with accuracy when the main transitions occur). Complementary
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4.1 Introduction

Figure 4.1: Rms-intensity diagram for the 2002, 2004 and 2007 outbursts of GX 339-4.
Dotted lines represent the 1, 5, 10, 20, 30 and 40 per cent fractional rms levels. The grey
area marks the part of the diagram where solely type-B QPOs (Casella et al. 2004) are seen.
The dashed line joins two consecutive observations separated by 33 days due to observability
constraints. The cross corresponds to the first observation of the 2007 outburst.

tools like power density spectra (PDS), the hardness-rms correlation (e.g. B05), and
multiwavelength observations are used for a more complete description of the dif-
ferent states and transitions. In this letter we present a new tool, the rms-intensity
diagram, which allows one to map BHT states by only looking at the evolution of
count-rate and rms (i.e. without spectral information). As a first step we have stud-
ied the case of the BHT GX 339-4, in which detailed observing campaigns have been
performed during the multiple outburst observed with the Rossi X-ray timing explorer
(RXTE).
GX 339-4 is a low mass x-ray binary (LMXB) harbouring a > 6 M$ accreting black
hole (Hynes et al. 2003; Muñoz-Darias et al. 2008). Since its discovery (Markert
et al. 1973) the system has undergone several outburst, becoming one of the most
studied X-ray transient. The intense monitoring carried out by RXTE during the
2002, 2004 and 2007 outburst has yielded detailed studies on the evolution of black
hole states along the outburst (see e.g. B05). Here, we use this rich data set to study
the evolution of the flux and variability along the outburst.
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4. Fast variability as a tracer of accretion regimes

4.2 Observations
We have used all the RXTE public archival observations from the 2002 (206), 2004
(295) and 2007 (239) outburst of GX 339-4. For the analysis we have considered
only the data from the Proportional Counter Array (PCA). GOODXENON, EVENT

and SINGLE-BIT data modes are used for the variability. Count-rates have been com-
puted using PCA Standard 2 mode data corresponding to the PCU unit #2. The anal-
ysis has been performed using HEASOFT V. 6.7. and custom timing software running
under IDL.

4.3 The rms-intensity diagram for the 2007 outburst
The rms-intensity diagram (RID) for the 2007 outburst of GX 339-4 is presented
in Fig.4.1 as filled dots. For each observations net count rate corresponds to PCA
channels 0–35 (2–15 keV). Only entire RXTE observations are initially considered,
i.e. every dot corresponds to one observation. Power density spectra (PDS) for each
observation have been also computed using the procedure outlined in Belloni et al.
(2006). We have used stretches 16 s long and the same energy selection as for the
count rate. Total power was computed within the frequency band 0.1–64 Hz and the
fractional rms calculated following Belloni & Hasinger (1990). The absolute rms
displayed in the diagram (Fig.4.1) is obtained by multiplying fractional rms by net
count-rate (PCU #2) for each observation. The black solid line joins observations
contiguous in time starting from the observation marked with a cross (i.e. obser-
vation #1). We find that the source describe a continuous hysteresis pattern in the
anticlockwise direction. Four different regions can be distinguished in this diagram.

4.3.1 The hard line
Starting from the first observation (cross in Fig.4.1) and following the solid line we
see rms increasing with count rate. This linear trend is seen during the first 18 obser-
vations (i.e. ∼ 40 days). Following the state classification reported by Motta et al.
(2009), all these observations belong to the canonical LHS. In the context of this
digram we will call this linear relation ‘hard line’ (HL). A continuous increase in
hardness (M09) is observed during this HL. Weak, type-C QPOs appear in the PDS
of the observations corresponding to the upper part of the HL without modifying the
rms-flux relation. They become strong once the system shows fractional rms of ∼ 30
per cent, and it is close to abandon the HL. In Fig. 4.2 we plot the RID but using
fractional instead of absolute rms. In this representation the HL we see in Fig. 4.1
corresponds to the first 18 points starting from the cross, where fractional rms drops
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4.3 The rms-intensity diagram for the 2007 outburst

Figure 4.2: Same as Fig.4.1 but using fractional instead of absolute rms. Using this repre-
sentation it is also possible to define a region where only type B QPOs are present.

from 40 to 30 percent.

4.3.2 State transitions

From observation #19 to #23 (∼ 3 days), the rms starts to decrease, whereas the flux
is still increasing. Therefore, the system abandons the HL and follows a different
linear relation. From observation #24 to #29 (∼ 3 days) rms a sudden increase in
count rate is observed whereas rms is almost constant within ∼4 counts s−1. The
spectral fits performed by M09 require of a thermal black-body component from
observation #25 (see Fig. 4.1). Thus, we associate this increase in flux at constant
rms to the appearance (2-15 keV band) of an optically thick accretion disc with a very
low variability level.

Until observation #32, type-C QPOs are observed in the corresponding PDS. From
observation #32 to #33 the rms decreases dramatically, crossing the 10 per cent frac-
tional rms line. A type-B QPO is observed in the PDS. Although the change in rms
is major, the observations are only separated by ∼ 1 day.
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4. Fast variability as a tracer of accretion regimes

Figure 4.3: Same as Fig.4.1 but using a log-log scale. The adjacent hard line (AHL) and
the hard line at lower count rate becomes evident. The presence of a flux component with no
variability is ruled out (see Sec. 4.6). Dotted lines represent the same fractional rms levels as
in Fig.4.1.

4.3.3 The soft branch
From observation #34, the rms is below ∼ 5 per cent and the count rate fades from
∼ 1300 to ∼ 100 cts s−1. A linear relation can be observed, but much more scattered
than during the HL (see Fig. 4.1). This new relation is followed by the system during
the canonical soft state (M09).
A sudden increase in rms is also observed during four observations. Three of these
cross the ∼ 10 per cent line and show type-C QPOs whereas a type-B is observed for
the other. Observations with type-A QPOs are not well differentiated from the soft
branch. However, some of them are placed close or slightly above the 5 per cent rms
line, which roughly delimits the soft branch (see also Fig. 4.2).

4.3.4 Soft-to-hard transition. The adjacent hard line
Fig. 4.3 shows the RID in log-log scale, where a monotonic rms increase is observed
at constant flux (∼ 100 cts s−1) from the bottom of the soft branch. Once the rms
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4.4 The 2002 and 2004 outburst

cross the ∼ 20 per cent level a linear decrease in rms and flux towards the HL is
observed. During this adjacent HL (see note in Fig. 4.3 ) PDS are the typical of the
LHS, although the spectral color is softer (i.e. hardness is lower) than the observed
during the HL.

4.4 The 2002 and 2004 outburst
In Figs. 4.1, 4.2 and 4.3 the RID corresponding to the 2002 and 2004 outburst are
shown as open triangles and open dots, respectively.

• The 2002 RID is similar to the 2007 one (as in the case of the HID). The system
leaves the HL roughly at the same position and an increase in flux at ∼ constant
(absolute) rms is also seen in the region where the accretion disc is observed
by M09 during 2007. Homan & Belloni (2005) performed a multiwavelength
campaign during the 2002 outburst. They find that the optical and near infrared
properties of GX 339-4 change on MJD 52398, which correspond to the first
observation outside of the HL (see Fig. 4.1). Belloni (2005) also identify this
observation as the first one belonging to the HIMS (i.e. non LHS).

• The 2004 ourburst is fainter and therefore its absolute rms is also significantly
lower. In this case the variability does not decrease when the system leaves the
HL, but increases with flux following a different linear relation. A clear feature
related with the appearance of a thermal disc in the spectrum is not observed,
suggesting a weaker disc component. Flux finally increases as rms decreases
until the systems reach the soft branch. After a long permanence in this branch
rms increases up to ∼ 20 per cent and goes back to the HL following the same
adjacent HL observed in the other two outbursts.

The HL is identical for the three outbursts, independent of the maximum flux
reached. We also observe this behaviour in the BHT H1743-322 (Muñoz-Darias
et al. in prep). The soft branch is also very similar between the three outbursts, ly-
ing within the ∼ 1 − 5 per cent fractional rms region. We notice that observations
just outside this region contains fast state transitions (see Nespoli et al. 2003; Casella
et al. 2004). A detailed state classification in this region of the diagram is beyond the
scope of this work.

It is also possible to define a region of the diagram (count rate∼> 400 counts s−1

and ∼ 7−10 per cent fractional rms) where only observations showing type-B QPOs
(grey region in Fig. 4.1 and Fig. 4.2) are seen. These observations must be classi-
fied as SIMS according to Homan et al. (2005). We also identify two observations
(70110-01-47-00 and 70108-03-02-00) with fainter B QPOs at lower fractional rms
than the region. A more detailed analysis of these data shows that the type-B QPO is
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4. Fast variability as a tracer of accretion regimes

Figure 4.4: Soft (PCA 0-13; 2-6 keV) and hard (PCA 14-35; 6-15 keV) rms-intensity dia-
grams for the 2007 outburst of GX 339-4 plotted in log-log scale. The dotted lines represent
the same fractional rms levels as in Fig.4.1. Since an accretion disc component is detected
in the energy spectrum (Motta et al. 2009; see arrows in the plot), the fractional rms level
becomes higher in the hard band. the first observation showing a type-B QPO is indicated
with a star. Crosses indicate the first observation.

only present in part of the observation, with rms being the expected for the QPO B
region.

4.5 Hard/soft rms-intensity diagrams
With the aim of tracing the evolution of soft and hard variability we have computed
the RID using soft (PCA 0-13; 2-6 keV) and hard (PCA 14-35; 6-15 keV) bands
for the three outburst. These energy ranges can be selected independently of the
observing mode in which data were taken, and allow us to cover the whole evolution
of the three outbursts. In Fig. 4.4 the soft and hard RID are plotted for the 2007
outburst as open circles and open triangles, respectively. It is clear that both RIDs
show the same HL, where fractional rms drops from 40 to 30 percent rms as the
system becomes brighter. This is expected since is well-known that rms is weakly
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energy dependent (2-20 keV) during the LHS (see e.g. Muñoz-Darias et al. 2010a for
the cases of XTE J1752-223 and Cyg X-1). Differences arise when the system leaves
the HL (observation #18; 92035-01-02-04):

• During the next five observations the hard RID shows a decrease in rms at
constant count-rate. Then, once the disc component appears in the spectrum
(M09; see arrow in Fig. 4.4), a constant decrease in flux and rms following the
20 per cent line is seen until the type-B QPO appears (#33; star in Fig. 4.4).
For the same observations an increase of flux at constant rms is observed in the
soft RID.

• Since the disc component is detected by M09 (see arrows in Fig. 4.4) , more
fractional rms is seen systematically at higher energies, even at the very bottom
of the soft branch.

On the other hand, the same adjacent HL is observed for both RID, as expected for
LHS observations with flat rms spectra.

4.5.1 The 2002 and 2004 outburst
The behavior observed during the 2002 outburst (not shown here) is similar to the
one described above. During 2004, the vertical rise after leaving the HL is much less
evident in the soft RID, suggesting weaker accretion disc component. The decrease in
rms at constant flux is neither observed in the hard RID, although the decay following
the 20 per cent rms line is seen.

4.6 Discussion
During the outburst evolution of BHT different accretions regimes are present. They
yield the different states that we see when looking at the X-ray emission arising from
these systems. In each one of these states, one or more physical mechanisms (e.g.
thermal or non-thermal Comptonization in the corona, synchrotron emission from a
jet, thermal emission from an accretion disc) play a role. The relative contribution
of these mechanisms can be studied using energy spectra, but also by analysing the
particular variability they prompt in the light-curves. In this work we have shown that
the evolution of the fast variability (0.1-64 Hz) can be used as a good tracer of the
different accretion regimes in black hole binaries. This would be impossible in case
the variability associated with the different spectral components were similar. In-
deed, we find evidence for the presence of highly variable and an almost non variable
components in the lightcurves of GX 339-4:
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• A sharp, linear relation between absolute rms and flux is observed at the be-
ginning and at the end the three ourburst of GX 339-4 we have studied. This
has been observed before by Gleissner et al. (2004) in Cyg X-1 during LHS
observations. During these epochs, flux variations are probably tracing ac-
cretion rate variations and therefore rms is probably correlated with accretion
rate. The rms-flux relation was firstly observed by Uttley & McHardy (2001)
at much shorter time scales (∼ 10 s) than the ones presented here (∼ 1 ks).
As a test we have studied the short term variations of the rms-flux relation by
dividing the lightcurve in 32 s segments for the first and the last HL observa-
tions (2007 outburst). In both cases we also found a linear relation, with the
fractional rms being consistent with the average of the entire observation. We
note that a detailed study on these short-term variations is beyond the scope of
this work.
Uttley & McHardy (2001) found that the extrapolation of the rms-flux re-
lation was consistent with no variability at lower count rates than the ones
they studied. This supports the presence of two different component in the
lightcurves. GX 339-4 offers the opportunity to study this linear relation over
a much broader flux range. Consistently with the found by Gleissner et al.
(2004) by extrapolating the relation they obtain for Cyg X-1, we do not see
remaining flux when the rms is close to zero (see Fig. 4.3), thus our results
are consistent with the presence of one component solely responsible for the
variability at low count rates. Indeed, the system reaches its maximum vari-
ability level when this component dominates the spectrum. However, in the
upper part of the HL, where Uttley & McHardy (2001) perform their study, the
fractional rms decreases from 40 to 30 per cent. This could be associated with
the presence of a second, less variable component.

• We find strong evidence for the presence of an extra component associated with
the appearance of thermal emission in the energy spectrum of the source. This
accretion disc component is not variable or varies very little. Its signature (i.e.
flux increase at constant rms) is clearly seen in the 2002 and 2007 outburst
once the systems leaves the HL. As expected, this becomes more evident if
one only considers the 2-6 keV band (see Fig. 4.4). Indeed, The fractional
variability of the system is lower at lower energies from the first observation in
which the thermal component is detected until it returns to the LHS at the end
of the outburst.

• The behaviour of the hard (6-14 keV) RID is complex. Once the system leaves
the HL, a decrease in rms at constant flux is observed, suggesting that the prop-
erties of the physical mechanism that drives the hard emission are different.
This could be explained by invoking a change in the properties of the corona

92



4.6 Discussion

or the base of the jet. For instance, the high energy cut-off is observed to in-
crease during the hard-to-soft transition (M09), which could be interpreted in
terms of a cooling of the corona (see M09 and reference therein for details).
It is remarkable that very few observations show fractional rms∼< 5 per cent
in the hard band, suggesting that an underlying variable component (probably
associated to power-law emission) is present even during the soft state (see Fig.
4.4).

The different rms-flux relations outlined above enable to perform a state classifi-
cation of the different observations using the rms-intensity diagram. The following
states can be identified using the description by Homan et al. (2005):

• Hard line observations corresponds to the LHS, with rms in the range ∼ 30–
40 per cent. During these observations PDS are qualitatively similar between
each other, and can be fitted by using several broad Lorentzians (see e.g. Fig.
3 in Belloni 2005, where the three upper PDS correspond to observations at
the beginning, the middle and the end of the HL during the 2002 outburst). We
associated the sharp changes we see in the rms-flux relation at the end of the
HL to the transition to and from the HIMS. This is supported by spectral and
timing changes (e.g. M09, B05) and particularly by the coincidence in time
between the drop we see in rms and that observed in optical and infrared by
Homan & Belloni (2005).

• During the HIMS, the rms is observed to drop from ∼ 30 to 10 per cent. The
presence of the accretion disc in the spectrum is detected when the fractional
rms is ∼ 20 per cent. We note that this point marks the transition between the
hard and the steep power-law or intermediate states according to McClintock
& Remillard (2006) (see M09). However, the major transition seems to occur
before, when the system left the HL.

• Soft-state observations are observed to follow a different rms-flux relation,
consistent with the results obtained by Gleissner et al. (2004) using relatively
soft observations of Cyg X-1. The soft state in GX 339-4 is much softer than
in Cyg X-1 and a soft branch very different from the HL is clearly seen in
the RID. It shows a variability level lower than ∼ 5 per cent and much more
scatter than the HL. This suggest fast changes in (at least) one of the spectral
components of the lightcurve.

• We find that between ∼ 7 − 10 per cent fractional rms only type-B QPOs
are observed (grey regions in Fig. 4.1 and 4.2). They are SIMS observations
according to Homan et al. (2005) and our diagram suggest that this kind of
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oscillations could follow a particular rms-flux relation. We note that transitions
between soft and SIMS are very fast, which result in hybrid observations where
timing properties are not constant. Thus, an accurate state classification close
to the ∼ 5 per cent rms line is in some cases not compatible with using entire
1-3 ks observations.

• An adjacent hard line is observed at the end of the three outbursts. Observations
during this adjacent HL show PDS typical of the LHS but with a slighly softer
spectrum than that of the HL. Why this other linear relation, not seen when
the systems leaves the HL, is present is unclear. It could suggest the presence
of new components (see Russell et al. 2010) or the total absence of any of the
components (e.g. accretion disc) observed during the flux rise phase at the
beginning of the outburst.

4.7 Conclusions
We have proved that the evolution of the fast variability can be used as a good tracer
of the different accretion regimes in black hole binaries. In particular, we find that
apart from the linear rms-flux found during LHS, different relations are followed by
black hole binaries during the soft and intermediate states.
In this work we have presented the rms-intensity diagram, showing that it is possible
to associate the different regions of this diagram to the different states observed in
black hole transients. Transitions can also be identified thanks to the marked changes
they produce in the diagram. The application of this new tool to other systems and
its interpretation will provide new insights in our understanding of the physical pro-
cesses that take place during accretion episodes in X-ray binaries.
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Abstract

We analyzed RXTE/PCA and HEXTE data of the transient black hole binary GX
339-4, collected over a time span of eight years. We studied the properties and the
behavior of low frequency quasi periodic oscillations (QPOs) as a function of the
integrated broad-band variability and the spectral parameters during four outbursts
(2002, 2004, 2007, 2010). Most of the QPOs could be classified following the ABC
classification that has been proposed before. Our results show that the ABC classifi-
cation can be extended to include spectral dependencies and that the three QPO types
have indeed intrinsically different properties. In terms of the relation between QPO
frequency and power-law flux, type-A and -C QPOs may follow the same relation,
whereas the type-B QPOs trace out a very different relation. Type-B QPO frequen-
cies clearly correlate with the powerlaw-flux and are connected to local increases of
the count rate. The frequency of all QPOs observed in the rising phase of the 2002,
2007 and 2010 outburst correlate with the disk flux. Our results can be interpreted
within the framework of recently proposed QPO models involving Lense-Thirring
precession. We suggest that type-C and -A QPOs might be connected and could be
interpreted as being the result of the same phenomenon observed at different stages
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of the outburst evolution, while a different physical process produces type-B QPOs.
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5.1 Introduction

Quasi-periodic oscillations (QPOs) have been discovered in many systems and are
thought to originate in the innermost regions of the accretion flows around stellar–
mass black holes. Low-frequency QPOs (LFQPOs) with frequencies ranging from a
few mHz to ∼10 Hz are a common feature in almost all black hole X-ray binaries
(BHB) and were already found in several sources with Ginga and divided into dif-
ferent classes (see e.g. Miyamoto & Kitamoto 1991 for the case of GX 339-4 and
Takizawa et al. 1997 for the case of GS 1124-68). Observations performed with the
Rossi X-ray Timing Explorer (RXTE) have led to an extraordinary progress in our
knowledge on properties of the variability in BHBs (see van der Klis 2006, Remillard
& McClintock 2006, Belloni 2010 for recent reviews) and it was only after RXTE was
launched that LFQPOs were detected in most observed BHBs (see van der Klis 2004,
Remillard & McClintock 2006). Three main types of LFQPOs, dubbed types A, B,
and C, originally identified in the Power Density Spectra (PDS) of XTE J1550-564
(see Wijnands et al. 1999; Homan et al. 2001; Remillard et al. 2002), have been seen
in several sources.

The systematic variations in the energy spectra of transient BHBs can be identified
in terms of a pattern described in an X-ray hardness-intensity diagram (HID) (see
Homan et al. 2001; Homan & Belloni 2005; Belloni et al. 2005, Belloni 2010). In
many black hole candidates (BHC), different states are found to correspond to dif-
ferent branches/areas of a q-shaped HID pattern. Four main bright states (in addition
to the quiescent state) have been identified in these sources, based on their spectral
and timing properties (for a review Homan & Belloni 2005; McClintock & Remillard
2006; Belloni 2010). In particular, the analysis of the fast timing variations observed
in the PDS plays a fundamental role in the state classification (see Homan et al. 2005,
Belloni 2010).

Even though the general evolution and the main transitions become apparent in
the HID, providing a general description of the BHB evolution, it is not enough for
detailed studies. Many observed properties change smoothly throughout the basic
diagrams (HID, see e.g. Homan et al. 2001; rms vs. hardness diagram, see e.g. Bel-
loni 2010; rms-intensity diagram, see Muñoz-Darias et al. 2011), but some do not.
It is the inspection of the fast-variability properties which indicates the presence of
abrupt variations that can be taken as landmarks to separate different states. In prox-
imity of the HIMS/SIMS transition timing properties (in particular the appearence of
different types of QPOs in the PDS) constitute the sole way to distinguish between
HIMS/SIMS/HSS given the absence of differences in the spectral shape.

The different types of QPOs are currently identified on the basis of their intrinsic
properties (mainly centroid frequency and width, but energy dependence and phase
lags as well), of the underlying broad-band noise components (noise shape and total
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variability level) and of the relations among these quantities. Despite LFQPOs being
known for several decades, their origin is still not understood and there is no consen-
sus about their physical nature. However, the study of LFQPOs provides an indirect
way to explore the accretion flow around black holes (and neutron stars). In particu-
lar, their association with specific spectral states and their phenomenology suggests
that they could be a key ingredient in understanding the physical conditions that give
origin to the different states.

Several models have been proposed to explain the origin and the evolution of
LFQPO in X-ray binaries. The geometry described in Esin et al. (1997) and Done
et al. (2007) allows to explain the spectral evolution seen in BHBs and forms the basis
for the LFQPO model proposed by Ingram et al. (2009), Ingram & Done (2010) and
Ingram & Done (2011), which invokes Lense-Thirring precession. We shall refer to
this model as the precession model. For the case of the neutron star source 4U 1728-
34, Titarchuk & Osherovich (1999) show that LFQPO frequency is associated with
radial oscillations in the boundary layer and the break frequency associated to the
broad band noise in the PDS is determined by the characteristic diffusion time of the
inward motion of the matter in the accretion flow. Tagger & Pellat (1999) associate
the existence of LFQPO in X-ray binaries to an instability occurring in the inner part
of disks threaded by a moderately strong vertical poloidal magnetic field.

In this paper, we examine the QPO parameters and compare them with the results
of a complete spectral analysis. Since the presence and the properties of QPOs in
BHBs are related to the spectral characteristics of the source, our goal is to identify
the link between the spectral and fast timing variability properties and to highlight
possible physical differences between the three types. The precession model explains
both the type-C QPO frequencies and the presence of the associated broad-band vari-
ability (see also Tagger & Pellat 1999 for an alternative in the case of BHs) and most
of spectral properties. For this reason, given the success of this model to explain
many of the observed properties we will interpret our results in the context of the
precession model and we will attempt to extend its predictions to the three types of
QPOs.

5.1.1 GX 339-4
GX 339-4 is a Low Mass X-Ray Binary (LMXB) harboring a > 6M$ accreting black
hole (Hynes et al. 2003; Muñoz-Darias et al. 2008). Since its discovery (Markert
et al. 1973), the system has undergone several outbursts, becoming one of the most
studied X-ray transients. The intense monitoring carried out by RXTE during the
2002, 2004, 2007 and 2010 outburst has yielded detailed studies on the evolution of
black hole states throughout the outburst (see e.g. Belloni et al. 2005), making the
source an ideal candidate for an extensive study on the spectral-timing properties of
BHBs. Here, we use this rich data set to study the relation between the spectral and
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Figure 5.1: Examples of type A, B and C QPOs from our GX 339-4 observations. The
centroid peak is indicated. Upper panel: Obs. 92085–01–02–06. Middle panel: Obs. 95409-
01-15-06. Bottom panel: Obs. 70109-04-01-01). The Poisson noise was not subtracted.

variability properties of GX 339-4 across the different outbursts.

5.2 Observations and data analysis
We examined 1007 RXTE public archival observations of GX 339-4 from 2002,
2004, 2007 and 2010 outburst and selected for our analysis only observations where
somewhat narrow (i.e. Q ≥ 2) feature was identifiable on top of peaked or power-
law shaped noise components. The selection has been done by eye, then we fitted
the PDS (see below) and non-significant (below 3σ) detections were excluded from
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Figure 5.2: Top panel: HID for the 2002, 2004, 2007 and 2010 outburst of GX 339-4. Each
point represents a single RXTE observation. Blue stars mark Type-C QPOs, red squares
mark Type-B QPOs and green triangles mark Type-A QPOs. Black dots mark all the other
RXTE observations of GX 339-4 that do not show low-frequency QPOs. Bottom panel:
corresponding Rms-hardness diagram. Empty triangles stand for upper limits.

the subsequent analysis. A total of 115 observations and 117 oscillations have been
considered.

The RXTE data were obtained in several simultaneous modes. STANDARD 2 and
STANDARD modes for the PCA and HEXTE instruments respectively were used to
create background and dead time corrected spectra. We extracted energy spectra from
PCA and HEXTE for each observation using the standard RXTE software within
HEASOFT V. 6.9. Only Proportional Counter Unit 2 from the PCA was used since
only this unit was on during all the observations. A systematic error of 0.6% was
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Figure 5.3: RID for the 2002, 2004, 2007 and 2010 outburst of GX 339-4. The symbols
follow the same criteria as in Fig. 5.2

added to the PCA spectra to account for residual uncertainties in the instrument cali-
bration1. For 2002, 2004 and 2007, we used only data coming from HEXTE/Cluster
B, which was correctly working in that period. Since HEXTE/Cluster B encoun-
tered technical problems at the end of 2009 2, we decided to use data coming from
HEXTE/Cluster A to analyze observations taken subsequently. We followed the
standard procedure described in the RXTE cookbook3 to produce source and back-
ground spectra, using data coming from HEXTE/Cluster B to produce a preliminary
background from which we derived a background spectrum to be used together with
HEXTE/Cluster A spectrum.

We accumulated background corrected PCU2 rates in the Standard 2 channel bands
A = 4 - 44 (3.3 - 20.20 keV), B = 4 - 10 (3.3 - 6.1 keV) and C = 11 - 20 (6.1 - 10.2

1http://www.universe.nasa.gov/xrays/programs/rxte/pca/doc/rmf/pcarmf-11.7 for a detailed discus-
sion on the PCA calibration issues.

2http://heasarc.gsfc.nasa.gov/docs/xte/xhp new.html
3http://heasarc.gsfc.nasa.gov/docs/xte/recipes/hexte.html
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keV). A is the total count rate, while the hardness was defined as H = C/B (Homan &
Belloni 2005).

PCA+HEXTE spectra were fitted with XSPEC V. 11 in the energy range 4 - 40
keV4 and 20-200 keV respectively for data taken in 2002, 2004 and 2007 outbursts.
For HEXTE spectra produced from data collected during 2010 we considered only
the 20 - 150 keV spectral band. The reason for this was to exclude the harder part of
the spectra that in some cases was affected by systematic problems due to an incorrect
estimation of the background. For the same reason we ignored the energy range 50 -
80 keV, where line-like residuals can be found in the spectral fits5.

We calculated unabsorbed fluxes for different spectral components from the best
fit to the energy spectra (see Sec. 5.2.2). We measured the total flux between 2.0
and 20.0 keV and the disk flux between 2 and 20 keV. We also measured the power-
law flux in the 6 - 20 keV energy band. Since the spectral deconvolution can be
problematic, we choose this energy interval to avoid contamination due to the confu-
sion between disk and power-law component at lower energies. All the fluxes were
normalized by the Crab flux in the respective energy bands in order to correct the
fluctuations due to the variations in the instrument properties. For each outburst we
used a Crab spectrum coming from an observation as close as possible to the central
part of the outburst. The fluxes used for the correction are summerized in Table 5.1.

For our timing analysis, we used GOODXENON, EVENT and SINGLE BIT data
modes. We used custom software under IDL and for each observation we produced
power density spectra (PDS) from stretches 16 seconds long in the channel band 0-35
(2-15 keV). We averaged the PDS and subtracted the contribution due to Poissonian
noise (see Zhang et al. 1995). The PDS were normalized according to Leahy et al.
(1983) and converted to square fractional rms (Belloni & Hasinger 1990). The in-
tegrated fractional rms was calculated over the 0.1 - 64 Hz band. PDS fitting was
carried out with the standard XSPEC fitting package by using a one-to-one energy-
frequency conversion and a unit response. Following Belloni et al. (2002), we fitted
the noise components with three broad Lorentzian shapes, one zero-centered and
other two centered at a few Hz. The QPOs were fitted with one Lorentzian each, only
occasionally needing the addition of a Gaussian component to better approximate the
shape of the narrow peaks and to reach values of reduced χ2 close to 1. We examined
PDS in the form of dynamical power density spectra (DPDS), computing Fast Fourier
Transforms of windows of data 16s long. In some cases we used shorter time win-
dows to better follow the evolution of a narrow feature. Where transitions between
different power spectral shapes were seen, we separated different time intervals in

4In principle it is possible to fit RXTE/PCA spectra starting from 3 keV. However, especially with
sources affected by low interstellar absorption, when fitting energy spectra residuals that cannot be
explained can appear. Therefore we decided to fit spectra starting from 4 keV.

5See http://heasarc.gsfc.nasa.gov/docs/xte/whatsnew/ for details.
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Observation ID 2 - 20 keV flux 6 - 20 keV flux Outburst

erg/s/cm2 erg/s/cm2

70018-01-03-00 3.51E-08 1.72E-08 2002

90129-02-01-00 3.44E-08 1.69E-08 2004

92802-03-06-01 3.40E-08 1.65E-08 2007/2010

Table 5.1: Crab fluxes used for the flux correction described in Sec. 5.2. Columns are: Crab
observation ID, flux measured in the 2 - 20 keV band, flux measured in the 6 - 20 keV band,
outburst the correction was applied to.

order to obtain average power spectra for each shape.

5.2.1 The QPO classification
We have classified the QPOs following Casella et al. (2004). The properties that
allow one to classify the QPOs are the quality factor (Q = νcentroid/FWHM ) and
the shape of the noise associated with the oscillation. Frequency does not allow a
classification, as the characteristic frequency intervals where the three types of QPOs
appear largely overlap, nor does the rms. Casella et al. (2004) and Muñoz-Darias
et al. (2011) quantify the noise level associated to the QPOs in terms of the total6

fractional rms (0.1-64). We could classify ∼98% of the QPOs of GX 339-4 (see
5.3.1). In Table 5.3 we summarize the QPOs classification and in Fig. 5.1 we report
one example for each type of QPO.

In Figure 5.2 we show the HID of GX 339-4 (top panel) and the rms versus hard-
ness diagram (bottom panel, see Belloni 2010) and in Fig. 10.2 we show the rms-
intensity diagram, including all the RXTE observations collected during 2002, 2004,
2007 and 2010 outbursts. Type-A, -B, -C QPOs are marked with green triangles, red
squares and blue circles respectively. The HID is tracked counterclockwise, starting
from the bottom right corner of the track. The upper and lower horizontal branches in
the HID roughly correspond to the HIMS and SIMS, while the right and left vertical
branches correspond respectively to the LHS and HSS. We will refer to the first part
of the loop (from the right vertical branch to the left end of the top horizontal branch)
as softening phase of the outburst and to the last part (from the left end of the bottom
horizontal branch back to the right vertical branch) as to the hardening phase.

In the following we summarize the results of the ABC classification applied to our
sample.

Type-C QPO - In the early stages of all the four outbursts of GX339-4 (late LHS

6We refer to the total fractional rms as to the rms measured on the whole PDS.

103



5. Low frequency oscillations in GX 339-4

and HIMS, see Tab. 5.3 for details), two main components can be identified
in the PDS: a strong flat-top noise and one or more QPO peaks. When more
than one peak is observed, the peaks are harmonically related. The strongest
and narrowest peak, which is usually the central one, is taken as the fundamen-
tal. When the identification of the fundamental remained difficult because of
the presence of strong harmonic peaks, we followed the evolution of the PDS
shape for the selection. In Tab. 5.4 we report parameters for the strongest peak
in the PDS.The QPO is usually strong and narrow (Q ≥ 6) and the centroid
frequency varies in the 0.2-9 Hz range. Only in some cases, when the oscil-
lations are weak and appear at very low frequencies, the Q-factor is slightly
lower than 10. The addition of a Gaussian component to the multi-Lorentzian
model is required in a few observations in order to better approximate the peak
shape. Type-C QPOs are observed also in the late stages of all the outbursts.
We refer to type-C QPOs observed in the lower branch as type-C∗. The PDS
shows a noise component in the form of a broad Lorentzian and a QPO peak
broader than at the beginning of an outburst. During the 2002 outburst, the
type-C∗ QPOs frequencies span the 4-9 Hz range, while in the 2004 only one
Type-C∗ QPO (at ∼ 3 Hz) is observed. In the 2007 outburst Type-C∗ QPOs
are seen in a slightly lower frequency interval (2-4 Hz). A second harmonic
peak is sometimes present in the PDS. Even though the Type-C∗ QPO cen-
troid frequency ranges, rms properties and Q-values are different from the case
of Type-C QPOs, it is possible to demonstrate that the properties of the two
kinds of QPOs are continuously connected when ordered for increasing QPO
frequency (see Sec. 5.3; see also Casella et al. 2005).

Type-A QPO - Type-A QPOs are observed in 2002 and 2004 during the SIMS,
when the flux of the source is close to its maximum. The PDS show a broad
QPO (Q ≤ 3) with centroid frequency between 7.1 and 8.1 Hz associated to a
weak power-law noise. Neither a subharmonic nor a second harmonic is ob-
served. The PDS showing a Type-A QPOs have the lowest total fractional rms
values of the sample.

Type-B QPO - They are observed in the SIMS and the oscillations that appear in
the PDS (Q ≥ 6) are observable in the frequency ranges 0.8-6.4 Hz. All the
type-B QPOs seen at low frequencies (i.e. below ∼ 3 Hz) belongs to the lower
branch in the HID, while all the QPOs at higher frequencies are observed in the
upper branch in the HID. The noise seen in the PDS is weak and the QPO peak
shape is often more similar to a Gaussian rather than a Lorentzian, therefore
we had to combine both components (Gaussian + Lorentzian) to obtain better
fits. A weak second harmonic is often present in the PDS. Sometimes the hint
of a sub-harmonic appears.
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5.2.2 Spectral Analysis

In order to obtain good fits and acceptable physical parameters, a model consist-
ing of an exponentially cut off power law spectrum reflected from neutral material
(Magdziarz & Zdziarski 1995) was used (pexrav in XSPEC). The reflection param-
eter was left free to vary, while the inclination angle was fixed at 30 degrees (notice
that the results only weakly depend on the inclination value assumed). A multi-color
disk-blackbody (diskbb) was added to the model and a Gaussian emission line
with centroid allowed to vary between 6.4 and 6.7 keV was further needed in order
to obtain acceptable fits. The line width was constrained between 0.1 and 1.0 keV to
prevent artificial broadening due to the response of XTE/PCA at 6.4 keV. The hydro-
gen column density (wabs), was frozen to 0.5 × 1022cm−2(Zdziarski et al. 2004).
The addition of an iron edge, justified by the presence of the iron line, does not im-
prove the fits significantly. In Table 5.4 we show the relevant spectral parameters for
the best fits.

Where Type-C QPOs are detected, the photon index is seen to rise from ∼1.5 to
∼2.8 and back to ∼1.5 as a function of time, consistently with what previously ob-
served (see e.g. Motta et al. 2009). Following the loop in the HID the source becomes
soft while approaching the HSS and subsequently becomes hard again going back to
the LHS. As a consequence the photon index increases, remains almost constant (be-
tween ∼2.6 and ∼2.8) for a while and then decreases. When Type-A and B QPOs
(during the softening phase) are seen in the PDS, the photon index is at its maximum.
When type-B QPOs are observed in the hardening phase, they are associated to lower
values of the photon index. Indeed, the spectra from SIMS observations in the hard-
ening phase always show systematically lower photon indices. For a detailed analysis
of the transitions between soft and hard state in GX 339-4 during 2010 outburst, see
Stiele et al. (2011). The photon index also correlates with the LFQPO frequency, as
was already noticed by Vignarca et al. (2003) in the cases of GRS 1915+105, GRO
1655-40, XTE J1550-564, XTE J1748-288 and 4U 1630-47. The same behavior was
observed in H1743-322 by McClintock et al. (2009). All type-C QPOs follow the
same relation rather than several branches depending on the outburst. Type-C and
type-B QPOs also overlap quite well covering the same photon index interval.

The parameters associated to the iron line and to the reflection components do not
show any clear correlations with the presence of the different types of QPOs and/or
particular states.

As one can see from Table 5.4, not all the components of the model are present
in all the observations. In all the observations where a Type-B or Type-A QPO is
detected, a disk component (diskbb) is visible in the spectrum. When the Type-C
QPOs are detected at hardness larger than 0.6 no disk component is observed. The
disk appears at hardness 0.2 - 0.6 during the softening phase. During the hardening
phase a disk component was needed only in some of the spectra from 2002. All the
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5. Low frequency oscillations in GX 339-4

other spectral components (i.e. iron line, power-law and reflection components) are
always necessary to obtain good fits.

Examining the parameters related to the disk-blackbody component, it is clear that
our constrains on the disc parameters are usually poor. Even when a soft component
is clearly present in the spectra and is required in order to obtain good fits, it is often
only marginally significant. This is expected since the working range of PCA (3-
40 keV) allows to see only the high energy part of the disc black body component,
above the Wien peak. It is also known that, even if the diskbb model provides a good
description of the thermal component, the derived spectral parameters should not be
interpreted literally (see e.g. Merloni et al. 2000, Remillard & McClintock 2006).
However, when the thermal component is dominant, the parameters can be taken as
reliable.

Disentangling the different spectral components could be problematic when us-
ing spectra from RXTE. If one assumes that the hard x-ray emission comes from
Comptonization of the soft disk photons on hot electrons, it is known that a simple
power-law (or a power-law-like component, such as pexrav) is not appropriate for
the description of the hard Comptonization tail of the spectrum at lower energies (i.e.
where the hard component overlaps with the soft emission from the disk blackbody).
A simple power-law does not have the low-energy cutoff that is typical of a proper
comptonization model (i.e. eqpair or compTT in XSPEC) and therefore could af-
fect the real contribution of the disk. However, when using RXTE data the adoption
of a simple power-law (or power-law-like) component is justified because the energy
range where PCA spectra can be analyzed (above 3 keV) does not cover this problem-
atic overlapping zone (just below the Wien peak of the multicolor disk-blackbody).
Therefore, a simple power-law or a power-law-like model such as pexrav is appro-
priated for the description of PCA spectra (see Muñoz-Darias et al. 2011 and Stiele
et al. 2011). Despite the poor constraints on the disk parameters, the energy spectra
are well fitted by the model used and the measures of the disk-fluxes reported in this
work are to be considered reliable. This is supported by the fact that the disk flux
correlates with the disk temperature.

5.3 Results

5.3.1 Rms-frequency relation

Once the QPOs of our sample were classified according to the ABC scheme, follow-
ing Casella et al. (2004), we plotted the integrated fractional rms of each PDS versus
the centroid frequency (see Fig. 5.4) to probe the link between the main QPO prop-
erty (the frequency) and the total variability of the source. Several groups of points,
associated to the Type-A, -B, -C QPOs, can be identified.
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Figure 5.4: QPO centroid frequency vs. 0.1-64 Hz fractional rms. Each point corresponds
to a different observation. Symbols correspond to QPO types: circles are Type-C QPOs,
triangles type-A QPOs and squares type-B QPOs. The solid lines join for each outburst
type-C QPOs during the outburst softening, while dashed lines join type-C QPOs during the
hardening phase. Different colors mark different outburst: black 2002, blue 2004, green 2007
and red 2010.

• Type-C QPOs cover the frequency range 0.1 and 9 Hz and the rms range 10-
35%. Type-C QPO frequency is clearly anti-correlated with total fractional
rms.

• Type-A QPOs form a group at frequencies in the range ∼7 - 8 Hz and rms of
∼3%.

• Type-B QPOs are located at a slightly higher rms (∼ 5-10%) in the 1-7 Hz
range.

As one can see from Figure 5.4, the softening phase (solid lines) for each outburst
shows lower rms than the hardening (dashed lines). This property has already been
observed in other sources (see e.g. MAXI J1659-152, Muñoz-Darias et al. 2011) and
can probably be understood in terms of a lower disk contribution to the emission.
Only two outliers (i.e. the squares above and below the 5-10% of rms in Fig. 5.4)
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Figure 5.5: QPO centroid frequency vs. 6-20 keV powerlaw flux, normalized to the Crab
flux. Colors indicate the outburst: black stands for 2002, blue for 2004, green 2007 and red
2010. Symbols correspond to QPO types: stars are Type-C QPOs, triangles type-A QPOs
and squares type-B QPOs. The solid lines join for each outburst type-C QPOs and the first
type-B QPO detected after the disappearing of the Type-C QPO. The empty circles mark the
type-C QPOs observed immediately before the appearance of a type-B QPO. Each point in
the plot represents an entire RXTE observation in which a QPO was detected, apart from the
cases in which a switch between two different types of QPOs was observed (Obs. #1/#26,
Obs. #4/#27-#28).

can be identified in Fig. 5.4 (Obs. #10, #15). Obs. #10 shows the typical PDS shape
of a type-B QPO, even though with higher rms, while Obs. #15 shows a much more
noisy PDS. Both the points lay far both from the type-C and -B region in Fig. 5.4.
However, since they follow a relation similar to type-B QPOs in a flux-frequency plot
(see 5.3.2), we tentatively classify those QPOs as Type-B. We notice that both the ob-
servations are taken in the decay phase of the outburst (2004 and 2007 respectively).

5.3.2 Frequency-Power-law flux relation
Since LFQPOs are known to be usually associated to the hard tail of the spectrum (see
Churazov et al. 2001 and Sobolewska & Życki 2006, but also Rodriguez et al. 2004
and Rodriguez et al. 2008, who showed tha LFQPO spectra display a moving high
energy cutoff), we started investigating the relations between LFQPO frequencies and
the power-law fluxes. The frequency-power-law flux relation is shown in Fig. 5.5.
We refer to power-law flux as the Crab corrected flux from the power-law component
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in the 6 - 20 keV energy band (see Sec. 5.2.2)7. Different symbols represent the
Type of QPOs and colors differentiate the four outbursts. For each outburst, a solid
line connects in time all the QPOs from the first type-C to the first type-B QPO.
The typical time interval between the last type-C and first type-B QPO is ∼1 day,
even though sometimes other types of PDS are observed in between, especially if the
transition period is not densely observed. When this happens, it might be possible to
miss the appearance of a transient type-B QPO and see a type-A QPO after a type-C
QPO. In Figure 5.5, the different QPO types follow clear and separate relations as
function of the hard flux.

• Type-C QPOs (stars) lie on the right part of the diagram. The points trace
well-defined tracks at different flux levels for each outburst (see the solid lines
in the plot). The whole 0.1 - 9 Hz frequency range is spanned. Each track
roughly correspond to the late LHS and HIMS observed in the softening phase
of each outburst.

• Type-C∗ QPOs follow tracks on the left part of the diagram. Those QPOs were
observed in all the outbursts. Differently from what happens in the right part of
the diagram, points belonging to different outburst span different and smaller
frequency ranges. However, the maximum frequency reached is consistent
with the softening tracks. We ascribe the fact that no QPO appear at lower
frequencies to the count rate being very low.

• Type-A QPOs (triangles) cluster on a quite narrow frequency and flux range,
close in frequency to the last Type-C QPOs seen before the transition to the
SIMS, but at slightly lower fluxes (see Fig. 5.4). Type-A QPOs always appear
in time after the detection of a type-B QPO. No Type-A QPO is observed in the
left part of the plot, i.e. during the hardening phase at the end of the outburst
(see also Fig. 5.2). 5.4.

• Type-BQPOs (squares) are sharply correlated with the power-law flux and the
relation between frequency and powerlaw-flux is well described by a power-
law of the form y = AxB + C (where A = 19.4(8) , B = 0.18(6), C= -6.1(2),
see Fig. 5.6). This correlation holds for a large range of flux, showing that
these oscillations frequencies depend directly on the hard X-ray flux. However,
unlike type-C QPOs, the points do not follow a clear path as a function of time.
No oscillations are seen in a given flux range in the middle of the plot. As
happens for type-C and type-C∗ QPOs, this is due to the fact that also the
SIMS (where type B QPOs are observed) is crossed two times, at either high
or low fluxes.

7The result depend only very weakly on the energy band chosen. We performed the powerlaw-flux
measure also in the 2–20 keV and the getting almost identical results.
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Figure 5.6: Type-B QPOs frequency as the function of the power-law flux. The correlation
is well described by a power-law of the form y = AxB +C, where A = 19.4(8) , B = 0.18(6),
C= -6.1(2)

Since type-B QPO are found in a small hardness range, it might be argued that
they behave like type-C QPOs when observed in a small hardness range. For this
reason we checked whether type-C QPOs show a behavior similar to type-B QPOs
once grouped in subsamples selected as a function of the hardness. We divided type-
C QPOs in six subsamples and for each group we plotted the QPO centroid frequency
as a function of the power-law flux. The result is shown in Fig. 5.7.

Type-C QPOs’ frequencies only show a weak anti-correlation with the power-law
flux, especially at high frequencies. When type-C QPOs’ range overlaps the hardness
range where type-B QPOs are found (red points in Fig. 5.7 in the hardness range 0.2-
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Figure 5.7: Type-C QPO centroid frequency versus power-law flux. Different colors marks
the different hardness ranges in which the QPOs where divided. From the blue to the red the
ranges are: 0.7-0.8, 0.6-0.7, 0.5-0.6, 0.4-0.5, 0.3-0.4, 0.2-0.3.

0.3) the (weak) correlation that they follow is exactly opposite to the one shown by
type-B QPOs. This fact further strengthens the difference between type-C and B
QPOs.

5.3.3 Frequency-Disk flux relation

In Fig. 5.8 we show the relations between frequency and disk flux. Symbols and
colors follow the same criteria of Fig. 5.5. We refer to disk flux as the Crab corrected
flux coming from the disk-blackbody component in the 2 - 20 keV energy range.
Since we could associate a measure of the disk flux only to a subsample of type-C
QPOs, not the all of them are present in this plot.

Most of the points trace out a well-defined track and the frequency clearly correlate
with the disk flux. Those points correspond to all the QPOs seen during the upper
branch of the four outbursts. Notice that for three of the four outburst (2002, 2007
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Figure 5.8: QPO centroid frequency versus soft flux. The symbols follow the same criteria
as in Fig. 5.5.

and 2010 outburst) the upper branch in the HID loop is the same, while during the
2004 the upper branch is observed at a lower flux level. Note that this track includes
type-C as well as type-A and B QPOs. Type-A QPOs are located in correspondence
of the highest disk fluxes, while type-B QPOs cover approximately the same flux
range of type-C QPOs.

We identify also a number of outliers, which correspond to two branches at dif-
ferent flux levels, forming other two tentative correlations. The clearest of the two is
formed by all the type-C QPOs observed during the hardening phase (black points in
the left upper corner of Fig. 5.8). Only during 2002 outburst it was possible to mea-
sure the disk flux during the lower branch. We ascribe this to the disk being fainter
and/or colder during other outbursts than in 2002.

5.3.4 Association of Type-B QPOs with local peaks in the light
curve

In Fig. 5.9 we plot sections of the light curves (PCU data, 2-20 keV) of the four
outburst of GX 339-4. From this figure it is clear that most of the type-B QPOs
are found at times of local peaks in the light curve. In all the cases where different
types of QPOs are observed within a short time interval, they follow a precise count
rate segregation: type-B QPOs at highest count rates, Type-C QPOs immediately
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below and type-A QPOs are found at lower count rates. A relation QPO-type/count
rate therefore seems to exist, although it is different from what Casella et al. (2005)
observed in XTE J1859+226, where type-A QPOs are seen at highest count rates and
type-B and -C appears below, even though they are not clearly separated in count
rate. We notice that in all the outbursts, there is always a B at lower flux than some C
in the same outburst, therefore the segregation in count rate in not absolutely true all
along the outburst, but only for certain intervals (see Fig. 5.9). We also notice that
outbursts 2002 and 2004 had a different initial evolution in comparison to 2007 and
2010, where the count-rate peak was reached after a monotonic rise.

Despite a difference segregation in count rate, also in XTE J1859+226 type-B
QPOs are always found at hardness higher than that of type-A QPOs and lower than
that of type-C QPOs. In the case of XTE J1859+226 a certain overlap was observed,
while there is no overlapping in the case of GX 339-4 during a single outburst. A
similar correlation between QPO types and hardness was found in XTE J1550–564
(Homan et al. 2001).

5.3.5 Timing and spectral evolution
In four observations of our sample the PDS show rapid transitions between different
shapes. In all cases the transitions involve type-B QPOs.

In Fig. 5.10 and 5.11 we show two examples of different behaviors, for Obs.
#1/#35 and #4/#36-#37 respectively. In the case of Obs. #1/#35 (Obs. ID 70109-01-
07-00, Fig. 5.10), a type-A QPO (∼7 Hz) is present in the first part of the observation,
when the observed count rate was low. In the second part the light curve shows a net
increase in count rate and simultaneously the onset of a type-B QPO (∼6 Hz) is
observed (see Nespoli et al. 2003 for details). At the same time, an increase of the
hard flux (from ∼ 11% to ∼13% of the total flux) is observed, as the variation in
hardness suggests (see Tab. 5.3).

During Obs. #4/#36-#37 (Obs. ID 70108-03-02-00, second PCA orbit, Fig. 5.11)
a similar situation can be observed. In the first orbit the PDS shows a type-A QPO
(∼7 Hz). In the second orbit the source count rate dropped abruptly from ∼2200
counts/s to ∼2100 counts/s8 in few seconds. A type-B QPO (∼5.6 Hz), that was
visible in the first part of the observation disappears leaving place to a type-A QPO
(∼7 Hz), observable until the end of the interval and during the complete third orbit.
Analogous to the previous case, a variation in flux takes place. When the type-B QPO
disappears, the power-law flux is seen to decrease abruptly (from ∼ 15% to ∼11%
of the total flux in ∼1s). The frequency of the type-A QPO before the appearance of
the type-B QPO and and after its disappearance in the light curve is the same.

8Note that the counts are taken from EVENT mode data and they are not normalized per number of
PCUs on.

113



5. Low frequency oscillations in GX 339-4

5.24 5.245 5.25 5.255
x 104

103

C
O

U
N

TS
/S

2002

5.325 5.33 5.335 5.34 5.345
x 104

102

C
O

U
N

TS
/S

2004

5.414 5.416 5.418 5.42 5.422 5.424
x 104

102

103

C
O

U
N

TS
/S

2007

5.528 5.53 5.532 5.534 5.536
x 104

103

C
O

U
N

TS
/S

MJD

2010

114



5.3 Results

0 1000 2000 3000 4000 5000 6000 7000
4800

5000

5200

5400

5600

5800

6000

TIME (s)

R
AT

E 
(C

O
U

N
TS

/S

10−1 100

10−2

10−1

100

101

102

FREQUENCY (Hz)

LE
AH

Y 
PO

W
ER

10−1 100

10−2

10−1

100

101

102

FREQUENCY (Hz)

Figure 5.10: Upper panel: Light curve for Obs. #1/#35. The red line marks the light curve
interval where a type-A QPO was detected. The black line marks the interval where a type-B
QPO was visible. Lower panel: PDS for the two time intervals Nespoli et al. 2003.

Two other cases are found in Obs. #5 and #30 (Obs. ID 70110-01-47-00 and
95409-01-19-00), where, in correspondence of a rise in the count rate, a type-B QPO
takes the place of power-law-shaped noise (i.e. no type-A or C QPO is observable
before the onset of the type-B QPO). In all the mentioned cases it is clear that spectral
differences can be very subtle, much more than the timing changes.

Similar fast transitions between different types of QPOs have already been ob-
served in GX 339-4 (Miyamoto & Kitamoto 1991) and in other sources, such as XTE
J1859+226 (Casella et al. 2004) and GS 1124-68 (Takizawa et al. 1997). For XTE
J1859+226, the type-B QPO seems to be associated to a flaring behavior. However,
also in this source the type-A QPO is always seen at slightly higher frequencies than
the type-B QPOs.

As it happens for type-A/B QPOs, direct switching from/to type-C/type-B can be
observed in GX339-4 as in other sources (see e.g. Miyamoto et al. 1991, Takizawa
et al. 1997). However, the switch between type-B and -C QPOs is not as sharp as in
the case of type-B and type-A QPOs: the transition between the two types usually
comes with a complex behavior and Type-B QPOs appears in correspondence to
peaks in the light curve (occurring at timescales of few seconds), consistently with
what described in Sec. 5.3.4, and type-C QPOs are seen where the count rate drops.
For this reason, transitions between/from type-C and type-B QPOs are not easily
detectable and are worthy of a more detailed analysis that is beyond the scope of this
work. For a more detailed study, see Homan et al. (in prep).

115



5. Low frequency oscillations in GX 339-4

6000 6500 7000 7500 8000 8500 9000
2000

2050

2100

2150

2200

2250

2300

2350

2400

2450

2500

TIME (s)

R
AT

E 
(C

O
U

N
TS

/S

10−1 100 101 102

10−2

10−1

100

101

102

FREQUENCY (Hz)

LE
AH

Y 
PO

W
ER

10−1 100 101 102

10−2

10−1

100

101

102

FREQUENCY (Hz)

Figure 5.11: Upper panel: Light curve for Obs. #4/#36-#37 (second orbit). The red line
marks the light curve interval where a type-A QPO was detected. The black line marks the
interval where a type-B QPO was visible. Lower panel: PDS for the two intervals.

A B C

ν 6.5-8 Hz 0.8-6.4 Hz 0.2-9 Hz

Q 1-3 ≥ 6(≥ 2)∗ ≥ 6(≥ 2)∗

rms ≤ 5% 5− 10% ≥ 10%

noise weak red weak red strong flat-top

Table 5.2: Summary of type-A, -B and -C QPOs properties in GX 339-4. (*) The bracket
values correspond to the hardening phases.

5.4 Discussion

We analyzed RXTE/PCA and HEXTE data collected over eight years of observations
of the transient BHB GX 339-4 to study the properties and the behavior of LFQPOs.
115 out of 117 oscillations could be classified into the three main types (A, B, C).
The coherent scenario we constructed can be compared to that of other systems (such
as XTE 1859+226 and XTE J1550-564) for which the ABC classification has been
performed. Different properties and relations emerge from the analysis, allowing
a better characterization of the different types of QPOs. Our results confirm that
the ABC classification can be extended to include spectral dependencies. The main
parameters of the different types of LFQPOs observed in GX 339-4 are summarized
in Table 5.2.
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Type-C QPO: this oscillation is found in LHS and HIMS (see Belloni 2010 and
Homan et al 2011 in prep.). It is observed in both the softening and hardening
outburst intervals, even though during the hardening it results weaker. It ap-
pears at hardness values in the 0.2 - 0.8 range and over a large frequency range
(0.2 - 9 Hz). Its centroid frequency rises as function of the time as the source
undergoes the softening phase and decreases as the source hardens during the
decay phase. All type-C QPOs are spread above a variability level below which
only type-B and type-A QPOs are observed (see Casella et al. 2004 and Muñoz-
Darias et al. 2011). The observed 0.1-64 Hz rms has values between 10 and
35%. Those are positively correlated with the hardness ratio (see e.g. Belloni
2010) and negatively correlated to the frequency (see Fig. 5.4). Type-C QPOs
form a clear but complex pattern in a frequency versus power-law-flux plane.
The frequency type-C QPOs correlates with the disk flux and form different
branches in a frequency versus disk-flux plane, corresponding to the softening
and hardening phases. Type-C QPO frequencies correlates well with the hard-
ness, stressing a clear dependence on the spectral shape.

Type-A QPO: this QPO is usually observed in the SIMS, which is indeed defined
on the basis of the appearance of type-A and -B QPOs. It is found in a narrow
hardness (0.20 - 0.22), frequency (6.5 - 8.0 Hz) and rms (∼ 2 - 3%) range.
The frequency at which they are found is always very close to the frequency of
the last type-C QPOs observed before the transition to the SIMS. We observed
type-A QPO only during the softening phase (i.e. along the upper horizontal
branch in HID). The lack of this type of QPO during the hardening phase can
however be ascribed to the lower statistics, as the feature is weak and broad.
This is the QPO type that is found to be associated to the lowest total fractional
rms in our sample. In a frequency versus power-law-flux plot, type-A QPOs
appear to be grouped close to the high-frequency end of the tracks defined by
the type-C QPOs and are found around the same frequency of the type-C QPOs
observed close to the transition to the SIMS.

Type-B QPO: its presence defines the SIMS. The frequency range where it is ob-
served is 0.8 - 6.4 Hz. In addition, all type-B QPOs are observed at lower fre-
quencies with respect to the type-C QPOs observed just before the transition to
the SIMS. As for type-C QPOs, these oscillations are seen in both the soften-
ing and hardening outburst phase. Total fractional rms and hardness values are
lower than in the case of type-C, but higher than for type-A QPOs, ranging in
the intervals 5 - 10% and 0.2 - 0.3 respectively. It is noticeable that between 5
and 10% broad band total fractional rms only type-B QPOs are observed (see
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Muñoz-Darias et al. 2011). This type of QPO follows a sharp frequency-flux
correlation for both disk and powerlaw flux (Fig. 5.5 and 5.8).

From Fig. 5.5 one can see that type-B QPOs follow a clearly different path
compared to the other classes, suggesting the presence of an intrinsic differ-
ence.

It is interesting to compare some of the properties reported here for GX 339-4 with
those observed in other sources. McClintock et al. 2009 performed a detailed spectral
analysis and a supporting timing analysis on the BHC H1743-322 and compared
their results with the BHC XTE J1550-564, while Sobczak et al. (2000) compared
the properties of XTE J1550-564 with GRO J1655-40. These three sources showed
a behavior similar to GX 339-4 in the frequency-disk flux plane, spanning a larger
flux range. Sobczak et al. (2000) also investigated the relations between frequency
and powerlaw flux, finding opposite relations for GRO J1655-40 and XTE J1550-
564. The frequency/powerlaw-flux correlation in GX 339-4 is similar to that of GRO
J1655-40, but the frequency range covered by the two sources do not overlap, making
impossible a direct comparison.

The relation between QPO frequency and power-law photon index is the same for
GX 339-4 and H1743-322, XTE J1550-564 and GRO J1655-40 (Sobczak et al. 2000;
McClintock et al. 2009), following the original correlation observed by Vignarca et al.
(2003). As for the frequency-total rms plane, which was originally presented for XTE
J1859+226 (Casella et al. (2005)), the same relation is present also in H1743-322 and
XTE J1550-564 (McClintock et al. 2009).

5.4.1 Similarities and differences: a common origin for QPO-
types?

The different types of QPOs often show similar/compatible properties (eg. centroid
frequency range, QPO profile, quality factor values), some of which suggest that there
could be a common origin for the different classes. However, there are systematic
differences that cannot be ignored.

As is clear from Fig. 5.4, a stringent relation between the total (0.1 - 64 Hz)
fractional rms values and QPO-type exists and the different types of QPOs correspond
to different and well separated rms ranges (see Casella et al. 2004 and Muñoz-Darias
et al. 2011). At the same frequency two or sometimes even three different types of
QPOs can be seen (not simultaneously) depending on the variability level at which
the system is observed.

Despite the clear separation in rms, type-C and type-A QPOs follow a similar
hard-flux/frequency relation. In addition, type-A QPOs and the type-C QPOs ob-
served just before the HIMS/SIMS transition show very similar frequencies (see 5.4
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and Tab. 5.3), while type-B QPOs are systematically found at lower frequencies. Un-
fortunately type-A QPOs constitute only a small part of our entire sample of QPOs (8
out of 117), therefore it is not possible to completely exclude a bias in the frequency
association due to the small number of detections.

It is clear that Type-A and -C QPOs are significantly different timing features,
in particular for what concerns the broad band noise associated to the two types of
oscillations (strong broad band noise in the case of type-C QPOs and weak power-
law or weak peaked noise in the case of type-A QPOs). However, this is not enough
to rule out the possibility that type-A and type-C QPOs share a common physical
origin.

Here we discuss the evolution of the LFQPOs in the framework of the model pro-
posed by Done et al. (2007), that also suggest possible explanation of the simulta-
neous spectral transition seen during an outburst. In the geometry that these authors
assume, the outer accretion flow takes the form of a cool, geometrically thin, opti-
cally thick accretion disk truncated at some radius, which is larger than the last stable
orbit (in the HIMS). The inner accretion flow, instead, forms a hot, geometrically
thick, optically thin configuration. The inward movement of the truncation radius
with increasing mass accretion rates within the hard states gives a physical basis for
the hard-soft transition when the disk finally reaches the last stable orbit. The inner
disk radius evolution gives also a possible origin for the LFQPOs and to the associ-
ated noise observed in the power density spectra. In this scenario LFQPOs (and in
particular type-C QPOs) arise from the vertical Lense-Thirring precession (Stella &
Vietri 1998) of the misaligned inner hot flow, while the broad band noise arises from
propagation of Magneto Rotational Instability (MRI, Balbus & Hawley 19919 ) fluc-
tuations of the same hot flow (see Ingram et al. 2009, Ingram & Done 2010, Ingram
& Done 2011 for details)10. The QPO frequency depends on the truncation radius
and also on the optical depth of the inner hot flow that produces them, as well on the
inclination of the system (see also Homan et al. 2005) and to the optical depth of the
precessing inner hot flow. In this scenario, the fact that type-A QPOs and the type-C
QPOs observed close to the transition are seen at the same frequency, suggest either
that they are produced in a region at similar radii or in a medium at the same phys-
ical conditions (i.e. same optical depth). This second possibility is supported by the
clear difference in broad-band noise level in the PDS, that is thought to be related to
MRI. The type-C QPO width sets the typical timescale for the QPO signal to remain
coherent. Since the QPO is not always present in the light curve, there also exists an
excitation timescale responsible for the QPO appearance (Lachowicz & Done 2010).

9Notice that MRI is not able to produce the jets observed during the hards states, therefore a dif-
ferent/additional mechanism must be also at work during the hard state. This is also valid during the
transition to the SIMS where relativistic ejections can be observed.

10For alternative models on the origin of LFQPOs see e.g. Wagoner et al. (2001), 11, Titarchuk &
Osherovich (1999), Tagger & Pellat 1999.

119
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The QPO can be broadened if the excitation timescale becomes shorter than the QPO
timescale, as the excitation presumably interrupts the coherent QPO light curve by
phase randomizing it. In the framework set by the global Lense-Thirring precession
of the hot flow model (Fragile et al. 2007; Ingram et al. 2009; Ingram & Done 2011)
the QPO could be triggered by turbulence, resulting in a vertical kick applied by the
bending waves propagating in the outer accretion flow to the precessing inner hot
flow at random phase. If more than one kick occur within the QPO timescale, the
QPO coherent light curve is interrupted by a random phase shift. As a result, the
type-C QPO would evolve in a broader and fainter feature (Chris Done, private com-
munication). Thus, type-A and -C QPOs could be the result of the same physical
process, i.e. Lense-Thirring precession. However, given the undeniable link between
the type-A QPOs and very weak noise, it remains a fact that whatever the process
that broadens and weakens the QPOs, should be also responsible for the collapse of
the noise.

5.4.2 The peculiar case of the type-B QPO
Type-B QPOs show properties that differentiate them from the other two classes. An-
alyzing the frequency-hard flux relation and the frequency-rms relation, it is evident
that there is a clear discontinuity within the pattern defined by type-B QPOs and other
types of QPOs. While all the QPO frequencies seem to correlate with the soft flux,
only type-B QPOs show a sharp correlations with the hard flux. This is remarkable
because when type-B and type-A/-C QPOs are seen at similar hardness (type-C QPOs
observed just before the transition and all type-A QPOs), there are no differences in
the spectral shape, as one might deduce from the HID, but only in flux (see below).
In addition, type-B QPOs are systematically found at lower frequencies with respect
to the last type-C QPOs and type-A QPOs (see 5.4 and 5.5).

Type-B QPOs can be transient (i.e appear/disappear in few seconds and are ob-
servable only for short periods, see also Takizawa et al. 1997) and vary significantly
around their centroid frequency, with a characteristic time scale of ∼10s (see Ne-
spoli et al. 2003). Also type-C QPOs can appear and disappear in few seconds, but
they remain observable for long periods and can be easily followed in their frequency
evolution during the hard-to-soft or soft-to-hard transition. Because of its intrinsic
faintness, type-A QPOs cannot be followed as can be done for type-B and -C QPOs,
(see Nespoli et al. 2003).

A noticeable peculiarity of type-B QPOs is the association to flux peaks. This is
particularly evident for a direct switch from or to a type-B QPO (see Sec. 5.3.5). The
association of type-B QPOs with increases in the count rate can be seen both in the
total light curve (i.e. peaks in the count rate observed in the total light curve of the
source, see also Fender et al. 2009) and on shorter timescales (i.e. when sudden in-
creases in count rate take place during a single RXTE pointing). Under the assump-
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tion that the count rate tracks the accretion rate, type-B QPOs would be related to
increases of the local accretion rate. Alternatively, the increase in the count rate asso-
ciated to those QPOs could be related to the presence of a jet component that would
contribute to the hard emission. A third possibility is that type-B QPOs might oc-
cur simultaneously to sudden changes in the geometry or radiative efficiency, which
would possibly cause variations in the relative contribution of the emitting component
to the spectrum and in the flux.

Starting from the precession model and following a reasoning similar to that de-
scribed above, we argue that type-B QPOs are either produced in a different region
located at larger radii (with respect to the region where the type-C QPOs close to
the transition and type-A QPOs might originate, to match the lower frequencies ob-
served) or coming from a modulation operated by a medium with different physical
properties. In the first case, it is necessary to find a process different from the vertical
Lense-Thirring precession, that would be able to produce modulations at larger radii.
This hypothesis is supported by the fact that when fast switches from/to type-A/-B
QPOs are observed, the type-A QPOs is consistent with being still present when the
type-B QPOs appears (see also Nespoli et al. 2003). This is also valid for type-A
and -B detected in separated observations. Such a property suggests that two differ-
ent, eventually simultaneous mechanisms, might be responsible of the production of
type-C/A QPOs and type-B QPOs. For the second case, a process able to trigger fast
transitions in the physical properties of the plasma would be needed. This hypothesis
is supported, as for type-A QPOs, by the fact that the transition to type-B QPOs is
associated to the significant difference in the PDS broad band noise level. There is
also a third possibility: type-B QPOs could be produced in the same region where
type-C QPOs come from, but thanks to a different pecession mode. In the precession
model the QPO arises from the surface density-weighed Lense-Thirring-precession
over the inner hot flow. A sudden change in the surface density profile - for example
due to a jet ejection from the very inner regions of the accretion flow - would result
in a different weighing and also a different precession frequency.

5.5 Conclusions
The large amount of RXTE observations of GX 339-4 in the past eight years allowed
us to analyze the spectral and temporal behavior of the source over four outbursts. We
considered all the observations where a low frequency oscillation was observed and
performed a complete spectral and timing analysis. Almost all the oscillations ob-
served in the PDS could be classified following the ABC classification and the three
types of QPOs display different dependences on the spectral and timing parameters,
further strengthening their intrinsic differences.

We conclude that type-B QPOs show properties that clearly differentiate them from
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other types of QPOs. Their frequencies clearly correlate with the powerlaw flux,
tracing a complete different pattern with the respect to type-A and -C QPOs. Type-B
QPOs follow a different behavior also in a rms vs rms plane. In addition, they show a
peculiar association to increases in count rate that could reflect changes in accretion
rate and/or geometry in the system.

All the types of QPOs can be explained through the precession model (Ingram
et al. 2009, Ingram & Done 2010, Ingram & Done 2011) as the result of the verti-
cal Lense-Thirring precession of a optical translucent inner hot flow in a truncated
disk geometry. However, the characteristic properties of type-B QPOs suggest that
they could be the effect of a physical phenomenon different from the Lense-Thirring
precession and possibly somehow related to the transition/jet ejection mechanism.
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5. Low frequency oscillations in GX 339-4
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5. Low frequency oscillations in GX 339-4
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5. Low frequency oscillations in GX 339-4
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5.5 Conclusions
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Abstract

We present a study of the spectral properties during state transition of GX 339-
4. Data are taken from the 2010 outburst of GX 339-4, which is densely covered
by Rossi X-ray Timing Explorer, providing an excellent coverage of the state transi-
tions between the low/hard state and the high/soft state. We select all observations
within a certain hardness ratio range during the soft intermediate state (SIMS). This
sample was chosen in such a way to comprise all observations that show a type-B
quasi-periodic oscillation (QPO). In addition, we also investigate the spectra of hard
intermediate state observations. The spectra, obtained from Proportional Counter Ar-
ray data in the 10 to 40 keV range, are fitted with a power law and an additional high
energy cut-off if needed. We find that the spectra are significantly harder during the
SIMS of the soft-to-hard transition than they are during the hard-to-soft transition.
This demonstrates that during the SIMS of the soft-to-hard transition not only the
luminosity and peak frequencies of type-B QPOs are lower, but that also the photon
index is lower, compared to the hard-to-soft transition. Hence, type-B QPOs can be
associated to a different spectral shape even though they appear at the same hardness.
However, in each branch only certain combinations of centroid frequency and photon
index are realised.
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6. Spectral properties of transitions in GX 339-4

6.1 Introduction
GX 339-4, a black hole X-ray transient (BHT), was discovered in 1973 by the OSO-7
satellite (Markert et al. 1973). Since then GX 339-4 showed several X-ray outburst
(see e.g. Miyamoto & Kitamoto 1991; Belloni et al. 1997; Mendez & van der Klis
1997; Zdziarski et al. 2004; Belloni 2005, Belloni et al. 2006; Yu & Dolence 2007;
Motta et al. 2009; Muñoz-Darias et al. 2011). The system is a low mass X-ray binary,
harbouring a >6 M$ black hole accreting from a subgiant star in a 1.7 d orbital period
(Hynes et al. 2003 and Muñoz-Darias et al. 2008). GX 339-4 represents a prime ex-
ample for the spectral and temporal evolution of a BHT during outburst. The different
states through which a BHT evolves during an outburst can be identified in the hard-
ness intensity diagram (HID, Belloni 2005); Homan et al. 2005; Gierliński & Newton
2006; McClintock & Remillard 2006; Fender et al. 2009; Belloni 2010). In a log-log
representation different states are found to correspond to different branches/areas of a
q-shaped pattern. Recently, Muñoz-Darias et al. (2011) showed that the rms-intensity
diagram (RID) allows the identification of states based on temporal information only.
It is widely agreed on that at the begin and end of an outburst a BHT is in the so-
called low/hard state (LHS), and that there is in between a transition to the high/soft
state (HSS). In the HSS a strong thermal component, associated with disc emission
is present, while spectra taken during the LHS show characteristics of hard (comp-
tonized) emission. However, the exact definition of the states and especially of the
transition between these states are still under debate. In this work we follow the
classification of Belloni (2010) (see also Belloni 2005; Homan et al. 2005), which
comprises a hard as well as a soft intermediate state (HIMS/SIMS); see however Mc-
Clintock & Remillard (2006) for an alternative classification and Motta et al. (2009)
for a comparison.

In this paper we investigate the spectral properties of transitions between the LHS
and HSS. We focus on a comparison of the spectral properties of the SIMS observed
during the hard-to-soft and the soft-to-hard transition.

6.2 Observations
The 2010 outburst of GX 339-4 was densely covered by Rossi X-ray Timing Explorer
(RXTE), providing the (up to now) best coverage of the state transitions between the
LHS and the HSS. For each observation of the outburst we determined the hardness
ratio using Proportional Counter Unit 2 (PCU2) channels 7 – 13 (2.87 – 5.71 keV)
for the soft band, and channels 14 – 23 (5.71 – 9.51 keV) for the hard band. The
hardness intensity diagram (HID) as well as the hardness-rms diagram (HRD) of the
whole outburst is shown in Fig. 6.1. The fractional rms was computed within the 0.1
– 64 Hz frequency band following Belloni & Hasinger (1990).
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6.2 Observations

Figure 6.1: Upper panel: Hardness intensity diagram of the whole outburst, obtained using
RXTE observations. Intensity corresponds to the count rate within the STD2 channels 0 –
31 (2 – 15 keV) and hardness is defined as the ratio of counts in 7 – 13 (2.87 – 5.71 keV)
and 14 – 23 (5.71 – 9.51 keV) STD2 channels. Each point represents an entire observation.
Consecutive observations are joined by a solid line until the softest observation is reached;
after that by a (red) dashed line. The grey shaded area marks the hardness ratio range in which
all observations that show type-B QPOs are located. This is also the hardness ratio range on
which our study is based. Lower panel: corresponding hardness-rms diagram within the 0.1
– 64 Hz frequency band. During the soft-to-hard transition the fractional rms is higher than
during the hard-to-soft transition, but in the region selected for our study (grey shaded).

GX 339-4 shows the standard q-shaped pattern in the HID of this outburst. Af-
ter the passage through the LHS and HIMS, type-B QPOs (Quasi Periodic Oscilla-
tions, for a description of different types of QPOs see Motta et al. 2011) are seen in
the power density spectra (see Sect. 6.3), indicating that the system is in the SIMS.
Once this state is reached, several fast transitions between the SIMS and the HSS
are observed with one extending to the HIMS (see Fig. 6.1). During the SIMS in
the soft-to-hard transition at lower luminosities, the source also shows a few minor
transitions.

In the transition from the LHS to the HSS, in the following called the upper branch,
we select all observations that show a type-B QPO. These observations have a hard-
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6. Spectral properties of transitions in GX 339-4

ness ratio ranging from 0.2208 to 0.2883 (grey shaded area in Fig. 6.1). Please note
that this hardness ratio range also includes observations without a type-B QPO. The
same hardness ratio range is used to select observations from the lower branch (the
back transition from the HSS to the LHS at lower luminosities). All observations
showing type-B QPOs on either branch are within the hardness ratio range used. On
the upper branch the centroid frequency of the type-B QPOs is ∼5 Hz, while on the
lower branch it reduces to ∼2 Hz (Motta et al. 2011). The fractional rms of observa-
tions showing type-B QPOs lies in the expected 5 – 10 % range (Muñoz-Darias et al.
2011). Furthermore, observations with a type-B QPO have a lower fractional rms
during back transition than in the hard-to-soft transition. For most of the remaining
parts of the outburst the fractional rms during back transition is higher than it has
been in the hard-to-soft transition (observations belonging to the back transition are
marked in red in Fig. 6.1).

In summary, observations were included in the sample for comparison if their hard-
ness ratio ranged between 0.2208 and 0.2883, as this interval comprises all observa-
tions with type B-QPOs. We also analysed HIMS observations (0.2883 < HR ≤ 0.8)
to cover the whole transition.

6.3 Power density spectra
We produced power density spectra (PDS) using 16 second long stretches of GOODXENON,
EVENT and SINGLEBIT mode data. We limited PDS production to the Proportional
Counter Array (PCA) channel band 0 – 35 (2 – 15 keV). After averaging the PDS and
subtracting the contribution due to Poissonian noise (see Zhang et al. 1995), the PDS
were normalised according to Leahy et al. (1983) and converted to square fractional
rms (Belloni & Hasinger 1990). We fitted the PDS using the XSPEC fitting pack-
age by applying a one-to-one energy-frequency conversion and a unit response. The
noise components were fitted with three broad Lorentzian shapes, one zero-centered
and other two centered at a few Hz (Belloni et al. 2002). We fitted the QPOs with one
Lorentzian each. Occasionally it was possible to achieve a significant improvement
of the value of reduced χ2 by adding a Gaussian component, which better approxi-
mates the shape of the narrow peaks. The QPO centroid frequency as well as the total
fractional rms for each observation is listed in Tab. 6.1.

Casella et al. (2004), Casella et al. (2005) showed that QPOs could be classified
by the following properties: the quality factor (Q = νcentroid/FWHM ) and the
shape of the noise associated with the oscillation in the PDS. It has been also proven
that QPOs can be discriminated by the amount of noise present in the PDS, which
is quantified by the fractional rms Muñoz-Darias et al. (2011). This leads to a more
specific version of the ABC classification Motta et al. (2011), in which type-B QPOs
are characterised by rms strictly within the 5 – 10% interval and are observed at
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6.3 Power density spectra

Figure 6.2: QPO centroid frequency vs. 0.1 – 64 Hz fractional rms. Each point corresponds
to a different observation. Symbols correspond to QPO types: filled circles are type-C QPOs,
open circles are type-B QPOs. No type-A QPOs are detected in the 2010 outburst of GX
339-4, but their location according to Motta et al. (2011) is indicated.

frequencies ranging from 1 to 7 Hz.
The relation between centroid frequency and fractional rms is shown in Fig. 6.2.

This plot allows us to distinguish clearly between type-C (filled circles) and type-B
QPOs (open circles). Similar plots for XTE J1859+226 and a sample of sources can
be found in Casella et al. (2004) and Casella et al. (2005), respectively. The four
points associated to type-B QPOs detected in the soft-to-hard transition (open circles
with QPO centroid frequency between 0.9 and 2.0 Hz) are located in an area which is
empty in the Casella et al. (2004) and Casella et al. (2005) plots, as these plots contain
only type-B QPOs detected during the hard-to-soft transition. Furthermore, the four
points associated to type-B QPOs during the soft-to-hard transition are located clearly
outside the regions associated to type-C and type-A QPOs. Therefore we identify
these four QPOs as type-B. A selection of PDS with type-B QPOs observed during
the hard-to-soft as well as the soft-to-hard transition is shown in Fig. 6.3. For a more
detailed study of different types of QPOs detected in a sample comprising data of four
outbursts of GX 339-4 and a discussion of QPO properties with respect to source flux
as well as spectral properties see Motta et al. (2011).
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Figure 6.3: Power density spectra of some observations with type-B QPOs, detected during
the hard-to-soft (upper row) and soft-to-hard transition (lower row).

6.4 Spectral analysis
Energy spectra were extracted from PCA PCU2 data using the standard RXTE soft-
ware within HEASOFT V. 6.9. We had to exclude all High Energy X-ray Timing
Experiment (HEXTE) data from our analysis, since most of the HEXTE spectra con-
tain strong residuals that are related to the difficulties in determining the background
contribution in the spectra since the “rocking” mechanism of HEXTE is broken. To
account for residual uncertainties in the instrument calibration a systematic error of
0.6 per cent was added to the PCA spectra1. The spectra were fitted with ISIS V. 1.6.1
(Houck & Denicola 2000).

Since we were only interested in the behaviour of the hard spectral component
we decided to neglect the contribution of the soft (disc) component and to focus our
spectral analysis on the high energy range. We fitted the PCA (10 – 40 keV) data
using a power law model. For the first few observations of the HIMS an additional
high energy cut-off was needed to obtain good fits.

The fits resulted in formally acceptable reduced χ2 values and the spectra were
clearly free of residuals. As an iron line was present at lower energies, indicating the
presence of reflection processes (Zdziarski et al. 1999), it might be possible that also
a broad reflection feature showed up around 30 keV (e.g. Magdziarz & Zdziarski
1995). This feature could be due either to reflection of the comptonized emission

1A detailed discussion on PCA calibration issues can be found at:
http://www.universe.nasa.gov/xrays/programs/rxte/pca/doc/rmf/pcarmf-11.7/
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onto the accretion disk (see Gilfanov 2010 for a review) or to extended layers of
material covering certain regions of the optically thick accretion disk (e.g. wind
clouds surrounding the central black hole, see Shaposhnikov & Titarchuk 2006). To
exclude that the value of the photon index was affected by the presence of this feature
we also tried a different model, consisting of a power law multiplied by a reflection
component (reflect). We found that the relative reflection component was only
needed for the first few HIMS observations.

Taking reflection into account changes the value of the photon index in each in-
dividual observation. This has to be expected, since a “phenomenological model”
such as a power law is not able to take into account the reflection features around
30 keV. However the overall behaviour of the photon index observed between upper
and lower branch stays the same (Fig. 6.4). In the remaining observations the relative
reflection component found was always consistent with zero within errors. In the
following, we discuss only the results from the PCA 10 – 40 keV spectra.

6.5 Results and Discussion
In spite of GX 339-4 has been deeply studied by RXTE during the last years, spectral
transitions are very fast, which results in a few SIMS observations per outburst. Most
of these observations are usually concentrated in the upper branch. Since the SIMS
was intensively covered during 2010 and many type-B QPOs could be observed,
it was possible to make an unprecedented detailed direct comparison between the
upper and lower branch SIMS. Hence, we investigated PCA spectra (10 – 40 keV) to
search for differences in the spectral properties of both branches and how they can
be addressed in the light of (non)detection of radio emission and QPO properties.
Figure 6.4 shows the temporal evolution of the photon index. It increases during
the HIMS and reaches a more or less constant value during the SIMS in the upper
branch. In the lower branch, the SIMS spectra have a consistently lower photon index
than those in the upper branch. The HIMS shows a moderate decrease in photon
index. The fact that the soft-to-hard transition takes place at a much lower photon
index (see also Fig. 6.5) means that the high energy part of the spectrum is harder
in the lower branch than it was in the upper branch. There are numerous works
on BHTs that study the evolution of the temporal and spectral properties during the
whole outburst (e. g. McClintock et al. 2009; Motta & Belloni 2010; Shaposhnikov
& Kazutaka 2010). Other papers are dedicated to a detailed investigation of those
properties during the outburst decay (e.g. Kalemci et al. 2004, Kalemci et al. 2005,
Kalemci et al. 2006). The overall evolution of the photon index throughout a BHT
outburst, which – roughly speaking – consists of an increase from the LHS to the HSS
followed by a decrease when the source goes back to the LHS, is already known from
those studies. However none of these studies focuses on the behaviour of the photon
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index during the upper and lower branch SIMS, which is most probably related to the
previously sparsely sampling of (lower branch) SIMSs.

Remember that the observations were selected from the same hardness ratio range.
A different contribution of the disc to the overall emission – which arises in a reduced
inner disc temperature – compared to the upper branch has to be expected due to
the lower luminosity in the soft-to-hard transition (Maccarone & Coppi 2003; see
e. g. Shaposhnikov et al. 2010 or Stiele et al. 2011 for XTE J1752-223 or Muñoz-
Darias et al. 2011 for MAXI J1659-152). This change in the disc contribution to the
emission requires that also the rest of the spectrum must be modified since the hard
tail depends (in a complicated way, via Comptonization processes; see e.e Sunyaev
& Titarchuk 1980 and references therein for thermal Comptonization, Titarchuk et al.
1996, Titarchuk & Hua 1995 and references therein for non-thermal Comptonization,
Del Santo et al. 2008 and references therein for hybrid Comptonization) from the disc
itself. Thus the spectral shapes between upper and lower branch at a similar hardness
ratio should differ from each other. While hardness ratio can be used as a good
tracker of the spectral shape for observations obtained at more or less the same flux,
our results show that one should be cautious especially when analysing spectra at
very different fluxes, as it is the case for observations of the upper and lower branch.
In this case it is necessary to “re-calibrate” its meaning according to the new flux
level. In other words, the same hardness range tracks different photon index intervals
at different fluxes.

The connection between source flux and photon index is shown in Fig. 6.6. The
colour of the dots represents the temporal evolution of the parameters during the
outburst. The behaviour seen is expected according to the HID.

The observations of the upper and lower branch were selected in such a way to in-
clude all observations with type-B QPOs and have a similar fractional rms. Further-
more, they are all located within a certain hardness ratio range, which is represented
as a vertical strip in the HID. It is known that the jet line does not follow a vertical line
in the HID, but shows a more complex behaviour (Fender et al. 2009). In the lower
branch the jet does not turn on before the source is settled in the LHS (Kalemci et al.
2006, Russel & Lewis 2011). We showed that the photon index during the SIMS in
the lower branch transition is smaller than in the upper branch transition. This means
that lines of constant photon index run from the upper right to the lower left in the
HID during state transition.

It is known that the disappearance of the steady radio jet in the upper branch and
the re-appearance of the jet in the lower branch take place at different hardness ratios.
Our finding of a lower photon index during the SIMS of the lower branch implies
that the jet appears at a much lower photon index in the soft-to-hard transition than
it disappeared at in the upper branch. This implies that there is either no relation
between photon index and radio emission or that this relation has to be extremely
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6.5 Results and Discussion

Figure 6.4: Temporal evolution of the photon index for different spectral models. The values
obtained from a power law + cut-off model are given in black, the one obtained from a power
law model with reflection in green. The dashed lines mark the first transition from HIMS
to SIMS as well as the last transition from SIMS to HIMS. Transitions in between are not
indicated (see however Tab. 6.1). The time of the first observation of the HIMS in the hard-
to-soft transition was selected as T0.

complicated.
The photon indices found in the SIMS of the lower branch correspond to values

obtained at the onset of the HIMS in the upper branch (see encircled dot in Fig. 6.1).
This finding is in agreement with the lagging of timing properties compared to spec-
tral properties in the soft-to-hard transition, as reported in Kalemci et al. (2004).
Furthermore Muñoz-Darias et al. (2011) showed that the onset of the upper branch
HIMS and the transition form the lower branch HIMS to the LHS are situated on two
different hard lines in the intensity-rms diagram of GX 339-4.

Furthermore, we found that type-B QPOs can be associated to different spectral
shape. Previous studies, which did not differentiate between type-B and other types
of QPOs, used a relation between photon-index and QPO centroid frequency to esti-
mate the mass of the black hole in X-ray binaries (Shaposhnikov & Titarchuk 2007
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6. Spectral properties of transitions in GX 339-4

Figure 6.5: Distribution of the photon index values in the upper (black) and lower (grey)
branch, with a bin size of 0.05. Only the values obtained with the power law + cut-off model
are shown. In the upper branch the photon index peaks at ∼2.45, while the distribution in the
lower branch is broader and peaks at ∼1.95. Photon indices obtained from observations with
type-B QPOs are marked as filled bars.

and Shaposhnikov et al. 2009). In the upper branch type-B QPOs appear at a centroid
frequency of ∼5 Hz (Motta et al. 2011) and in observations where the photon index
is between 2.3 and 2.6. In the lower branch the centroid frequency of type-B QPOs
reduces to ∼2 Hz (Motta et al. 2011) and they are mainly observed in observations
which spectra have a photon index of ∼1.9 (see Fig. 6.6). However, we observe type-
B QPOs neither in observations of the upper branch that have a photon index of ∼1.9
nor in observations of the lower branch which have a photon index of ∼2.4. There-
fore, the physical conditions that lead to the QPO do not depend in an obvious way on
the power law parameters. Figure 6.5 clearly shows that within each branch the pho-
ton index is not enough to distinguish between observations with and without type-B
QPOs in the selected sample. The difference is just in the timing. In addition, Motta
et al. (2011) showed that there is a correlation between centroid frequency of type-B
QPOs and the count rate. We do not want to claim here a relation between centroid
frequencies of type-B QPOs and photon index, but our findings underline that type-B
QPOs can appear only in a very narrow range of properties of a BHT that are realised
during state transitions. These properties occur in a rather narrow window in the HID
and they are characterised by selected combinations of peak frequencies of type-B
QPOs and photon index in the upper and lower branch, respectively.

Recent works indicate that the hard component observed in spectra of intermediate
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6.5 Results and Discussion

Figure 6.6: Upper pannel: Relation between source flux and photon index. The colour
of the dots represents the temporal evolution of the parameters during the outburst. Lower
pannel: Relation between QPO centroid frequency and photon index. Values belonging to
observations of the hard-to-soft transition are marked as squares, those of the soft-to-hard
transition as dots.
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states arises from hybrid Comptonization (e.g. Del Santo et al. 2008 and references
therein). In the intermediate states, a hard tail extended to the MeV is observable in
the spectra (Done et al. 2007, like those observed in the HSS Grove et al. 1998). This
intermediate state tail is softer than the tail that can be observed in the hard state and
comes either in the form of a cut-off power law rolling over at energies larger than
150 keV (Motta et al. 2009) or in the form of a simple power law, with no observ-
able cut-off up to a few MeV (Caballero-Garcı́a et al. 2009). The extent of the tail
shows that there must be non-thermal Compton scattering, as in the high/soft state.
However, the tail is steeper, which means that the mean electron energy is lower.
The observed spectral shape can only be produced by a combination of thermal/non-
thermal Compton scattering. This could be produced in a single region filled with
two populations of electrons (one thermal and the other non thermal). Alternatively
there could be two different regions, one with thermal electrons (the same electrons
that in the hard state are responsible of the thermal comptonization) and one with
non-thermal, perhaps related to the jet base. Assuming that the hard component re-
sults from hybrid Comptonization, the appearance of type-B QPOs depends directly
on the properties of the hybrid Comptonizing medium. In particular, the type-B QPO
frequency is strictly related to the temperature distribution of the electrons, that in
turn determines the inclination of the hard part of the spectrum. In this regard, it
appears natural to assume that the properties (i. e. the temperature distribution) of
such a medium are different in the softening and hardening phase, which are sepa-
rated by the HSS, where the hard contribution to the emission is nearly negligible and
therefore, our results are consistent with this scenario.

However, the presence of diverse elements acting together in spectral/temporal
evolution of the system (such as different populations of electrons, accretion flow
and even a magnetic field) results in several effects that are difficult to disentangle.
The complexity of the situation makes it difficult to identify how the behavior of
the emitting components could affect the properties of the QPOs and to determine
whether the appearance of type-B QPOs is related to changes in the corona, in the
disc, the accretion-ejection process, or a combination of several processes. Such issue
is not trivial to the understanding of accretion and of the fundamental physics acting
in presence of compact objects and strong gravitational fields and should be the topic
of further investigations.

6.6 Conclusion
We investigated the spectral properties in the 10 – 40 keV band during state tran-
sitions in the 2010 outburst of GX 339-4. The sample of SIMS observations used
contained all observations with type-B QPOs. Comparing the (mean) photon index
found in the SIMS of the hard-to-soft transition with the one of the soft-to-hard transi-
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6.6 Conclusion

tion a flatting of the power law is clearly evident. This means that the back transition
from the soft to the hard state does not only occur at lower luminosity and with lower
peak frequencies of type-B QPOs, but also at lower photon index. Hence, type-B
QPOs can be associated to different spectral shape. However, in each branch only
certain combinations of centroid frequency and photon index are realised.
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7 On the outburst evolution of
H1743-322: a 2008/2009

comparison

Sara E. Motta, Teo Muñoz-Darias, Tomaso M. Belloni

Monthly Notices of the Royal Astronomical Society, 2010, 408, 179

Abstract

We present two observational campaigns performed with the RXTE satellite on
the black hole transient H 1743-322. The source was observed in outburst on two
separate occasions between October-November 2008 and May-July 2009. We have
carried out timing and spectral analysis of the data set, obtaining a complete state
classification of all the observations. We find that all the observations are well de-
scribed by using a spectral model consisting of a disk-blackbody, a powerlaw + re-
flection + absorption and a gaussian emission component. During the 2009 outburst
the system followed the canonical evolution through all the states seen in black hole
transients. In the 2008 outburst only the hard states were reached.

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. The vari-
ation of the flux associated to the two main spectral components (i.e. disk and pow-
erlaw) allows us to set a lower limit to the orbital inclination of the system of ≥
43◦.
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7. On the outburst evolution of H1743-322

7.1 Introduction

Black holes X-ray transients (BHTs) spend most of their lives in “quiescence”, dis-
playing very low luminosities (∼1032 ergs−1). They also undergo occasional out-
bursts, when their luminosity increases by several orders of magnitude. During these
events, BHTs can approach their Eddington luminosity and marked changes are ob-
served in both time variability and energy spectrum (see e.g. Belloni 2005, Belloni
2010). We do not still have a complete understanding of all the mechanisms that lead
to these changes, but, apart from the variation of the mass accretion rate, they must
involve the structure of the accretion flow around the black hole as well as accre-
tion/ejection mechanism processes.

The spectral evolution of black hole X-ray transients can be described in terms
of the characteristic pattern they usually show in the in X-ray hardness-intensity di-
agram (HID) (see Homan et al. 2001, Homan & Belloni 2005, Belloni et al. 2006,
Gierliński & Newton 2006, Belloni 2010). Different states correspond to different
branches/areas of the HID, which is often travelled along a regular path during out-
bursts. Two of the states correspond to the original states discovered in the 1970s.
The Low/Hard State (LHS) is found only at the beginning and at the end of an out-
burst, where the highest luminosity swings are observed. The X-ray spectrum is
dominated by a component which can be approximated by a power law with a hard
photon index (∼ 1.5-1.8) and a variable high-energy cutoff moving between ∼50 keV
and ∼300 keV (see e.g. Motta et al. 2009, Joinet et al. 2008, Miyakawa et al. 2008).
In this phase, the power density spectrum (PDS) of the source is highly variable and
is dominated by a strong band limited noise (∼ 30% fractional rms). The High Soft
State (HSS), if reached, can be observed in the central part of an outburst, in which
the spectrum is dominated by a soft thermal component, most likely associated to an
optically thin accretion disk. It also shows an additional weak, steep power-law com-
ponent (photon index ∼ 2.5 or higher). During this state, the power density spectrum
shows faint components with fractional rms typically around few percent.

Between these two well-established states, the situation is more complex, leading
to many different classifications. Homan & Belloni (2005) identify two additional
states, defined by spectral/timing transitions. After the LHS a transition to these
intermediate states occurs and the source evolves as its luminosity increases. The
spectrum starts to change: the soft thermal component appears and becomes grad-
ually important, the energy peak of the emission softens and the hard component
steepens (Γ ∼ 2.0-2.5). The Hard Intermediate State (HIMS) and Soft Intermediate
State (SIMS) show these spectral characteristics and can be distinguished between
each other mostly by timing properties (Homan & Belloni 2005). The transition be-
tween HIMS and SIMS can be very fast (sometimes over a few seconds, see Nespoli
et al. 2003) and it is marked by the disappearance/appearance of particular features
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in the PDS, such as the switch between two types of QPOs and a decrease in overall
fast variability. The transition to the SIMS is also associated to the ejection of fast
relativistic jets. This has led to the identification of a jet line in the HID, separating
HIMS and SIMS (Fender et al. 2004). However, recent studies of different systems
have shown that the jet ejection and HIMS/SIMS state transitions are not exactly si-
multaneous (Fender et al. 2009). The jet line can be crossed more than once during
an outburst (e.g. XTE J1859+226: Casella et al. 2004; GX339-4: Brocksopp et al.
2002, Motta et al. 2009). For a more detailed state classification see Belloni (2010).

The four states mentioned above are observed in many BHCs in a regular way,
starting from the LHS, crossing the HIMS and the SIMS and reaching the HSS. Af-
ter a relatively long permanence in the HSS, the flux starts to decrease, most likely
following a decrease in accretion rate. At some point, a reverse transition takes place
and the path is followed backwards to the LHS and then to quiescence. The lumi-
nosity of this back-transition is always lower than that of the corresponding forward-
transition (see Maccarone & Coppi 2003; Dunn et al. 2010). This basic pattern can
vary depending on the source. Additional transitions between SIMS and HIMS can
be observed and some sources behave in a more complicated way showing additional
non-canonical states (i.e. the anomalous state, see Belloni 2010). Interestingly, until
now all black-hole transients have shown two types of behaviour: after the initial
LHS, most sources show a transition to the HIMS at a luminosity level which is al-
ways different and might be related to the previous history of the transient (Yu &
Dolence 2007). If this transition takes place, the source always reached the HSS.
There is also a second group of systems (at least seven) that never left the LHS
(eg. XTE1550-564, Sturner & Shrader (2005);). Until the October 2008 outburst
of H1743-322 (see below) the only possible exception to this dichotomy is repre-
sented by SAX J1711.6–38 (Wijnands & Miller 2002), a faint transient X-ray binary
classified as black hole candidate.

7.1.1 H1743-322
The X-ray source H1743-322 was discovered during a bright outburst in 1977 with
the Ariel V satellite (Kaluzienski & Holt 1977). It is classified as a black hole can-
didate (McClintock & Remillard 2006), as a dynamical confirmation has not been
possible due to the faintness of its optical counterpart (Steeghs et al. 2003). H1743-
322 is one of the few sources where X–ray jets have been imaged (Corbel et al. 2005).

The distance to H1743-322 is not well constrained. Corbel et al. (2005) find from
the proper motion of the jet an upper limit of 10.4±2.9 kpc to the distance, consistent
with a location in the Galactic Centre.

After displaying four outbursts (observed by different missions, such as INTE-
GRAL, Swift, RXTE), on 2008 September 23, (MJD=54732), another outburst of
H1743-322 was detected by INTEGRAL during the Galactic bulge monitoring (see
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Kuulkers et al. 2008) showing that the source was in a hard state with an increas-
ing flux. Swift, RXTE and INTEGRAL followed the outburst evolution. This time
H1743-322 did not follow the canonical pattern normally seen in the outburst phases
of black-hole transients. The source only sampled the HIMS (Belloni et al. 2008).
Then it decreased in luminosity and underwent a hardening of the spectrum. This
behaviour was confirmed by both spectral and timing analysis (Capitanio et al. 2009,
hereafter C09). Finally, a new bright outburst was detected on May 2009 by Swift/BAT
(see Krimm et al. 2009). This outburst followed the standard pattern in the HID, dis-
playing all the canonical states.

In this paper we present the results coming from the analysis of the last two out-
bursts (2008 and 2009). Our aim is to use RXTE data collected during the 2009
outburst to study the broadband spectral evolution of H1743-322 and compare its
behavior with that of the 2008 outburst where a non-standard behavior is observed.
Our purpose was to identify differences in the evolution that would have allowed to
predict the presence/absence of a transition to soft states. This is important because
the transition is linked to jet ejection. In 2008 the mechanism for such ejection was
put in motion, but stopped early. In 2009 the transition took place.

7.2 Observations and data analysis
In May 2009, Swift/BAT detected X-ray activity from H1743-322 as part of its hard
X-ray transient monitor program (Krimm et al. 2009). This flux level was comparable
to the peak reached during the previous outburst of this source around 4-October-
2008 (see e.g. Kuulkers et al. 2008). The brightening of H1743-322 was confirmed
by the RXTE/ASM (Miller-Jones et al. 2009) during May 23-28. As a part of public
target of opportunity observations H1743-322 was observed in pointing mode by
RXTE. Starting from 29 May 2009, a total of 44 observations were performed during
2 months, covering a large part of the outburst of the source. We report here the
results of the spectral analysis of all the 2009 observations. We also analysed the 37
RXTE outburst observations taken during 2008.

We extracted energy spectra from the PCA and HEXTE instruments (background
and dead time corrected) for each observation using the standard RXTE software
within HEASOFT V. 6.6.3. For our spectral analysis, only Proportional Counter
Unit 2 from the PCA and Cluster B from HEXTE were used. A systematic error
of 0.6% was added to the PCA spectra to account for residual uncertainties in the
instrument calibration 1. We accumulated background corrected PCU2 rates in the
channel bands A = 4 - 128 (3.3 - 118 keV), B = 4 - 10 (3.3 - 6.1 keV) and C = 11

1See http://www.universe.nasa.gov/xrays/programs/rxte/pca/doc/rmf/pcarmf-11.7/#head-
27884cefb2a102a7e53547f1631cbeab44224a04 for a detailed discussion on the PCA calibration
issues.
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Figure 7.1: Evolution of net count rate, hardness and main spectral parameters during the
2008 (red) and 2009 (blue) outburst of H1743-322 (see Tabs. 7.3 and 7.6. From top to bot-
tom: net PCU2 count rate, hardness ratio, inner disk radius in km (assuming a distance of 10
kpc and inclination of 65 degrees), disk temperature in keV at the inner disk radius, photon
index, cutoff energy in keV, reflection factor. The solid line marks the transition from the
HIMS to the SIMS and the dot-dashed line separates the SIMS from the HSS. Notice that
only the primary transition from HIMS to SIMS is marked. The same transition takes place
also later in the outburst (see text). No such transitions were observed in 2008. Points with
horizontal error bars correspond to spectra obtained averaging observations with similar hard-
ness: the error bars represent the time interval corresponding to the accumulation. In panel f,
we used the values coming from Tab. 7.7. In panels a1, a2 and b1, b2 different symbols in-
dicate different timing properties: type-A QPOs (diamonds), type-B QPOs (squares), type-C
QPOs (filled triangles), strong band-limited noise components in the Power Density Spec-
trum (stars), weak band-limited noise components in the Power Density Spectrum (empty
triangles), weak powerlaw noise in the Power Density Spectrum (crosses) Triangles in panels
c1, c2 and f1, f2 mark upper limits.
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- 20 (6.1 - 10.2 keV). A is the total count rate, while the hardness was defined as
H = C/B (Homan & Belloni 2005). PCA+HEXTE spectra were fitted with XSPEC
V. 11 in the energy range 3 - 22 keV and 20-200 keV respectively. To account for
cross-calibration problems, a variable multiplicative constant for the HEXTE spectra
(as compared to the PCA) was added to the fits.

For our timing analysis, we used custom software under IDL. For each observa-
tion we produced power density spectra (PDS) from stretches 16 seconds long in
the channel band 0-35 (2-15 keV). We averaged the PDS and subtracted the contri-
bution due to Poissonian noise (see Zhang et al. 1995) to produce a PDS for each
observation. They were normalized according to Leahy et al. (1983) and converted
to squared fractional rms (Belloni & Hasinger 1990). The integrated fractional rms
was calculated over the 0.1 - 64 Hz band.

7.3 Results
7.3.1 The 2009 outburst of H1743-322
In this section, we describe the general evolution of the outburst. In Fig. 7.1 (panels
a2 and b2) we show the count rate and hardness evolution of H1743-322 and in Fig.
7.2 we show the HID. In Tab.7.1 we list the background-corrected PCU2 count rate,
the hardness ratio and the fractional rms for each observation.

As one can see from Fig. 7.2 (blue track), the source evolution during the 2009 out-
burst is consistent with the typical behavior observed in most other BHTs (see e.g.
Gierliński & Newton 2006, Remillard & McClintock 2006, Belloni 2010, Fender
et al. 2009). Unfortunately the data did not cover the whole evolution from quies-
cence and the right branch of the outburst (i.e. LHS) was missed. However, the
source was followed during its evolution from the HIMS through all the remaining
canonical states. We observed a clear horizontal branch in the HID characterized by
a sligtly rising count rate and a progressive softening which drove the source from
hard to soft state in few days. After a relatively long permanence in the soft state (
∼ 22 days), the transition from the soft back to the hard state took place at a lower
count rate than the initial opposite transition, as expected.
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Figure 7.2: Hardness-Intensity diagram from RXTE/PCA data for the complete 2009 out-
burst (blue line) and 2008 outburst (red line). The two paths start from the upper right corner
and proceed in a counter-clockwise direction. Different symbols indicate different timing
properties: type-A QPOs (diamonds), type-B QPOs (squares), type-C QPOs (filled trian-
gles), strong band-limited noise components in the Power Density Spectrum (stars), weak
band-limited noise components in the Power Density Spectrum (empty triangles), weak pow-
erlaw noise in the Power Density Spectrum (crosses). The solid line marks thetransition from
the HIMS to the SIMS and the dot-dashed line separates the SIMS from the HSS.
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7. On the outburst evolution of H1743-322
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7.3 Results

Timing Analysis

Source states are defined on the basis of both spectral and timing properties (for a
detailed description of state classification see Homan & Belloni 2005; Belloni 2005;
Belloni 2010, Fender et al. 2009). Thus, timing information (i.e. PDS) is needed in
order to identify the branches we see in the HID in terms of states. This will serve
as a framework for the spectral analysis (see Sec. 7.3.1). In Tab. 7.2 we outline the
main conclusions extracted from the PDS analysis.

• Observations #1 to #6 and observation #35 to #39 show a high level of
aperiodic variability in the form of strong band-limited noise component (flat
top noise shape), with total integrated fractional rms in the range 17 − 30%.
The rms is positively correlated with hardness. The PDS can be decomposed in
a number of Lorentzian components, one of which takes the form of a type-C
QPO peak (see Casella et al. (2004) for a complete QPO classification). The
observations correspond to the first part of the horizontal branch (Fig. 7.2,
triangles). These observations belong to the HIMS.

• Observation #7 shows a weak variability level and a powerlaw shape noise,
associated to a low fractional rms value (∼ 5%). These values and the hardness
are consistent with the values observed in observations #12, #13 and #14,
where the systems is in the SIMS (see below). No QPOs are observed here.
However we note that Type-A QPOs are not always detected in PDS associated
to the SIMS due to their faintness. We tentatively classify this observation as
SIMS.

• Observations #8 to #11 and #15 to #34 show weak powerlaw noise with a
rms of a few percent. They correspond to the softest observations. All these
observations are marked with crosses in the HID in Fig. 7.2 and belongs to the
HSS.

• Observations #12 and #13 correspond to a low variability (∼ 5 − 6% frac-
tional rms). A type-B QPO is prominent in the PDS, significanly different from
the ones observed in the LHS and in the HIMS (see Motta et al. 2009, Belloni
2005; Belloni et al. 2008). These observations are marked in the HID (Fig.
7.2) with diamonds and are classified as SIMS.

• Observation #14 shows a Type-A QPO and has an integrated fractional rms of
∼ 3.4%. This observation is also softer than the two showing a Type-B QPO.
This observations also belongs to the SIMS (in the middle of the HID, Fig. 7.2)
and is marked in the HID with a square.

• Observation from #40 to #44 show a quite high level of aperiodic variability
in the form of strong band-limited noise components, with fractional rms in the
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7. On the outburst evolution of H1743-322

2009 Outburst

#obs ID Noise Type QPO type RMS (in %)

#1 to #6, #35 to #39 strong band limited noise C 17-30%

#7 weak powerlaw component - 5%

#8 to #11; #15 to #34 weak powerlaw component - 3-12%

#12,#13 weak powerlaw component B 5-6%

#14 weak powerlaw component A 3.4%

#40 to #44 strong band limited noise C 13-18%

Table 7.2: Summary of the timing properties seen in the PDS of each observation from the
2009 outburst.

range 13 − 18%. The PDS are similar to those observed during the HIMS and
can be decomposed in a number of Lorentzian components. These observations
correspond to the vertical branch of the HID in Fig. 7.2 (stars), when the source
undergoes the final hardening before the quiescence phase. These observations
belong to the LHS.

On the basis of the state classification, we can identify three main transitions and
one backward transition during the softening of the source. Here by we will call
main transitions to the ones that take place in the HIMS-SIMS-HSS direction for the
first time and secondary the following transitions in the same directions. Backward
transitions take place in the inverse direction.

• Main transition from HIMS to SIMS, taking place between observations #6
and #7 at hardness ∼ 0.4.

• Main transition from SIMS to HSS, taking place between observations #7 and
#8 at hardness ∼ 0.35.

• A secondary transition from SIMS to HSS, taking place between Obs. #14 and
#15, at hardness ∼ 0.35.

• Backward transition from HSS to SIMS, taking place between observations
#11 and #12 at hardness ∼ 0.3. As it is often observed in other sources
(Motta et al. 2009, Del Santo et al. 2009) the SIMS is crossed several times
during the outburst evolution, either in the HISM-SIMS-HSS direction or in
the opposite one.

Lines corresponding to the main transitions are shown in Fig. 1 and Fig. 2.
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7. On the outburst evolution of H1743-322

Spectral Analysis

Given the multitude of spectral models available, we tested several ones in a first ap-
proach. This method has been already adopted for other sources (GX 339-4, Nowak
et al. 2002; Cyg X-1, Wilms et al. 2005). We started with a model consisting of
only one component, either a cutoff power law or a multicolor disk blackbody, but
neither could fit the spectra. Better results were obtained with a combination of these
two components. However, this model does not yield good fits for all the observa-
tions: clear residuals around 30 keV are observed for some cases. They appear at
the beginning and at the end of the outburst and we interpreted them as evidence of
reflection of the Comptonized emission on relatively cold matter (i.e. the accretion
disk). Moreover, during the initial and final periods of the outburst, the disk com-
ponent has normalization values too low to be physically acceptable2. This model
was used by C09 to fit the spectra corresponding to the 2008 outburst. The model
is not able to fit the observations that do not present a disk blackbody component.
As mentioned above, an additional reflection component was required in order to get
acceptable fits of the spectra without a visible disk component. Considering that, if
a disk component is observable, the reflection component is expected to be propor-
tional to the disk flux and correlated with the photon index (see Gilfanov 2010 and
reference therein), we concluded that the model is not able to describe the spectrum
in a physical way.

Following Wilms et al. (2006), Nowak et al. (2005) and Muñoz-Darias et al. 2010b,
we tried to model the data with an absorbed broken (elbow-shaped) power law asso-
ciated to an exponentially high-energy cutoff. Even though the broken power-law
shape mimics the effect of reflection, which is clearly seen in this source (see below),
the fits suffered the same problems than using the cutoff powerlaw+diskblackbody
model. We conclude that they are due to an oversimplification of the model itself,
which is not sufficient to give a valid description of the spectra possibly because of
the complex reflection features observed.

In order to obtain good fits and acceptable physical parameters, a model consist-
ing of an exponentially cut off power law spectrum reflected from neutral material
(Magdziarz & Zdziarski 1995) was used (pexrav3 in Xspec). An gaussian emission
line with centroid fixed at 6.4 keV was further needed in order to obtain acceptable
fits. The iron width was constrained between 0.2 and 1.2 keV to prevent artificial

2Assuming a 10M! black hole, the gravitational radius should be ∼ 30 km. The normalizations
found range between ∼5 and ∼230, leading to inner disk radii ranging between >3-19 km (assuming
an inclination angle < 65o). This means that the maximum inner disk radius found is 0.62 gravitational
radii, too small from a physical point of view.

3The output spectrum consists of a power law with a high-energy cutoff combined with reflection
from a neutral medium. Ω/2π represents the fraction of the hard X-ray radiation emitted towards the
disc where it is reflected.
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broadening due to the bad response of XTE/PCA at 6.4 keV. The use of pexrav is
justified by the presence of the iron line in all the spectra. In addition, a multi-color
disk-blackbody (diskbb) was added to the model. A hydrogen column density was
used (wabs in XSPEC), with NH frozen to 1.6 × 1022cm−2, the value derived from
Swift/XRT (C09).

We tried to further improve the fits by adding an iron edge component to the model.
This is justified by te fact that an iron edge is expected when the iron line is visible.
The iron edge component was added with energy constrained between 6 and 10 keV
and free optical depth. Although the χ2red was generally slightly lower for most of
the observations, the absorption edge was not well constrained. It tends to move to
high energies, reaching the higher limit we imposed. In addition, the component is
often not clearly significant and the optical depth obtained is usually lower than ∼
0.1. We then concluded that the addition of the iron absorption edge is not justified.
Even though we cannot exclude the presence of the iron edge component, we can
assert that, if present, it is too faint to be clearly observed and constrained.

Not all the components of the model are present trough the outburst evolution. At
the beginning and at the end of the outburst (Observations #1 to #6 and Observations
#35 to #44), no significant disk emission is observed in the spectra (see Fig. 7.3, top
spectrum). Here, the model used did not contain the disk component and it yielded
an average χ2

red of ∼ 1.02 for 81 degrees of freedom (d.o.f.). During the central part
of the outburst (from #7 to #34), the disk component is present, yielding an average
reduced χ2 of 1.2 for 79 d.o.f. (see Fig. 7.3, bottom spectrum). The time evolution
of the spectral parameters is shown in Fig. 7.1 (panels c2 to g2). The observations
started in the HIMS. During the first days of the HIMS, the source exhibited a rapid
rise in flux, which reached the maximum value of the outburst in less than 8 days.

From Fig. 7.1 we notice that, as the source is moving through the HIMS, the pho-
ton index rises from ∼ 1.7 to ∼ 2.4 in less than 4 days (from Obs. #1 to Obs. #6).
This progressive softening of the source is possibly associated with the rise of a soft
component related to the accretion disk emission. Despite the softening, the mul-
ticolor disk component is not directly observable in the spectrum until observation
#7, probably because of the low temperature of the accretion disk. From observa-
tion #7 the photon index remains between ∼ 2.3 and ∼ 3.1. After Obs #35, when
the source is about to come back to the LHS, the photon index sensibly decreases
to values lower than ∼ 2.1. As it is expected, the higher values of the photon index
(over ∼ 2.1) correspond to the phases in which the multicolor disk component is vis-
ible in the spectra (from Obs. #7 to Obs. #34). The high-energy cut-off is present
during the HIMS, from observation #1 to #5. During this period it ranges between
∼ 140 keV and ∼ 200 keV. The large error bars no not allow to check for variability
in the cutoff energy. Because of the response of HEXTE at its highest energies, the
cutoff values are not well constrained over ∼180 keV. From observation #5 on the
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cutoff energy, if present, is over 200 keV. In order to check for the absence/presence
of an high-energy cut-off in proximity of the HIMS/SIMS transition, we averaged
spectra with similar hardness and compatible spectral parameters to accumulate bet-
ter statistics. The mean spectra show values of the high-energy cutoff consistent with
the values from single observations, although slightly better constrained. Although
the large error bars still make it difficult to pinpoint a precise evolution of the high-
energy cutoff, it is possible to say that it seems to decrease and then increase as the
source approaches the soft states. The results are summarized in table 7.7 and the
mean values obtained for the cutoff are shown in Fig. 7.1 (panel f2).

The disk component is not present between observations #1 to #6. When it appears,
in correspondence to the transition to the SIMS (Obs. #7), the inner disk radius
appears to be consistent with constant 4). The values for Obs. #28 to #33 are not
well constrained because of the low photon count. During this phase, the source
goes back to harder states and the disk emission is expected to drop and disappear
again from the PCA band. The temperature of the disk decreases as the source softes,
moving from ∼ 0.9 keV to ∼ 0.5 keV. The reflection scaling factor remains almost
constant during the whole outburst, showing slightly higher values when the disk
component is visible. This is expected if the reflected emission is due to reprocessing
of the corona emission by the disc.

7.3.2 The 2008 outburst of H1743-322
We extended the analysis described for the 2009 outburst to the 2008 outburst.

As can be seen in Fig. 7.2 (red track), the source traces a different path during the
2008 outburst. Following the HID (Fig. 7.2, red track), we see that the source moves
horizontally to the left, then jumps to a softer state, from which it slowly returns
to the hard track along a diagonal path. As one can see, the softest points of the
second outburst reach intermediate values of the hardness (∼ 0.5), corresponding to
the HIMS of the 2009 outburst. This is clearly seen in Fig. 7.1 (panel b1 and b2): the
2008 outburst (red track) is harder than the 2009 one.

4The radius varies between ∼ 25 and ∼80 km. Assuming a distance of ∼ 10 kpc and a ∼ 65o disk
inclination angle (McClintock et al. 2009)
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Figure 7.3: Examples of spectral fits resulted from the combined PCA and HEXTE spectra
taken during the 2009 outburst of H1743-322. For both spectra we used a model consisting
of interstellar absorption, a Gaussian emission line and a pexrav model. The top spectrum
corresponds to the hardest observation of 2009 outburst (Obs. #1). The lower spectrum
corresponds to the softest spectrum of 2009 outburst (Obs. #26). In this latter spectrum a
disk blackbody component had to be added to the model.
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7. On the outburst evolution of H1743-322

2008 Outburst

#obs ID Noise Type QPO type RMS (in %)

#1 to #10, #12 to #37 strong band limited noise C 16-30%

#11 weak band limited noise - 10%

Table 7.5: Timing properties seen in the PDS of each observation from the 2008 outburst.

Timing analysis

The timing analysis yielded the following results:

• Observations from #1 to #10 and from #12 to #37 show a high level of
aperiodic variability in the form of strong band-limited noise components (flat
top noise shape). The total integrated fractional rms is in the range 16− 30%.
The PDS can be decomposed in a number of Lorentzian components, one of
which takes the form of a type-C QPO peak. These observations correspond to
the triangles in Fig. 7.2.

• Observation #11 corresponds to a slightly weaker variability (∼ 10% frac-
tional rms). The PDS is consistent with a zero-centered Laurentian, rhough
noisy, with no QPOs. This observation is the only one that does not show any
QPO. This observation is marked with an empty triangle in the HID of Fig. 7.2
(red track).

Results are summarized in Tab 7.5.
On the basis of the PDS properties, all that observations can be classified as HIMS.

This fact is supported by the hardness ratio values observed for the corresponding
spectra. Observation #11 shows timing properties which are consistent with the
HIMS, even though no Type-C QPO is observed. However the non-detection is com-
patible with neighboring observations (see C09 for details).
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7.3 Results

Spectral analysis

We applied to the 2008 outburst the same approach we adopted for the 2009 outburst.
A model consisting in a simple cutoff powerlaw plus disk-blackbody component as
well as a broken powerlaw with high-energy cutoff plus disk-blackbody was firstly
tested. As for the 2009 data, the resulting fits are good for the central part of the
outburst, but they are not for the beginning and ending phases (see Sec. 7.3.1). Again,
the resulting normalization of the disk-blackbody component yielded inner radius
values too small to be accepted.

We therefore adopted the same model as for the 2009 outburst (pexrav+disk-
blackbody) . We found that the disk black-body component is required only for the
very central part of the outburst in correspondence with the softest points of the HID
(Obs. #11 to #14). This is probably due to the faintness of the accretion disk, which
is likely too cold to be clearly detected by PCA. The fits for those observations yield
an average χ2

red of 1.08 for 79 d.o.f. (see Fig. 7.4, bottom spectrum). In observations
#11 to #14 the disk blackbody component has to be added to the model to account
of the soft excess observed. All the other observations could be fitted without a disk
blackbody component, yielding an average χ2red of 0.98 for 81 d.o.f. (see Fig. 7.4,
top spectrum).

The spectral evolution of H1743-322 during its 2008 outburst is shown in Fig.
7.1 (red tracks) and the corresponding values are reported in Tab. 7.6. As expected
during the HIMS, the photon index remains nearly constant (ranging between 1.6 and
1.7). After that, it jumps to ∼ 2.6 in less then two days (at Obs. #10). This is due
to the appearance of a soft spectral component probably associated to the accretion
disk, which becomes directly observable from observation #11. After observation
#10 the photon index moves back to slightly lower values (∼ 2.2) and then moves
down to ∼ 1.8. This is the typical behaviour observed during the HIMS, when the
system is backing towards the LHS. The high-energy cutoff is not well constrained
for the 2008 outburst. The fits give values which in all the cases but two (observation
#5 and #6) are too high to be considered acceptable (see Tab. 7.6). As for the
2009 outburst, we averaged spectra corresponding to similar hardness ratio in order
to acquire better statistics. The mean spectra obtained show values of the high-energy
cutoff consistent with the values of the single observation spectra and still too high to
be considered reliable. However the mean spectrum of observations #5 and #6 shows
a clearer cutoff at ∼ 180 keV. The results are summarized in table 7.7 and the mean
values obtained for the cutoff are shown in panel f1 in Fig. 7.1).

The reflection-scaling factor remains nearly constant along the outburst. This
could be explained by a lack of disk flux. Given that the reflection component is
directly tied to the disk emission (see Sec. 7.4.2), the low reflection component is
consistent to the presence of a faint disk (i.e. low disk flux, see Fig. 7.5).
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Figure 7.4: Examples of spectral fits from the combined PCA and HEXTE spectra taken
during the 2008 outburst of H1743-322. For both spectra we used a model consisting of
interstellar absorption, a Gaussian emission line and a pexrav model. The top spectrum
corresponds to the hardest observation of 2008 outburst (i.e. Obs. #1). The lower spectrum
corresponds to the softest spectrum of 2009 outburst (i.e. Obs. #11). In this latter spectrum a
disk blackbody component had to be added to the fit.

7.4 Discussion
The different behaviour shown by H1743-322 during its outburst evolution in 2008
and 2009 allow us to study the evolution of the spectral parameters of the system at
different accretion regimes.

7.4.1 The 2009 outburst
Our results show that H1743-322 underwent a typical outburst between 2009 May 29
and 2009 July 27. The source probably went through a (missed) initial LHS and then
crossed the HID following the upper horizontal branch (HIMS) of the HID. After a
very short SIMS and a relatively long permanence in the HSS, the source went back to
the LHS passing through the lower horizontal branch (HIMS). During the softening
of the source two main transitions, a secondary transition and a backward transition
have been identified. All the transitions took place at hardness values consistent with
what is observed in other sources. To date now, the rising phase has not been observed
for this source in any of the outbursts covered by RXTE. This is probably due to the
fact that the transition from quiescence to HIMS is very fast and therefore difficult to
be observed.
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2008 Outburst

obs no. kT (keV) R (Km) Γ Ef Ω

#1,#2 − − 1.65+0.03
−0.03 > 200 0.61+0.09

−0.09

#3,#4 − − 1.67+0.02
−0.02 > 200 0.60+0.07

−0.07

#5,#6 − − 1.68+0.03
−0.03 190+57

−38 0.44+0.09
−0.09

#7,#8 − − 1.75+0.03
−0.03 > 200 0.6+0.1

−0.1

2009 Outburst

#1,#2 − − 1.73+0.02
−0.02 166+30

−23 0.60+0.07
−0.07

#3,#4 − − 1.77+0.02
−0.02 153+32

−23 0.53+0.09
−0.09

#4,#5 − − 1.88+0.02
−0.02 196+50

−34 0.52+0.07
−0.07

Table 7.7: Spectral parameters coming from spectra averaged across multiple observations
(see text). Columns are: observation number, inner disc temperature kT, inner disc radius R
(assuming a distance of 10 kpc and an inclination of 65 o), photon index Γ, fold Energy Efold

(corresponding to high-energy cutoff), reflection factor Ω. The inner disk radii are calculated

from the disk-blackbody normalization, defined as ( Rin/km
D/10kpc )

2cosΘ, where Rin is the inner

disc radius (km), D is the distance to the source (kpc) and Θ is the inclination angle of the
disk.

The spectral parameters evolved consistently with the ones previously observed in
the source (see Prat et al. 2009) and other sources (see e.g. Motta et al. 2009, Del
Santo et al. 2009, Belloni et al. 2005 for GX 339-4; see Debnath et al. 2009 for GRO
J1655-40):

• the photon index showed the expected evolution in relation to the variation of
the spectral components. The appearance of the soft disk-blackbody compo-
nent, together with the progressive cooling of the Comptonizing medium in the
spectrum, is probably the reason for the photon index rising. Independently
of whether the inner radius of the accretion disk moves inward or not, more
soft photons will be emitted by the disk as the source becomes brighter. The
photon input to the Comptonizing medium will therefore increase. This will
steepen the spectrum and will cool the population of electrons (see Sunyaev &
Titarchuk 1980). As observed for GX 339-4, changes in the photon index are
observed across the transition from the HIMS to the HSS. It rises during the
HIMS and becomes constant when the source reaches the HSS. Then it stays
constant until the source enters again the HIMS, coming back to the LHS. As
the source begins the hardening, the photon index decreases again.

• The high-energy cutoff evolution could not be observed in detail, mainly be-
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7. On the outburst evolution of H1743-322

cause of the lack of observation in the LHS (where the high-energy cutoff is
expected to be observable (e.g. Motta et al. 2009). However, the values we
obtained from our fits are consistent with the presence of a high-energy cutoff
before the transition towards the soft states.

• The inner disk radius is consistent with remaining constant and small (being
around 50 Km), although, given the large error bars, a scenario in which the
inner disk radius moves inward or outward cannot be ruled out. Observation
made at lower energies and during earlier phases of the outburst evolution could
provide further information to define properly the geometry of the system.

• As it is expected, the reflection scaling factor is correlated to the photon index
and to the disk parameters.

The strength of the reflected component depends on the fraction of the Comp-
tonized radiation intercepted by the accretion disk. The latter is defined by
the geometry of the accretion flow, i.e. by the solid angle Ωdisk subtended by
the accretion disk as seen from the Comptonizing region, and by the ioniza-
tion state of the disk. The bigger is the fraction of Comptonized radiation, the
stronger is expected to be the reflection component. As the emission that is
Comptonized is produced in the accretion disk, softer spectra (i.e. where the
disk emission dominates) have a stronger reflected component, yelding a larger
equivalent width of the iron fluorescent line. The large amount of reflected ra-
diation is consistent with the relative large observed iron line width (ranging
between ∼ 0.4 and 1.2 keV).

7.4.2 The peculiar nature of the 2008 outburst
The two observed outburst spanned slightly different luminosity ranges. The maxi-
mum luminosity (2.73-200 keV) in the 2008 was 2.45 × 1037 erg s−1 cm−2 while in
the 2009 was 2.88 × 1037 erg s−1 cm−2. As it was observed in other sources (see e.g.
Belloni 2010), the maximum luminosities are correlated with the difference in count
rate between the two horizontal branches of the HID, i.e. the higher is the luminosity
reached, the bigger is the difference in count rate (Maccarone & Coppi 2003).

In the 2008 case the maximum luminosity is observed at the very beginning of the
outburst, where the hard emission dominates, while in the 2009 case the maximum
luminosity is observed in the soft state, where the disk component starts to dominate
the spectrum. As most likely, the luminosity is directly related to the accretion rate.
The fact that similar luminosities are reached during the two different outbursts is
relevant. This could be interpreted as the consequence of two different mechanisms
that lead the source towards the maximum luminosity. The difference between the
two mechanism might also explain what causes the transition occourrence.
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From the analysis shown above, it is clear that the 2008 outburst of H1743-322 was
peculiar. The HID shape is similar to what is usually observed in other BHTs, but
after the usual path through the HIMS, it returned to harder states with no sampling
of SIMS/HSS. The softest point observed in the HID roughly corresponded to the last
part of the HIMS.

The timing analysis has pointed out that some changes take place when the source
is approaching the softest points in the HID. The fractional rms and the PDS evolve
following the behavior observed in several other sources: the rms decreases while the
frequencies of the Lorentzian components in the PDS moves towards higher values.
No transition to the SIMS 5 is observed before the softest point of the HID is reached
(Obs. #11). The softest observation (Obs. #11) presents the typical rms and hardness
values of the HIMS and the PDS display the expected shape (i.e. flat top noise),
although slightly noisy. It might be possible that Obs. #11 lays close to the transition
to the SIMS. As the transition to the soft state is expected to be very fast (see Nespoli
et al. 2003) and given that the SIMS is crossed in less than one day during the 2009
outburst, it is possible that the source reached the SIMS and perhaps the HSS during
the period where it was not observed by RXTE (∼ 30 hours).

The evolution of the spectral parameter during the two different outbursts puts in
evidence the lack of observed soft states.

• As it happened for the 2009 outburst, the photon index slightly increases dur-
ing the HIMS and then clearly changes its trend once the source reaches the
softest point. After that, it did not remain constant as for the 2009 outburst, but
suddenly decreased. The track followed by the photon index during the final
part of the 2008 outburst is very similar to the one of the 2009 outburst.

• As it happened for the 2009 outburst, the high-energy cutoff could not be ob-
served in detail, mainly because of the lack of observation in the LHS (where it
is usually lower). However, the values we obtained from our fits are consistent
with the presence of a high-energy cutoff before the softest point is reached.
The high energy cutoff seems to be slightly higher on average during the 2008
outburst. However, the values are still consistent during the 2008 and 2009
outburst. As we pointed out in Sec. 7.3.1, a trustable value of the high-energy
cutoff has been obtained only for a few HIMS observations. For all the other
observations it is not present or it is too high to be detected. The high-energy
cutoff is thought to be related to the temperature of the thermal Comptonizing
electrons located in an optically thin corona. According to this, higher cutoff
values during the 2008 would suggest that the coronal temperature was higher
than for the 2009. Thus, the higher temperature of the corona could have af-
fected the subsequent evolution of the source. The inner disk radius values we

5The transition from HIMS to the SIMS is marked by the appearance of type-B and/or type-A QPO.
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find are not consistent with the ones reported by C09. Their fits give lower
normalizations associated to higher temperatures measured at the inner disk
radius. The values that they obtain are not acceptable since the inner disk radii
calculated from the normalization of the disk black-body component are too
small to be physically acceptable. We attribute this difference to the oversim-
plification of the spectral model they used. C09 do not consider a reflection
component, which we find necessary to obtain good fits. As we described be-
fore, we tried to use the model described by C09, but it was not enough to
describe our spectra.

The spectral parameters evolutions at the beginning of the two outbursts are con-
sistent and do not allow to predict the following evolution of the source. The 2008
outburst of H 1743-322, showing only LHS and HIMS, takes place at low luminosity
and the lack of soft-state transitions is probably connected to a premature decrease of
the mass accretion rate. Although the accretion rate is a likely important parameter
to be considered in a transition scenario, another parameter seems to play a role. This
parameter, whose nature is still not clear (Esin et al. 1997, Homan et al. 2001), could
drive the source from the LHS to the HIMS and eventually to the HSS. From our
study two possibilities stand: either the parameter that drives the transition is not tied
to any spectral parameter or during 2008 the transition took place on a short time-
scale (less then one day) and therefore RXTE missed it. For the last case to work the
system must have stayed in the soft state less than 30 hours. Such a short permanence
in the HSS has not been observed in other sources so far and should therefore be ex-
plained. However, the peculiarity of the softest 2008 observation could be relevant.
As it is observed in other sources (e.g. Belloni et al. 2005), just before the entering
into the soft state, the Type-C QPOs typical of the HIMS observations shows a chang-
ing in its shape (i.e. the type-C QPO becomes blunt, see Belloni 2005) that could be
seen as a loosing of coherence. This behavior is always seen before the appearance
of a Type-B QPO, that marks the beginning of the SIMS. What is observed during
the 2008 could indicate that the source was at least very close to the transition, even
though we cannot state wether the transition took place.

Other cases previously presented in literature as failed outbursts in transient X-ray
binaries, are LHS-only outbursts without any sign of state transitions at all (see e.g.
Brocksopp et al. 2004 and Sturner & Shrader 2005). Conversely, the data presented
here show that the full pattern (LHS, HIMS, SIMS, HSS) and LHS-only pattern are
not the only two possibilities for the temporal evolution of a BHC outburst.

7.4.3 The flux evolution of the spectral components
Two clear components are present in the BHT spectra. The disk-blackbody compo-
nent (soft) usually dominates in the HSS (left part of the HID), while the powerlaw
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Figure 7.5: Evolution of the count rates associated to the disk blackbody and to the powerlaw
components counts/s as a function of the time for the 2008 (left panels) and 2009 (right
panels). The circles track the powerlaw components, the squares track the disk-blackbody
component . The upper panels show the lightcurves not corrected for the inclination angle
effect. The lower panels show the lightcurves corrected for the inclination angle effect. For
the 2009 outburst it is clear that, correcting for the inclination angle, the disk component
becomes dominant in the soft state.

component dominates in the LHS (right part of the HID). During the intermediates
states (HIMS and SIMS), both components are important.

We calculated the fluxes (in the 2 - 200 keV energy band) related to the disk black-
body components and to the powerlaw components as a function of the time. For
the latter we made a correction on the values by excluding the reflection contribution,
which depends on the inclination angle of the source Θ. The count rates associated to
both the powerlaw and the disk-blackbody component are plotted in Fig. 7.5 (upper
panels). It is clear that the count rate is always powerlaw dominated. This is con-
sistent with the fact that during the 2008 outburst the source basically never shows a
strong disk component. However, during the 2009 outburst the source clearly reached
the HSS and yet the disk never became dominant. We interprete the lack of soft emis-
sion in terms of the inclination of the source.

Assuming a spherical geometry for the corona, the amount of the hard photons we
received can be roughly considered inclination independent. The disk emission is ex-
pected to be non-isotropic and should be corrected taking into account the inclination
of the source. We calculated the minimum inclination angle to obtain a disk count
rate higher than the powerlaw count rate in the soft state. We performed this oper-
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ation on the softest observation (Obs. #27 of the 2009 outburst), assuming that the
observed disk emission is cos(Θ) fainter than the real one. We obtained a minimum
angle of ∼ 43o, which is consistent with the values reported by McClintock et al.
(2009) (∼70◦).

Applying the inclination angle correction to all the 2009 observations (assuming
Θ= 65o we obtain the values shown in Fig. 7.5, panel b2. During the 2009 outburst,
the disk probably becomes dominant in the central part of the outburst, in correspon-
dence of the HSS. Given that the disk dominance in this state is usually more evident,
it is possible that the inclination angle is even larger than 65o. Since the system does
not show eclipses and the inclination is in the range ∼43o - 75o, probably the lower
limit is unrealistically low because, assuming an inclination of ∼ 43o, only the soft-
est observation would be dominated by the disk. No big differences are observed
when correcting 2008 data from inclination effects (see Fig. 7.5). This reinforces
the statement that during the 2008 outburst the disk emission never dominates the
spectrum.

7.5 Conclusions

The different behavior shown by H1743 during these two events has allowed us to
study the evolution of the spectral parameters at different accretion regimes. During
the 2009 outburst the system followed the canonical evolution through all the states
usually seen in BHTs. In the 2008 outburst only the hard states are clearly reached
and we could state, from the timing analysis, that the source did not reached the
soft states while observed by RXTE. We find that the energy spectrum of the 81
observations we have analyzed can be described by using a model consisting of a
disk black-body, a powerlaw + reflection component, an absorption and a gaussian
line component. The spectral parameters derived by using this model are acceptable
from a physical point of view and consistent between each other. The evolution of
the spectral parameters is consistent between the two outbursts, and it does not allow
to predict the subsequent behavior of the source.

We conclude that this different behavior cannot be predicted on the basis of the
initial spectral parameter evolution. The occourring of the transion is possibly driven
by a parameter independent by the spectral properties of the source, even thought a
scenario in which the transition took place while the source was not observed cannot
be ruled out.
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Abstract

We 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 source started its outburst in 2005. After an initial flare,
its X-ray flux decreased but the system never reached the quiescent state, remaining
at low flux for more than two years. The source transited to the hard intermediate
state but it never made it to the soft states, as other sources characterized by short
orbital periods (approximately ∼< 5 hours) do. the morphology of the outburst is
peculiar and reminiscent of those observed in a class of cataclysmic variables, the Z
Camelopardalis. We show that both spectral and timing properties of Swift J1753.5-
0127 are in agreement with the binary hosting a black hole, bringing further evidence
in this direction, in absence of a measure of the mass of the accretor.
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8.1 Introduction

Transient black hole candidates (BHCs) are low-mass X-ray binaries that usually
spend most of their lives in quiescence, at very low X-ray luminosity (1030 − 1033

erg/s; e.g. Hameury et al. 2003). However, they also show relatively short outbursts
(typically weeks to months), in which their X-ray luminosity increases by several
orders of magnitude (up to 1038 − 1039 erg/s; see Remillard & McClintock 2006 for
a review). During these episodes, both timing and spectral properties vary, yielding to
different states (see Belloni 2010 for a review). Most likely the states reflect changes
in the accretion flow, as well as in the properties of the outflow (see Fender et al.
2010 and references therein). In the low/hard state (LHS), observed at the beginning
and at the end of the outburst, the X-ray spectrum is dominated by a component
which can be approximated by a power law with a hard photon index (∼ 1.5 − 1.8)
with a high-energy cut-off (∼< 200 keV, e.g. Motta et al. 2009). The power density
spectrum (PDS) in the LHS features a high level of aperiodic variability [root mean
square (rms) amplitude usually above ∼ 30%] and often a quasi-periodic oscillation
(QPO) that sometimes can be identified as the so-called type-C QPO (see Motta et al.
2011 and references therein for QPO type definitions). In the high/soft state (HSS)
the aperiodic variability drops to values of few per cent and the energy spectrum
becomes softer and dominated by a thermal disc-blackbody component. A steep and
weak power-law component (with photon index ∼ 2.5 or higher) is also present with
no cut-off up to ∼ 1 MeV (Grove et al. 1998). The HSS is usually observed in the
middle of the outburst.

In between these two states the situation is more complex, with transitions hard-
to-soft and soft-to-hard usually taking place on relatively short time-scales (hours
to days) and associated with dramatic changes in the timing and spectral properties.
Homan et al. (2005) and Belloni (2005) identified two additional states, the hard-
intermediate state (HIMS) and the soft-intermediate state (SIMS), based on spectral
and timing properties (see also McClintock & Remillard 2006 for an alternative state
definition). The main timing feature of the HIMS is probably the type-C QPO, often
together with strong broadband fractional variability (rms up to 30% but lower than in
the LHS). The SIMS is characterized by a considerably weaker broadband variability
than the HIMS. Two other QPOs, named type B and type A (weaker than the type B)
are often observed in the SIMS (Motta et al. 2011).

To characterize the four states it is important to take into account the behaviour
at longer wavelengths. In the LHS, a compact, steady jet is on and substantially
contribute to the total energy output of the system (Fender 2010). Its power domi-
nates over the accretion-powered luminosity in the LHS at LX ∼< 1%LEdd; LX (LX

and LEdd are the X-ray and the Eddington luminosities, respectively; e.g. Fender
et al. (2003)). In the LHS, two empirical non-linear relations connect the accretion-
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Figure 8.1: X-ray hardness-intensity diagram and light curve of Swift J1753.5-0127 (left-
hand and right-hand side, respectively), from the beginning of its outburst to 2010-10-05.
Every point represents one RXTE observation. Intensity and hardness are defined in §8.2.
The black points mark the “failed transition” analysed in detail in §8.3.2. The numbers help
the reader to follow to evolution of the outburst (#1 is its beginning). The vertical arrows
mark the period in which we performed the Swift observations described in §8.2.3.

powered and the jet luminosities (probed by X-ray and radio/infrared observations,
respectively; see e.g. Gallo et al. (2003) and Russell et al. (2006)), over several orders
of magnitude in LX . It is interesting to note that the clearest marker for the transi-
tion from the LHS to the HIMS seems to be a sudden change in the X-ray/infrared
correlation, as observed in the BHC GX 339-4 (Homan et al. 2005). Namely, the
infrared flux (H band) dropped by a factor ∼ 17 in about 10 days while the X-ray
flux decreased by a factor of only ∼ 1.4. The transition from the HIMS to the SIMS
has been tentatively associated with the emission of transient, relativistic jets (Fender
et al. 2004), although clear proof is still missing (Fender et al. 2009). On the other
hand, there is strong evidence that the compact, steady jet is highly quenched in the
soft states of BHCs (e.g. Tananbaum et al. 1972), by factor of ∼ 300− 800 (in radio)
compared to what expected at similar X-ray luminosities in the LHS (Russell et al.
2011).

A widely used tool to study the spectral evolution of BHCs in outburst is the X-
ray hardness-intensity diagram (HID), since different spectral states correspond to
different branches/areas of the HID. Namely, most BHCs draw a q-shape pattern in
the HID, moving anticlockwise and featuring a transition to the intermediate states
and then to the HSS (see e.g. Belloni et al. 2005 for GX 339-4). However, a num-
ber of sources stays for the whole outburst in the LHS (Brocksopp et al. 2004) or in
the LHS and in the hard-intermediate state (H 1743-322 and possibly SAX J1711.6-
3808; Capitanio et al. 2009 and Wijnands & Miller 2002 respectively), without tran-
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HARD LINE

30%20%10%

Figure 8.2: Rms-intensity diagram obtained as explained in §8.2. Each point corresponds
to one RXTE observation. The first observation is marked by an open circle. Consecutive
observations are connected by a solid line. The dashed lines represent 10%, 20% and 30%
fractional rms levels.

siting to the soft states. Some of these systems underwent both “normal” outburst
and hard outbursts (i.e. with or without a transition to the soft states, respectively;
e.g. XTE J1550-564, Belloni et al. 2002). Although neutron star X-ray binaries of-
ten have outbursts characterized by different morphologies and properties than BHCs
(see van der Klis 2006 for a review), they can also undergo hard outbursts, as for
example Aql X-1 (Tudose et al. 2009).

To understand the mechanisms responsible for state transitions and the different
type of outbursts of BHCs, it is important to be able to determine precisely when the
transitions occur. This can not be achieved by means of the HID alone, so other tools
(such as X-ray timing and spectral analysis, as well as multiwavelength observations)
are usually needed. Recently, Muñoz-Darias et al. (2011) developed a new tool to
map the states of a BHC in outburst by following the evolution of the count rate and
the rms amplitude of the variability: the rms-intensity diagram (RID). They applied
this tool to study three outbursts of GX 339-4, showing that it is possible to associate
different regions of the RID to different states, as well as to mark the moment of the
state transition from the LHS to the HIMS.
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Figure 8.3: Zoom on the areas of the HID and the RID (left-hand and right-hand side, respec-
tively) marked by the black points in Figure 8.1. Black-filled circles and red stars represent
LHS and HIMS observations, respectively. In the HID the vertical dashed line separates the
LHS from the HIMS. In the RID the dotted lines have been drawn at 30%, 20% and 13%
fractional rms levels. In both panels a circle marks the first observation in the HIMS (Obs.
ID 93105-02-58-00, on 2009-11-28). In the HID, small arrows point the observations used to
extract the PDS that are shown in Figure 8.6, as well as the energy spectra in Figure 8.10.

8.1.1 Swift J1753.5-0127

Swift J1753.5-0127 was discovered in the hard X-ray band with the Burst Alert Tele-
scope (BAT) aboard Swift on 2005 May 30 (Palmer et al. 2005). After the discovery,
the source flux reached a peak of 200 mCrab on 2005 July 9 in the All Sky Monitor
(ASM) on board the Rossi X-ray timing explorer satellite (RXTE). Subsequently the
flux started decreasing and then stalled at a level of ∼20 mCrab (2-20 keV) for more
than ∼ 6 months. This is an unusual behaviour for a transient, but even more unusual
is the subsequent shallow flux rise which has been ongoing since roughly June 2006,
with a steeping on June 2008 (Krimm et al. 2008), followed by a variable trend (see
Figure 8.1, right-hand panel). The source did not return to quiescence and at the mo-
ment of writing this paper it is still active. Although its X-ray spectral hardness has
not remained constant (Zhang et al. 2007, Ramadevi & Seetha 2007, Negoro et al.
2009), no state transition to the intermediate states or to the HSS has been reported so
far, suggesting that Swift J1753.5-0127 has always been in the LHS during the whole
outburst (Soleri et al. 2010). The mass of the compact object in the binary has not
been dynamically measured. However, the strongest hint that the system harbours a
black hole comes from the hard power-law tail in the X/γ-ray energy spectrum up
to ∼600 keV, detected with INTEGRAL (Cadolle Bel et al. 2007) as no neutron star
low-mass X-ray binary has ever been detected above ∼ 200 keV (see e.g. Falanga
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et al. 2007).
Swift J1753.5-0127 is certainly peculiar and interesting for a number of reasons.

First of all, the radio and infrared counterpart of its jet are fainter than expected from
the two empirical correlations mentioned above (Soleri et al. 2010). This suggests
that the bulk of the gravitational potential energy liberated by the accretion flow is
not channeled into the jet and it is possibly radiated efficiently (Coriat et al. 2011), at
variance with what expected for BHCs in the LHS (e.g. Fender et al. 2003).

Secondly, it would be the BHC with the second shortest orbital period, as claimed
by Zurita et al. (2008) and Durant et al. (2009), who reported a ∼3.2 hr modulation
in the optical light curves. It would be reasonable to expect that the value of the
orbital period (hence the size of the Roche lobe and the accretion disc) influences
other macroscopic properties of BHCs, as for example the jet power. However, this
has been tested by Soleri & Fender (2011), who showed that there is no obvious
correlation between orbital period and radio/infrared jet power.

Here we study the evolution of the outburst of Swift J1753-0127, from its begin-
ning to October 2010. We first describe the general features of the whole outburst,
making use of two fundamental diagrams (§8.3.1) and then we focus on X-ray spec-
tral and timing properties of the source during the “failed state transition”, that took
place between June 2009 and May 2010 (§8.3.2). The discussion and our conclusions
are presented in §8.4 and §8.5, respectively.

8.2 Observations and data analysis

8.2.1 Light curve, HID and RID

We used all the 263 observations performed with the Proportional Counter Array
(PCA) aboard RXTE until 2010-10-05 (Obs. ID 95105-01-35-01) to produce the light
curve and the HID in Figure 8.1. For each observation, the background-subtracted
count rate has been obtained from PCU2 data in the energy range 2-15 keV [in Stan-
dard 2 (STD2) data mode], after applying dead-time corrections. We defined the
spectral hardness h as the ratio of counts in the energy bands 6.1-9.8 keV and 3.3-6.1
keV (PCU2 STD2 mode). Using the same method presented in Muñoz-Darias et al.
(2011), we produced the RID presented in Figure 8.2, calculating the fractional rms
in the frequency band 0.1-64 Hz (see Belloni & Hasinger 1990), for the energy range
2-15 keV. The absolute rms (x axis of the same diagram) has been computed by mul-
tiplying fractional rms by net count rate. Using the same method, we also obtained
the rms using a soft and a hard band (2-6 keV and 6-15 keV, respectively). Through-
out the paper, we will explicitly use the terminology “absolute rms” when referring
to this quantity while we will refer to the fractional rms in all the other cases.
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8.2.2 Timing analysis
We produced power density spectra for 67 RXTE observations performed between
2009-06-27 and 2010-07-28 (Obs. IDs 93105-02-36-00 and 95105-01-25-01, respec-
tively; see the black points in Figure 8.1 and §8.3.2). Restriction to this interval is
due to two reasons: firstly, we want to study the “failed transition” making use of
complementary instruments, including detailed timing and spectral analysis (see also
§8.2.3); secondly the rest of the outburst can be successfully described using the two
fundamental diagrams mentioned above (HID and RID), giving us results in agree-
ment with the literature for the initial phases of the outburst (see e.g. Zhang et al.
2007).
The fast Fourier transform PDS were extracted from segments of 128 s accumu-
lated in all the PCA energy channels (0-249), with a Nyquist frequency of 4096
Hz. For every RXTE observation we averaged one PDS, rebinned it logarithmically
and also subtracted the Poissonian noise. If two contiguous observations were per-
formed within 24 hours, we averaged their power spectra together. The resulting
PDS were normalized according to Leahy et al. (1983) and then converted to square
fractional rms (Belloni & Hasinger 1990). The fitting was carried out using a com-
bination of Lorentzians: each of them has been been described as an Li, where i
determines the type of component according to Belloni et al. (2002). Throughout the
paper we will quote the frequency νmax at which the Lorentzians attain their max-
imum in ν Pν representation and the quality factor Q (Belloni et al. 2002a), where
νmax = ν0(1 + 1/4Q2)1/2 and Q = ν0/2∆. ν0 is the Lorentzian centroid frequency
and ∆ is its half-width-at-half-maximum. Errors on fit parameters were determined
using ∆χ2 = 1. The fitting parameters are reported in Tables 8.2 and 8.2 in §8.5.

8.2.3 Spectral analysis
Here we describe the procedures adopted to extract and fit the energy spectra of Swift
J1753.5-0127, from RXTE and Swift data. A complete log of the models used for the
spectral fitting, as well as the most relevant fitting parameters, are reported in Tables
8.3 and 8.4 in the Appendix.

RXTE

We produced energy spectra from the same RXTE observations used for the timing
analysis described in §8.2.2. We applied standard filters and extracted PCA spectra
from STD2 data from PCU2. The data were background and dead-time corrected.
We generated response matrices and produced the spectra in the energy range 4-40
keV, after applying 0.6% systematic error. The energy range has been reduced to 4-25
keV when the PCA spectra have been fitted together with Swift/XRT spectra. For the
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HIMS LHS

6-15 keV
2-6 keV

Figure 8.4: Hardness-rms diagram, using soft (2-6 keV, red-downward triangles) and hard
(6-15 keV, black-filled circles) energy bands for computing the rms. The lower panel shows
the observations marked by black circles in Figure 8.1 (the “failed transition”), the upper
panel all the other observations (grey points in Figure 8.1). A vertical dashed line separates
the LHS and the HIMS. Note the different scale on the y axis of the 2 panels.

observations performed before December 2009, we also extracted background and
dead-time corrected spectra from the cluster B of the High Energy Timing Experi-
ment (HEXTE aboard RXTE). On December 2009 HEXTE cluster B stopped rock-
ing, hence we did not extract HEXTE spectra after that date. We fitted these spectra
in the 20-200 keV energy range, after generating response matrices. No systematic
error was applied.

Swift

We produced energy spectra from all the seven pointed Swift observations performed
during the “failed transition” (see Table 8.4 in §8.5). All of them are quasi simulta-
neous (within one and a half day) to RXTE pointings. Two Swift observations (obs.
IDs 00031232017 and 00031232018) have been taken quasi simultaneously to RXTE
(Obs. ID 95105-01-16-00; the time difference is ∼ 24 hours and less than ∼ 11
hours, respectively), hence we decided to discard the observation with the largest
temporal gap (obs. ID 00031232017). We processed the XRT data using xrtpipeline
with standard quality cuts. Our data were all collected in windowed timing mode. We
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extracted source and background spectra using circular regions with radii of ∼ 30 and
∼ 15 pixels, respectively. Exposure maps and ancillary response files were generated
using xrtexpomap and xrtmkarf. The latest response matrix files (v12) were taken
from the calibration database. We applied a systematic error of 2.5% (Campana et al.
2008) and we grouped the spectra to a minimum of 20 counts per bin. The XRT
spectra were fitted in the 0.8-8 keV energy range.

Fitting procedures

We fitted the energy spectra using the standard XSPEC v11.3 fitting package (Ar-
naud 1996). For simultaneous RXTE and Swift observations (performed within
∼ 36 hours) we combined the PCA+XRT spectra to fit them together. Unfortunately
HEXTE data were available only for RXTE observations performed before Decem-
ber 2009 while Swift observed the source only in April and May 2010 (if we consider
only the “failed transition”). In order to account for flux cross-calibration uncertain-
ties, we multiplied the continuum model by a constant. All model parameters, except
these multiplicative constants, were linked between the different instruments. When
fitting the RXTE spectra alone, we fixed the interstellar absorption to the average
column density value obtained by Hiemstra et al. (2009) (NH = 1.7 × 1021cm−2)
while we let it free to vary when including also Swift/XRT data. The RXTE spectra
alone can be fitted using an absorbed broken (elbow-shaped) power law. However,
when fitting RXTE+Swift spectra, a disc blackbody at low energies and a Gaussian
emission line need to be added in order to obtain a statistically acceptable fit. The
Gaussian component takes into account the escape peak of silicon at 1.9 keV (see the
“XRT digest” webpage1). Errors on fit parameters were determined at 1σ confidence
level.

8.3 Results
In this section we first describe the general behaviour of Swift J1753.5-0127 during
the whole outburst using the X-ray light curve, HID and RID (§8.3.1), then we focus
on the power and energy spectra of the source collected in the “failed transition”
(black points in Figure 8.1; §8.3.2).

8.3.1 Fundamental diagrams
Figure 8.1 shows the X-ray HID and light curve of the outburst of Swift J1753.5-
0127. At variance with the majority of the BHCs, the source did not follow the
standard q-shaped pattern in the HID and it did not soften at its maximum flux in

1http://www.swift.ac.uk/xrtdigest.shtml#res
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Figure 8.5: Rms spectrum of the RXTE observation performed on 2005-07-06 (obs. ID
91094-01-01-04), at the beginning of the outburst.

2005 (#2 in the HID). Its hardness actually increased from the outburst peak (#2) to
its minimum (#3), in March 2006. After this point the the system re-brightened and
softened again (#4, h ∼ 0.76), following a variable trend in the light curve. A clear
softening took place in July 2009 (#5, 6, 7), followed by a hardening at lower count
rate (from #7 to #8). From #8 to #9 the source flux increased again, together with a
weak softening (from h ∼ 0.78 to h ∼ 0.75).

RXTE started observing Swift J1753.5-0127 near the peak of its outburst (#1),
when the source was in the LHS (e.g. Zhang et al. 2007). The RID in Figure 8.2
confirms the identification of the spectral state: after the first RXTE pointing (see the
open circle), the system draws a line in the RID. This linear relation between rms and
count rate, the so-called hard line, has already been observed in other BHCs (e.g. GX
339-4, Muñoz-Darias et al. 2011) and its presence is considered a typical signature
of the LHS (see Uttley & McHardy 2001; Gleissner et al. 2004; Muñoz-Darias et al.
2011). In this initial phase the fractional rms decreases (from 27% to 24%) and the
spectral hardness increases (from h ∼ 0.71 to h ∼ 0.80). Below a count rate of
∼ 160 c/s (mid August 2005; day ∼ 43 in the light curve), the source still follows a
hard line, although the data points are scattered around it. The flux of Swift J1753.5-
0127 keeps decreasing (along the hard line) until it reaches its minimum in March
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PDS I PDS II PDS III

PDS IV PDS V PDS VI

Figure 8.6: Fits to six power density spectra extracted in the “failed transition”. All the
Lorentzians, as well as the total fit function, have been plotted. PDS I, II, III, IV, V and VI
correspond to observations 93105-02-37-00, 93105-02-48-00, 93105-02-58-00, 95105-01-
12-00, 95105-01-23-00 and 95105-01-25-00, respectively. The position of these observations
has been marked in the HID in Figure 8.3. PDS I, II, V and VI have been obtained in the LHS
while PDS III and IV in the HIMS. In PDS I and VI the quality factor of the Lorentzians has
been fixed to 0.

2006 (# 3 in Figure 8.1), when the fractional rms is ∼ 22%. After this point the
flux is characterized by a variable trend, but the source remains on the hard line.
From June 2009 (#5) the hardness decreases (not monotonically) and the count rate
increases. Figure 8.3 shows a zoom of the HID and the RID on the soft excursion of
Swift J1753.5-0127: on 2009-11-28 (big-open circle in both panels) the source does
not fall on the hard line, its hardness drops to h ∼ 0.6 and the fractional rms reaches
level of 20%. Both hardness and count rate follow an oscillating (and correlated)
behaviour until the system reaches the softest point of the whole outburst (h ∼ 0.45),
at the lowest count rate of the “soft excursion” (∼ 60 c/s), on 2010-05-22 (Obs.
ID 95105-01-16-00, #7 in Figure 8.1). The fractional rms decreases together with
the count rate and the hardness, reaching the minimum values of the whole outburst
(∼ 14%), then Swift J1753.5-0127 starts hardening again (with the count rate ranging
from ∼ 60 to ∼ 95 c/s), the fractional rms increases and the source joins the hard
line. This is different from what has been reported by Muñoz-Darias et al. (2011)
for GX 339-4: in this source, the return to the LHS (after the system has been in
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Figure 8.7: Frequency of the Lorentzians used to fit the power density spectra (see Tables
8.2 and 8.2) as a function of the spectral hardness. Only the Lorentzians in which the quality
factor Q has been left free to vary are considered here. The black circles and the red upward
triangles represent Lb and Lh, respectively. The upward blue triangles represent the third
Lorentzian possibly identified either with Lb2 or Ll (when its frequency is lower or higher
than νb, respectively). The vertical-dashed line separates the LHS from the HIMS.

the soft states) is characterized by a different linear relation between the rms and the
flux than in the LHS, called adjacent hard line. From Figure 8.3 one can see that
all the observations marked by red stars (on the left-hand side of the dashed line in
the HID) are visually detached from the hard line in the RID, although a handful of
points might not follow this framework since their location can not be unambiguously
determined (e.g. see the stars in the RID with a count rate of ∼ 80 c/s). Following
Muñoz-Darias et al. (2011) and Muñoz-Darias et al. (2011) we identify the points
that do not fall on the hard line (the red stars) as HIMS observations. This will be
motivated in the discussion section (§8.4), in which we will also show that the source
has never been observed in the SIMS. Considering that, despite the softening and the
subsequent hardening described above, no transition to the soft states (either SIMS
or HSS) has been observed in Swift J1753.5-0127, we will refer to this soft excursion
as the “failed transition”.

In Figure 8.4 we report the rms-hardness diagram for two different energy bands.
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Swift J1753.5-0127
Other sources

a) b)

Figure 8.8: Frequency of the low-frequency QPO (νLFQPO) and of the hump (νh) as a
function of the break frequency νb (panel a; WK relation) and as a function of the frequency
of the “lower” Lorentzian νl (panel b; PBK relation). The plots have been adapted from
Figure 11 and Figure 12 of Belloni et al. (2002a), respectively. The red stars represent the
observations of Swift J1753.5-0127 in which both L b and Lh are present (panel a) and in
which the third Lorentzian and Lh are present (panel b). We reported only the fit components
in which Q has been left free to vary.

During the first ∼ 33 days of the outburst, the rms features an inverted spectrum
and in both bands the rms decreases together with the count rate. An example of rms
spectrum from the initial phases of the outburst is shown in Figure 8.5 (from observa-
tion 91094-01-01-04): the spectrum is inverted, without any indication of flattening
at low energies. Following Gierliński & Zdziarski (2005), we define inverted, flat
and hard rms spectra the spectra in which the fractional rms at low energies is higher,
similar to and lower than the rms at high energies, respectively. Although the major-
ity of the BHCs in the LHS are characterized by flat rms spectra (see Gierliński &
Zdziarski 2005; Muñoz-Darias et al. 2011; Muñoz-Darias et al. 2011), this type of
behaviour has already been observed in some BHCs, e.g. XTE J1650-500 (Gierliński
& Zdziarski 2005). After the first ∼ 33 days, the rms spectrum is consistent with
being flat, however a slightly hard rms spectrum can not be discarded for some of
the observations (∼ 8) performed between ∼ 50 and ∼ 150 days after the begin-
ning of the outburst. Given the lower number of counts and the worse statistics, we
do not report other rms spectra. Our approach (calculating the rms for a hard and a
soft band) does not give details of their shape, nevertheless it is sufficient to follow
their general evolution. After day ∼ 150, the rms spectrum is always consistent with
being flat or slightly inverted, both during LHS and HIMS observations (consistent
with other BHCs; Gierliński & Zdziarski 2005, Belloni et al. 2011). From the bottom
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panel of Figure 8.4 we can see that both the soft and the hard rms are correlated to
the hardness during the “failed transition” (at least for h∼< 0.75).

8.3.2 The failed transition
In this section we present spectral and timing analysis of RXTE and Swift obser-
vations performed between 2009-06-27 and 2010-07-28. This interval is marked by
black-filled circles in Figure 8.1. The best-fit parameters of the power density spectra,
as well as the energy spectra are reported in the Appendix.

Power density spectra

We generally fit all the PDS using one or two Lorentzians, except for five observations
in which a third Lorentzian is needed in order to get a statistically good fit. Figure 8.6
shows six power density spectra fitted with one or two Lorentzians, representative of
the different phases and spectral states (LHS and HIMS) faced by the source during
the “failed transition”. Following van Straaten, van der Klis & Méndez (2003), if
the Q-value of a Lorentzian goes to zero in the fit, we fix it to zero. Tables 8.2 and
8.2 show that there are 14 observations in which one or two Lorentzians feature a
Q-value fixed to zero (as in PDS I and PDS VI in Figure 8.6). All these observations
are either at the beginning or at the end of the interval and they are characterized by
hardness h ∼> 0.78 and h ∼> 0.76 during the softening and the hardening, respectively.
For the rest of the analysis we will only consider the Lorentzians in which the value
of Q can be left free to vary.
In Figure 8.7 we plot the frequency of the Lorentzians as a function of hardness: two
broad peaks can be identified, evolving in frequency with the hardness. Four power
spectra have been fitted using a third Lorentzian, whose frequency does not follow
any obvious path in the diagram. The first peak, represented by black circles, is
characterized by a frequency that varies from ν ∼ 0.15 Hz at h ∼ 0.79 to ν ∼ 3.18
Hz at the lowest hardness (h ∼ 0.45) and it is always present. The second peak
(downward red triangles) spans a slightly broader range in frequency (0.8-5.2 Hz)
and, differently from the first one, it disappears below h ∼ 0.58. PDS IV in Figure
8.6 represents an example of a power spectrum from an observation characterized by
low h and fitted with one Lorentzian. The frequency of the third peak (upward blue
triangles) is lower than the other peaks in two cases and higher in the other two.

Figure 8.8a shows the frequencies of the low-frequency QPO (νLFQPO) and of
the hump (νh) for a number of black-hole and neutron star X-ray binaries in the hard
states (commonly called WK correlation; Wijnands et al. 1999, Psaltis et al. 1999) as
a function of the break frequency νb (black circles), defined according to Belloni et
al. (2002a). Following Remillard et al. (2002), we identify LLFQPO as the type-C
QPO mentioned above. The plot also includes the data points for Swift J1753.5-0127
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(red stars), obtained using the frequencies of the first two peaks described above. As
one can see, the path of this source in the diagram overlaps to the one of the other
systems, despite its (possibly) shallower slope. The higher frequency peak that we fit
in the PDS of Swift J1753.5-0127 (read downward triangles in Figure 8.7) is broad
(with Q < 2, except for two cases, see Table 8.2), and we can not identify as the
low-frequency QPO commonly detected in the hard states. This suggests that during
the “failed transition” no type-C QPO is detected. In several sources (e.g. 1E 1724-
3045, GX 339-4) both LLFQPO and Lh can be simultaneously present and in this
case νh ∼> νLFQPO, although the difference is usually small. Following Belloni et al.
(2002a), we will refer to the lower and the higher frequency broad peaks reported in
Figure 8.8a as Lb (break) and Lh (hump), respectively.
The identification of the third peak (upward blue triangles in Figure 8.7 is less straight-
forward. Van Straaten et al. (2003) identified a new broadband-limited noise com-
ponent Lb2 appearing at frequency νb2 ∼< νb in the neutron star 4U 1608-52, whose
frequency correlates to the frequency of the “upper” Lorentzian Lu. In the PDS of
Swift J1753.5-0127 we do not detect the Lu component, hence a direct test can not
be provided. However, for the two cases in which the third Lorentzian has frequency
lower than νb, we tentatively associate it with Lb2.
Figure 8.8b shows the frequencies of LLFQPO and Lh as a function of the “lower”
Lorentzian Ll (commonly called PBK relation; Psaltis et al. 1999). The black circles
represent the sample of black hole and neutron stars used in Belloni et al. (2002a).
We also included the two observations of Swift J1753.5-0127 in which we need a
third Lorentzian with frequency higher than νh (red stars). These points fall close to
but not on the path drawn by the other sources, suggesting that the third component
needed to fit the power density spectra might be possibly (but not safely) identified
with the “lower” Lorentzian Ll.

In Figure 8.9 we reported the quality factor and the rms of Lb and Lh as a function
of the frequency (in the lower and upper panel, respectively). Lb is broad: its Q
decreases as a function of the frequency below 0.3 − 0.4 Hz while above 0.4 Hz it
increases, without exceeding ∼ 1. In the frequency range ∼ 0.8 − 1.2 Hz, where
both Lh and Lb are present, the quality factors follow the same dependency on the
frequency and also feature similar values (given a certain frequency). Above ν ∼
1.2 Hz, the Q of Lh keeps increasing, but it always remains below ∼ 1.5 (even
considering the large error bars). The rms of Lb increases with the frequency for
ν ∼< 0.3 Hz, it is stable (in the range ∼ 15 − 22%) for 0.3 < ν < 1.1 Hz and then
it decreases to ∼ 12% between 1.1 Hz and 1.2 Hz. The rms of Lh is characterized
by a similar behaviour as Lb (in the frequency range where they overlap) and then it
decreases below 10% above ν ∼ 1.4 Hz.
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8. A complex state transition from Swift J1753.5-0127

Figure 8.9: Evolution of the rms and the quality factor Q of L b and Lh as a function of
the frequency of the peak (top and bottom panel, respectively). Symbols are the same as in
Figure 8.7.

Energy spectra

We fitted all the RXTE energy spectra using a simple model constituted by an ab-
sorbed broken (elbow-shaped) power law (bknpower in xspec; wabs for the abso-
prtion), both for the observations with PCA and HEXTE data and the observations
with PCA data only (before and after December 2009, respectively). Spectrum 1
in Figure 8.10 is an example of a fit to the energy spectrum of observation 93105-
02-36-00 in which both PCA and HEXTE data were available. For one observation
(95105-01-05-00, performed when Swift J1753.5-0127 was in the HIMS) we were
obtaining residuals at low energies, hence we decided to add a thermal component to
the fit (diskbb). Although in this way we can get a statistically good fit and acceptable
parameters (for the bknpower), the thermal component is not significant. Neverthe-
less, we decided to keep it, given the simplicity of the model and the good value of
the χ2. We also used an absorbed broken power law (leaving the absorption free
to vary) to fit the energy spectra from the simultaneous RXTE and Swift observa-
tions (PCA+XRT). All these observations have been performed in the HIMS at low
hardness h ∼< 0.59. However, this model could not yield a satisfactory fit, leaving
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Figure 8.10: Examples of spectral fits and residuals resulted from observations taken dur-
ing the “failed transition”. The observations have been marked in the HID in Figure 8.3.
Spectrum 1: fit to PCA and HEXTE spectra, from observation 93105-02-36-00. The trian-
gles represents 3σ upper limits. Spectrum 2: fit to XRT and PCA spectra, from observations
00031232008 and 95105-01-12-00, respectively.

residuals at low energies. The fit can be significantly improved by adding a Gaussian
emission line and a thermal component (diskbb) that account for an escape peak of
silicon at ∼ 1.9 keV and the soft residuals, respectively. In three RXTE+Swift spec-
tra (see Table 8.4), the disc blackbody is not significant but the component is needed
in order to get an acceptable fit (as discussed above for 95105-01-05-00). Spectrum 2
in Figure 8.10 is an example of a fit to the energy spectra of XRT+PCA observations
(Obs. IDs 00031232008 and 00031232010). The best fit parameters (except for the
Gaussian emission line at ∼ 1.9 keV), as well as the values of the χ2, are reported in
Tables 8.3 and 8.4.
Figure 8.11 shows the evolution of the parameters of the broken power law for all
the spectral fits. Γ1 and Γ2 are the power law photon indices before and after the
break, respectively. From the lower panel one can see that Γ1 increases from ∼ 1.65
to ∼ 2.0 in the first 150 days, then it is rather variable for ∼ 185 days before de-
creasing again to its initial level during the next ∼ 95 days. All the observations with
Γ1 > 2.08 (above the horizontal-dashed line) belong to the HIMS (see §8.3.1), the
only exception being the first point in the third HIMS interval (HIMS epochs have
been coloured in grey).
The value of the energy break Ebreak is always in the range 9 − 15 keV, except for
one point which has a lower value. At variance with the photon index Γ1, no clear
trend is observed: the spectral states can not be associated with different values of
Ebreak. The top panel of Figure 8.11 shows the behaviour of the photon index of the
broken power law after the energy break, Γ2. This parameter is always in the interval
1.4 − 1.85, except for the point (mentioned above) with value of Ebreak out of the
range 9 − 15 keV. From Figure 8.12 we can see that Γ2 and Γ1 seem to be corre-
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lated (despite a large scatter) and follow similar trend. The slope of the correlation
becomes shallower at Γ1 ∼> 2: this can be inferred by looking at the positions of the
points and the dashed line, that has been drawn for Γ2 = Γ1. It is worth to mention
that the possible correlation between Γ2 and Γ1 do not always hold: for example dur-
ing the third HIMS epoch (days ∼ 230 − 260) the two parameters have an opposite
behaviour.
In five PCA+XRT spectral fits the thermal component is significant above 3σ. For all
these HIMS spectra, the temperature of the diskbb lies in the range 0.30 − 0.42 keV,
slightly lower than the values usually observed in other BHCs in the HIMS (see e.g.
Motta et al. 2009 and Muñoz-Darias et al. 2011). The associated inner radius Rin
(for a distance to the source of 8 kpc, Soleri et al. 2010) varies between 66 km and
144 km. The dependence of Rin on the inclination on the line of sight θ, yet poorly
constrained, still needs to be taken into account (see Table 8.4; see also Hiemstra et
al. 2009, Reis et al. 2009 and Reynolds et al. 2010).

8.4 Discussion
Despite several years of observations at different wavelengths, it is difficult to explain
the morphology of the exceptionally long outburst of Swift J1753.5-0127 (still ongo-
ing at the moment of writing this manuscript) in the same framework as the majority
of the transient BHCs. Our observing campaign with RXTE and Swift provided im-
portant information about its evolution, showing that the source did not go to the soft
states and allowing us to make comparisons with other (classes of) sources.

The combined use of the HID and the RID is fundamental to identify the source
states and determine the moment of state transitions. If we compare the RID of Swift
J1753.5-0127 and GX 339-4 (Muñoz-Darias et al. 2011), we see that both sources
draw a hard line. However, the former features a lower fractional rms than the lat-
ter. It is interesting to note that Swift J1753.5-0127, at the beginning of its activity
(when h ∼< 0.78 and the count rate is above ∼ 160 c/s), features the highest fractional
rms of the whole outburst (between 24% and 27%). At variance with the majority
of the BHCs in the LHS (Belloni 2010), the fractional rms anticorrelates with the
spectral hardness h and correlates with the count rate. This suggests that the value
of h (lower than in stages of the outburst in which h ∼ 0.8) was not an indication of
an approaching spectral transition to the HIMS. During these initial phases the rms
spectrum is inverted, without any indication of flattening at low energies (see the rms
spectrum in Figure 8.5). Although most of the BHCs in the LHS feature flat spectra,
inverted spectra have already been observed in some sources (XTE J1650-500, see
Figure 5 in Gierliński & Zdziarski 2005). Zdziarski et al. (2002) and Gierliński &
Zdziarski (2005) explained this type of spectrum by considering a seed photon input
to the Comptonizing corona with variable energy, that causes a pivoting of the energy
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RXTE data, no blackbody needed
RXTE+Swift data, blackbody needed
RXTE data, blackbody needed (ObsID 95105-01-05-00)

Figure 8.11: Evolution of the three parameters of the broken power law used to fit the energy
spectra in Tables 8.3 and 8.4. The grey areas mark HIMS epochs. The horizontal dashed line
in the lower panel separates LHS observations from HIMS observations (below and above
the line, respectively). The line is traced at Γ1 = 2.08.

spectrum around ∼ 20− 50 keV and a decline in fractional rms above ∼ 5 keV. The
absence of a flattening suggests that the disc from which the seed photons originates
is very cold (a disc with kT ∼ 0.7 keV would give a flattening in the rms spectrum
below ∼ 2 keV, Gierliński & Zdziarski 2005). In §8.3.2 we showed that an absorbed
broken power law is sufficient to fit all the spectra from the observations in the LHS
(at least during the “failed transition”) and even in the softest part of the HIMS the
disc is slightly colder than in other BHCs in this state.
Chiang et al. (2010) analysed Swift and RXTE observations of Swift J1753.5-0127
performed when the source was in the LHS, between 2005 July and 2007 July. They
found that a thermal component diskbb is needed to fit the energy spectra, with tem-
perature below ∼ 0.25 keV. These results confirm that the disc is indeed too cold to
produce a flat rms spectrum at low energies.
After the first ∼ 33 days the rms spectrum changes and becomes, for the rest of the
outburst, consistent with being either flat or slightly inverted (except for ∼ 8 observa-
tions, see §8.3.1), independently on whether the source is in the LHS or in the HIMS.
Flat rms spectra correspond to a situation in which the entire energy spectrum (domi-
nated by a Comptonizing component) varies in normalization (luminosity) but not in
spectral shape (except possibly the high energy cut-off).

Muñoz-Darias et al. (2011) showed that in three outbursts of GX 339-4, the tran-
sition from the LHS to the HIMS is associated to clear changes in the RID, namely
the source leaves the hard line and moves to the left-hand side of the diagram along
another track. This change in the RID is associated to the drop in the infrared flux
previously reported by Homan et al. (2005) for one of the outbursts, considered a
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8. A complex state transition from Swift J1753.5-0127

signature of the state transition. Figure 8.1 shows that, after ∼ 4 years from the
beginning of the outburst, a spectral softening begins, bringing Swift J1753.5-0127
below its initial hardness level. In Figure 8.3 we can see that there is a number of
points that, at a visual inspection, do not fall on the hard line. Differently from GX
339-4, these points do not follow a precise path in the RID but they are all located on
the left-hand side of the hard line, at lower fractional rms. However, they all feature
a spectral hardness h ∼< 0.63. For this reasons we identify these points as HIMS
observations. It is also worth pointing out that, differently from GX 339-4, several
transitions from the LHS to the HIMS (and vice versa) take place, hence the sources
leaves and joins the hard line several times. The use of both the HID and the RID is
fundamental to determine the spectral state: in the right-hand panel of Figure 8.3 one
can see that, at a count rate of ∼ 80 c/s and absolute rms above ∼ 20 c/s there are
two points for which it is difficult to determine whether they fall on the hard line or
not. However, in the HID, their spectral hardness is h > 0.7, strongly suggesting that
they represent LHS observations. It would be interesting to test whether the transi-
tion from the LHS to the HIMS matches with broad-band spectral changes, in turn
associated with a different disc/jet coupling (as found in GX 339-4 by Homan et al.
2005). Soleri et al. (2010) and Miller-Jones et al. (2011) reported on X-ray/radio and
radio observations of Swift J1753.5-0127 performed in 2009 but unfortunately all of
them have been taken before the first transition to the HIMS, hence they can not be
used for our purposes.

In §8.3.2 we showed that in the LHS, the features of the power density spectra, as
well as the energy spectra, are in agreement with those usually seen in other BHCs in
this state. As expected, the transition to the HIMS is smooth (Belloni 2010), without
abrupt changes of the spectral and timing properties. A cold disc component appears
but it is only detected during the softest phases of the “failed transition” when both
RXTE and Swift observed the source.

It is interesting to note that no type-C QPO appears during the “failed transition”,
both in the LHS and in the HIMS. Its presence however has been reported during the
initial months of the outburst by Zhang et al. (2007) and Ramadevi & Seetha (2007),
who found a QPO with properties compatible with the type C. For clarity, we notice
that both papers do not adopt this nomenclature to classify low-frequency QPOs.
Although its presence is considered a signature of the HIMS, a type-C QPO has not
been detected in this state also in the BHC Cyg X-1 (Pottschmidt et al. 2003). In GX
339-4 (in the data set of Nowak et al. 2002 used to produce Figure 11 in Belloni et al.
2002) either both LLFQPO (i.e. the type-C QPO) and Lh are present in the PDS or
only Lh, further suggesting that the absence of the type-C QPO in the hard states is
uncommon but not unreported. During the softest part of the “failed transition”, the
fractional rms decreases to ∼ 14%, close to (but still above) the typical rms levels of
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the transition to the SIMS, that in the BHCs MAXI J1659-152 and GX 339-4 happens
in the rms range ∼ 10 − 13% and at ∼ 10% rms, respectively (Muñoz-Darias et al.
2011, Muñoz-Darias et al. 2011). Considering that there are no abrupt changes of the
properties of the PDS and that no type-B QPO is detected, we can safely state that
the system did not go to the SIMS. Motta et al. (2010) studied the 2008 outburst of
the BHC H 1743-322, in which the source, as Swift J1753.5-0127, has been observed
only in the hard states. Although the type-C QPO appears in the HIMS, in the softest
observation the PDS shows no QPO and the fractional rms is ∼ 10%, similar to
the softest observations of Swift J1753.5-0127. However the softest energy spectra
of H 1743-322 in the HIMS feature a thermal component with temperature ∼ 0.7
keV, higher than in Swift J1753.5-0127. Belloni et al. (2011) recently showed that
that the rms spectra of GX 339-4 are either inverted or hard in the HIMS, depending
on whether the source was observed close to the transition from the LHS or to the
SIMS, respectively. These results suggest that Swift J1753.5-0127 did not arrive to
the immediate vicinity of the transition to the SIMS.
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8.4 Discussion

On 2010-05-24 (Obs. ID 95105-01-16-00), Swift J1753.5-0127 starts hardening
and rapidly joins the hard line after five days. No adjacent hard line is seen in the RID,
supporting the idea that its presence is a consequence of the passage of the source
through the soft states. Considering the possibility that the presence of an adjacent
hard line might be associated with the re-appearance of the jet after its quenching in
the soft states (at least in GX 339-4; Muñoz-Darias et al. 2011), sources in which the
jet gives a low contribution to the total energy output of the system (as Swift J1753.5-
0127; see Soleri et al. 2010 and Soleri & Fender 2011) are good candidates to test
this possibility, if observed in a “normal” outburst.

8.4.1 The nature of the compact object
Despite several years of observations at different wavelengths, the nature of the com-
pact object in Swift J1753.5-0127 (black hole or neutron star) remains uncertain,
although evidence points towards a black hole, as already mentioned in §8.1.1. The
results that we obtained from spectral and timing analysis of the “failed transition”
are also consistent with a black-hole binary in the hard states, even though they do
not constitute a solid proof. The correlation between the photon indices of the broken
power law used to fit the energy spectra (see Figure 8.12) probably reflects trends in
the continuum of spectral shapes of the source: the energy spectra evolve smoothly
between the LHS and the HIMS. Interestingly, a similar correlation (with a lower
scatter) has already been reported by Wilms et al. (2006) in Cyg X-1, who analysed
∼ 200 RXTE observations performed during 1999 and 2004. Cyg X-1 is a dynami-
cally confirmed persistent black hole (Herrero et al. 1995) which spends most of its
time in the LHS, with frequent transitions to the HIMS. Its behaviour shows several
similarities with Swift J1753.5-0127, at least during the “failed transition”: they both
go through frequent transition from the LHS to the HIMS (and vice versa), they both
lack a type-C QPO in their PDS and they show a similar correlation between the
photon indices of the broken power law. This is far from being a proof that Swift
J1753.5-0127 contains a black hole, nevertheless, it can be considered another hint
towards this direction.

Sunyaev & Revnivtsev (2000) analysed a sample of 9 BHCs and 9 neutron stars in
the hard state and noted that the former demonstrate a stronger decline in the power
spectra at frequencies higher than 10-50 Hz than the latter. Although the properties
of the aperiodic variability can give useful hints on the nature of the compact ob-
ject, they need to be examined extremely carefully: Linares et al. (2007) for example
showed that several features of the PDS of the accreting millisecond X-ray pulsar
IGR J00291+5934 (e.g. very high rms, ∼ 50%) are more typical of BHCs in the
LHS, rather than the majority of the neutron stars.
Here we compare one power spectrum of Swift J1753.5-0127 in the LHS with spectra
from a dynamically confirmed black hole (XTE J1550-564, Orosz et al. 2002) and
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LHS
HIMS

Figure 8.12: Correlation between the photon indices of the broken power law component
before and after the energy break (Γ1 and Γ2, respectively), for all the spectral fits in Figure
8.11. The dashed line corresponds to Γ1 = Γ2. LHS and HIMS points are represented with
black circles and red stars, respectively.

two secure neutron star atoll sources (4U 1705-44 and 4U 1608-52) in the hard (is-
land) state (see Remillard & McClintock 2006 and references therein). A systematic
study of the differences between the power spectra of BHCs and neutron star would
require the use of a large sample of sources and is beyond the scope of this paper.
The purpose of our exercise is to obtain some more information about the compact
object in Swift J1753.5-0127 and is not to establish a method to distinguish black
holes from neutron stars. In order to have a criterion to compare PDS from different
sources in the hard state, we only considered power spectra with similar break fre-
quency νb (within a factor 1.6). Table 8.1 reports a list with the observations taken
into account. All the power spectra have been extracted following the procedure pre-
sented in §8.2.2, with the only difference being that intervals of 256 s have been used
to accumulate the spectra of 4U 1705-44 and 4U 1608-52.

The power spectra are shown in Figure 8.13. All the PDS have been fitted us-
ing a combination of Lorentzians (as described in §8.2.2), except for the last power
spectrum of 4U 1608-52, which can be successfully fitted using a broken power law
function. For each power spectrum, we calculated the fractional rms in two frequency
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a) Swift J1753.5ï0127 b) XTE J1550ï564 c) 4U 1705ï44

d) 4U 1608ï52 e) 4U 1608ï52 f) 4U 1608ï52

~22% ~8%

~30%

~23% ~14%rms

rms

rms

rms ~17%
rms ~20% ~15%

~13%~18%rms
~13%

~10%

Figure 8.13: Power density spectra extracted from the RXTE observations listed in Table 8.1.
In all the panels, the dashed line represents the best fitting function to the power spectrum of
Swift J1753.5-0127 reported in panel a).

intervals, using as extremities multiples of the break frequency νb. The values of the
χ2, as well as the break frequencies and the rms are reported in Table 8.1. We also
show the ratio between the fractional rms in the frequency intervals νb − 100νb and
100νb − 1000νb. Neutron stars have a smaller drop in rms at high frequencies than
BHCs: a drop by a factor of 1.3 − 1.6 in neutron stars and by a factor 2.9 in the
black hole XTE J1550-564, whereas Swift J1753.5-0127 shows a 2.8 factor drop.
The difference is already evident inspecting Figure 8.13, in which the power spectra
in our sample have been overplotted to the best fitting function to the spectrum of
Swift J1753.5-0127. Bearing in mind that this exercise is far from being a systematic
study, our result is a further hint that Swift J1753.5-0127 harbours a black hole.

8.4.2 Swift J1753.5-0127: a peculiar outburst
The outburst of Swift J1753.5-0127 is certainly interesting under a number of aspects.
Despite the properties of the LHS and the HIMS seem rather ordinary in comparison
to the other BHCs, the source features a peculiar behaviour. First of all, it belongs
to the group of sources that stayed in the hard states during the whole outburst. Ob-
viously it would be interesting to find a characteristic systematically associated with
hard outbursts. Soleri & Fender (2011) investigated whether the type of outburst
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 4U 1608-52

Figure 8.14: RXTE/PCA light curve and hardness curve of the neutron star 4U 1608-52
(top and bottom panels, respectively), from 2007 May 12. Every point represent one RXTE
observation. The count rate has been obtained in the energy range 3.3-20.2 keV, the hardness
is the ratio between the count rate in the energy bands 9.8-6.1 keV and 3.3-6.1 keV. The
horizontal dotted line in the light curve marks a count rate of 0 c/s.

(“normal” or hard) can influence the radio loudness of the source. Although it is
not clear why some sources are “radio quiet” (i.e. they are fainter in radio than ex-
pected from the X-ray/radio correlation found by Gallo et al. (2003), see §8.1), it
has been proposed that “radio quiet” sources could be characterized by a radiatively
efficient accretion flow even in the LHS (Coriat et al. 2011). This suggests that
the mechanisms responsible for the state transition might also be slightly different
in these systems, given the different properties of the accretion flow. However, hard
outbursts are not a prerogative of “radio quiet” sources (Soleri & Fender 2011) and
“radio quiet” systems that had “normal” outbursts have also been observed (e.g. XTE
J1720-318, Brocksopp et al. 2005).
The idea of a connection between hard outbursts and BHCs with short orbital pe-
riod is also intriguing. Soleri et al. (2010) pointed out that three of the four known
BHCs with the shortest orbital periods (Swift J1753.5-0127, XTE J1118+480 and
GRO J0422+32) only had hard outbursts. However, hard outbursts do not seem to be
a prerogative of short period systems: for instance XTE J1550-564 had a hard-only
outburst and its orbital period is ∼ 1.54 days; Orosz et al. 2011). Interestingly, the
BHC with the shortest orbital period, MAXI J1659-152 (2.4 hr, as claimed by Ku-
ulkers et al. 2011) certainly featured a transition to the SIMS in its outburst (Muñoz-
Darias et al. 2011) but there is debate on whether it made it to the HSS (Kalamkar
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et al. 2011, Muñoz-Darias et al. 2011). This last results suggest that a short orbital
period could be a property sufficient to produce hard outbursts, although conclusive
evidence is missing. Yu & Yan (2009) studied the outburst of a sample of BHCs using
RXTE/ASM and Swift/BAT and showed that the luminosity at which the transition
from the hard to the soft states happens is correlated to peak luminosity of the HSS, as
well as to the derivative of the luminosity around the hard-to-soft transition (in other
words the rate of change of the luminosity). In this framework, the correlations could
define two transition regimes, in which the hard-to-soft state transition is allowed.
Moreover, it has been recently shown that the peak luminosity of an outburst corre-
lates to the orbital period of the binary system (Wu et al. 2010). This might suggest
that short orbital period BHCs remain in the hard states because their derivative of
the luminosity is too high, hence they do not fall into the transition regime mentioned
above. Although this could explain why Swift J1753.5-0127 did not go to the soft
states during the initial phases of the outburst, this can not explain the “failed transi-
tion”, when the variations of the source count rate (and consequently the luminosity
of the system) were smaller, suggesting that this approach is too simple to reveal the
nature of hard state outbursts (see Yu & Yan 2009).
Another (speculative) explanation is that in short period system, the accretion disc
can not extend to the vicinity of the innermost stable orbit, preventing the ejection of
the geometrically thick accretion flow (e.g. the corona) and the transition to the soft
states. Such thick accretion flow is often considered fundamental for the formation
of a jet (Livio et al. 1999; Meier 2001). Swift J1753.5-0127 has a cold accretion disc,
in agreement with this idea, however it is also features a faint jet, suggesting that
the thick accretion flow close to the accreting object is not dominant or has different
radiative properties than in other sources.

A second interesting aspect concerns the morphology of the X-ray light curve,
namely the long period at low and slowly increasing flux that took place after the
end of the initial flare and lasted more than two years. Although such behaviour
is uncommon, it is already been observed in other X-ray binaries. In Figure 8.14
we report the X-ray light curve and hardness curve of the neutron star X-ray binary
4U 1608-52, obtained with RXTE/PCA for a period of ∼ 900 days from 2007 May
12. The count rate and the hardness have been extracted from PCU2 data, follow-
ing identical procedures to those presented in §8.2, except for the use of a slightly
different energy band for the count rate (see the caption). This source usually under-
goes regular outbursts, spaced out by periods of quiescence in which the PCA count
rate is consistent with zero. In Figure 8.14 two outbursts of 4U 1608-52 appear, a
short one in the day interval ∼ 50 − 150 and a longer one between day ∼ 150 and
∼ 210. In between the two outbursts and after the second one, the system goes into
prolonged low-flux phases (the second one lasts approximately 650 days) in which
its hardness is higher than during the outbursts, implying that the source was not in
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quiescence but in a low-flux and hard state. The behaviour of Swift J1753.5-0127 and
4U 1608-52 is reminiscent of those observed in a class of cataclysmic variables, the
so-called Z Camelopardalis (Z Cam). These sources undergo regular outbursts like
other subgroups of dwarf novae, followed by periods of standstills (that can last from
weeks to months), in which their optical luminosity remains constant at a level close
to, but slightly below, the peak of the outburst. King & Cannizzo (1998) suggested
that standstills occur because in the Z Cam the mass transfer rate from the compan-
ion star is always very close to the critical mass transfer that ensures stability of disc
accretion onto the compact object. The end of standstills could be due to the pres-
ence of sunspots on the star surface close to the Lagrangian point L1, where the mass
transfer happens (see King & Cannizzo 1998 for the details). Haswell & King (2001)
suggested that neutron star X-ray binaries with short orbital period (∼< 10 hours, as
the majority of the cataclysmic variables) could also feature standstills, given their
high mass transfer. As an example they mention the neutron star EXO 0748-678, that
has been active for decades after its discovery in 1985, suggesting that the system en-
tered a particularly long standstill phase, possibly prolonged by the irradiation from
the compact object.
The light curve in Figure 8.1 shows that an equivalent of a standstill also follows
the initial flare of Swift J1753.5-0127, with X-ray flux approximately 13 times lower
than at the peak of the outburst (at its minimum in 2006 March, Soleri et al. 2010).
The similarity between Swift J1753.5-0127 and Z Cam systems is strenghtened by
the low orbital period of the former (∼ 3.2 hours), similar to those typically found in
cataclysmic variables.

8.5 Conclusions
We performed X-ray timing and spectral analysis of the BHC Swift J1753.5-0127
during its long outburst, still ongoing at the moment of writing this manuscript. We
studied the general evolution of the outburst making use of the rms-intensity diagram
and the hard-intensity diagram, obtained with RXTE. The source spent most of its
time in the hard state and, more than 4 years after the beginning of the outburst,
moved to the hard-intermediate state. At variance with the majority of the transient
black holes, the transition to the soft states failed and the system came back to the
hard state after a few months. We also followed in detail this complex state transition
by means of the analysis of the power spectra and energy spectra, using both RXTE
and the Swift satellite. Although the majority of the black hole candidates passes
through the soft states during an outburst, several sources do not do it. It is difficult
to find a property that can be unambiguously associated to hard outbursts. The fact
that a source has a short orbital period (∼< 5 hours) could be a condition sufficient but
not necessary to inhibit the transition to the soft states, although recent results from
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the black hole MAXI J1659-162 might weaken this possibility.
The properties of the hard states featured by Swift J1753.5-0127 are consistent

with the majority of the black holes in this states, except for a few uncommon charac-
teristics, as the absence of a type-C QPO in the power spectra of the hard-intermediate
state, that nevertheless has already been reported in other sources.

Despite the properties of the hard states being fairly ordinary, the morphology of
the outburst is peculiar, both in terms of length (more than ∼ 6 years) and shape of
the X-ray light curve, given the prolonged period at low flux that followed the initial
flare. Although such phases are rare (but not unobserved) in low-mass X-ray bina-
ries, they are very common in cataclysmic variables, namely in the Z Camelopardalis
sources, which often undergo standstills characterized by an approximately constant
luminosity. Given its short orbital period, similar to those typically found in cata-
clysmic variables, it is not unexpected that Swift J1753.5-0127 behaves similarly.

Although conclusive evidence is missing, the high-energy tail in the energy spectra
of Swift J1753.5-0127 constitutes the strongest hint that the binary harbours a black
hole. Here we bring further clues in this direction: first of all, the photon indices of
the broken power law used to fit the energy spectra seem to be correlated (despite a
large scatter), as already reported for a dynamically confirmed BHC, Cyg X-1. Sec-
ondly, we showed that the drop in rms at high frequencies (above 100 times the break
frequency) is higher than in two neutron star systems and similar to a dynamically
confirmed black hole XTE J1550-564. We stress that this result should be considered
carefully, and a systematic investigation on more source about the validity of this
method is necessary. Nevertheless, we can consider it as a further hint, in agreement
with the evidence already reported.
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flight center.

Appendix A: Timing and spectral analysis
Here we report five tables in which we show the best fitting parameters of the power
density spectra as well as the energy spectra for the observations performed during
the “failed transition”.
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8. A complex state transition from Swift J1753.5-0127

224



8.5 Conclusions

Ta
bl
e8
.4
:B

es
t-
fit

ti
ng

pa
ra

m
et

er
s

o
f

8
en

er
gy

sp
ec

tr
a

fr
om

si
m

ul
ta

ne
ou

s
R

X
T

E
/P

C
A

pl
us

S
w

if
t/

X
R

T
ob

se
rv

at
io

n
s

pe
rf

or
m

ed
du

ri
ng

th
e

“f
ai

le
d

tr
an

si
ti

on
”

(s
ee

§8
.3

.2
).

T
he

de
ta

il
s

on
th

e
ex

tr
ac

ti
on

of
th

e
sp

ec
tr

a
an

d
on

th
e
fit

ti
n

g
pr

oc
ed

ur
es

ar
e

d
es

cr
ib

ed
in

§8
.2

.3
an

d
§8

.3
.2

.
H

er
e

w
e

re
po

rt
th

e
va

lu
e

of
th

e
pa

ra
m

et
er

s
of

th
e

ab
so

rp
ti

o
n
N

H
,

th
e

th
er

m
al

co
m

p
on

en
td
is
kb
b

an
d

th
e

br
ok

en
po

w
er

la
w

us
ed

to
fit

th
e

sp
ec

tr
a.

O
bs

.
ID

C
om

po
ne

nt
:

wa
bs

di
sk
bb

bk
np
ow
er

R
X

T
E

S
w

if
t

χ
2
/d

.o
.f

.
N

a H
kT

(k
eV

)
R

b in

√
co
s
θ

Γ
1

E
b
r
e
a
k

Γ
2

95
10

5-
01

-1
2-

00
00

03
12

32
00

8
35

7/
42

6
0.
28

3+
0
.0
1
4

−
0
.0
0
4

0.
27

3+
0
.0
0
6

−
0
.0
0
7

-c
2.
24

±
0.
02

11
.9
5+

0
.7
4

−
0
.8
8

1.
67

+
0
.0
9

−
0
.1
0

95
10

5-
01

-1
2-

02
00

03
12

32
00

9
38

9/
42

6
0.
17

8+
0
.0
0
7

−
0
.0
1
0

0.
41

5+
0
.0
0
4

−
0
.0
1
1

66
+
5

−
3

2.
28

+
0
.0
3

−
0
.0
2

10
.9
7+

0
.6
2

−
0
.5
5

1.
70

+
0
.0
7

−
0
.0
8

95
10

5-
01

-1
2-

01
00

03
12

32
00

9
38

6/
42

6
0.
18

+
0
.0
2

−
0
.0
1

0.
41

+
0
.0
1

−
0
.0
4

67
+
2
4

−
4

2.
28

+
0
.0
2

−
0
.0
3

10
.7
1+

0
.6
0

−
0
.5
2

1.
73

+
0
.0
9

−
0
.0
4

95
10

5-
01

-1
3-

00
00

03
12

32
01

0
38

1/
42

6
0.
27

2+
0
.0
1
0

−
0
.0
0
9

0.
32

+
0
.0
3

−
0
.0
2

-c
2.
32

+
0
.0
1

−
0
.0
2

10
.1
0+

0
.2
3

−
0
.3
8

1.
79

±
0.
02

95
10

5-
01

-1
3-

03
00

03
12

32
01

1
39

7/
42

6
0.
20

9+
0
.0
0
6

−
0
.0
1
6

0.
36

±
0.
02

94
+
1
3

−
9

2.
27

+
0
.0
5

−
0
.0
2

10
.8
1+

0
.4
6

−
0
.7
3

1.
68

+
0
.0
9

−
0
.0
6

95
10

5-
01

-1
4-

00
00

03
12

32
01

3
39

8/
42

6
0.
20

±
0.
02

0.
34

±
0.
02

10
6+

2
3

−
1
3

2.
30

+
0
.0
4

−
0
.0
3

10
.5
1+

0
.6
9

−
0
.6
6

1.
74

+
0
.0
7

−
0
.0
8

95
10

5-
01

-1
4-

01
00

03
12

32
01

4
32

6/
42

6
0.
21

+
0
.0
3

−
0
.0
1

0.
32

+
0
.0
3

−
0
.0
4

-c
2.
16

±
0.
02

11
.8
6+

0
.9
5

−
1
.0
1

1.
76

+
0
.0
7

−
0
.0
4

95
10

5-
01

-1
6-

00
00

03
12

32
01

8
36

9/
42

6
0.
23

±
0.
01

0.
30

3+
0
.0
1
3

−
0
.0
0
7

14
4+

2
0

−
1
6

2.
29

±
0.
01

13
.1
8+

0
.9
1

−
0
.9
7

1.
53

+
0
.1
5

−
0
.1
7

a
T

he
va

lu
es

of
N

H
ar

e
in

un
it

s
of

×
10

2
2
cm

−
2
.

b
T

he
in

ne
r

di
sc

ra
di

us
(i

n
ki

lo
m

et
re

s)
is

re
la

te
d

to
th

e
no

rm
al

iz
at

io
n
K

of
th

e
di
sk
bb

co
m

po
ne

n
t

in
th

is
w

ay
:
R

in
=

D
1
0

√
c
o
s
θ
×
√
K

,w
h

er
e
θ

is
th

e
di

sc
in

cl
in

at
io

n
on

th
e

li
ne

of
si

gh
t

an
d
D

1
0

is
th

e
di

st
an

ce
to

th
e

so
ur

ce
(i

n
un

it
s

of
10

kp
c)

.
F

ol
lo

w
in

g
S

ol
er

i
et

al
.

(2
0

1
0

),
w

e
co

n
si

d
er

a
d

is
ta

n
ce

to
S

w
if

t
J1

75
3.

5-
01

27
of

8
kp

c.
c

F
or

th
is
fit

th
e

di
sc

-b
la

ck
bo

dy
co

m
po

ne
nt

is
no

t
si

gn
ifi

ca
nt

ab
ov

e
3σ

(b
ut

it
is

ne
ed

ed
in

or
de

r
to

g
et

a
st

at
is

ti
ca

ll
y

ac
ce

p
ta

b
le
fit

),
h

en
ce

w
e

d
o

no
t

ca
lc

ul
at

e
R

in
.

225





9 The hard state of black hole
candidates: XTE J1752-223

Teo Muñoz-Darias, Sara E. Motta, Devraj Pawar, Tomaso M. Belloni, Sergio
Campana, Dipankar Bhattacharya

Monthly Notices of the Royal Astronomical Society, 2009, 404, 94

Abstract

We present a two-day long RXTE observation and simultaneous Swift data of the
bright X-ray transient XTE J1752-223. Spectral and timing properties were stable
during the observation. The energy spectrum is well described by a broken power-law
with a high energy cut-off. A cold disc (∼ 0.3 keV) is observed when Swift/XRT data
are considered. The fractional rms amplitude of the aperiodic variability (0.002–128
Hz) is 48.2± 0.1% and it is not energy dependent. The continuum of the power den-
sity spectrum can be fitted by using four broad-band Lorentzians. A high frequency
(∼ 21 Hz) component and two weak QPO-like features are also present. Time-lags
between soft and hard X-rays roughly follow the relation ∆t ∝ ν−0.7, with delays
dropping from ∼ 0.5 (0.003 Hz) to ∼ 0.0015 (≥10 Hz) seconds. Our results are
consistent with XTE J1752-223 being a black-hole candidate, with all timing and
spectral components very similar to those of Cyg X-1 during its canonical hard state.
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9. The black hole candidate XTE J1752-223

9.1 Introduction
Black hole X-ray transients (BHT) represent the majority of the black hole binary
(BHB) population known so far. These systems spend most of their lives in quies-
cence, displaying luminosities too low to be detected by X-ray all-sky monitors (see
e.g. Garcia et al. 1998). However, they also undergo outburst events in which they be-
come as bright as persistent sources, allowing their discovery. During these episodes,
both the spectral and the time variability properties of BHTs vary dramatically, yield-
ing the so-called “states”. There is still much discussion about how many different
states there are, and their correspondence with different physical conditions (see e.g.
Belloni 2010 for a general description), but the presence of a hard state (historically
known as low/hard; LHS) at the begining of the outburst which evolves towards a
soft state (high/soft; HSS) is widely accepted. The LHS, also associated with the
last part of the outburst, is characterized by a power-law dominated energy spectrum
with a power-law index of ∼ 1.6 (2–20 keV band). A high energy cut-off (∼ 60–200
keV; Wilms et al. 2006; Motta et al. 2009) is observed and aperiodic variability with
a fractional root mean square amplitude (rms) above 30% is seen. The energy spec-
trum is softer during HSS, being dominated by a thermal disc black body component.
However, a hard tail up to ∼ 1 MeV is present (Grove et al. 1998). The rms asso-
ciated with the aperiodic variability drops until 1% or less. These two “canonical”
states were first proposed to describe the behaviour of the prototypical BHB Cyg X-1.

XTE J1752-223 was discovered by the Rossi X-ray Timing Explorer (RXTE) on
October 23, 2009 (Markwardt et al. 2009). The source showed a 2–10 keV flux of

Spectral parameter Value

Absorption (1022 atoms cm−2) 0.72+0.01
−0.04

Tin (keV) 0.313 ± 0.007
Diskbb norm. (1.027 ± 0.001) ×106

Γ1 1.471 ± 0.008
Ebreak (keV) 10.2 ± 0.4

Γ2 1.24 ± 0.01
PL. norm. (photons keV−1cm−2s−1) 44.7+0.5

−0.6
High energy cut-off (keV) 133+6

−5

Table 9.1: Spectral parameters for XRT+PCA+HEXTE spectra. Absorption is the equivalent
Hydrogen column. T in is the temperature at inner disc radius. Diskbb norm. is the normalisa-

tion of the diskbb component defined as ( Rin/km
D/10 kpc)

2cosΘ, where Rin is the inner disc radius

(km), D is the distance to the source (kpc) and Θ is the inclination angle of the disc. Γ 1 and
Γ2 are the power-law photon indexes. Ebreak is the break energy. PL norm. is the power-law
normalisation at 1 keV.
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9.2 Observations

30 mCrab. Significant similarities with the typical properties of BHT during the LHS
were soon noticed by Markwardt et al. (2009) and Shaposhnikov et al. (2009). A
bright optical counterpart was detected (Torres et al. 2009), showing in the optical
spectrum a broad Hα emission line (FWHM ∼ 750 km s−1 ) typical of accreting
binaries (Torres et al. 2009). A radio counterpart with a spectrum consistent with that
of a compact jet, as expected for LHS, was also reported by Brocksopp et al. (2009).
All these properties triggered a daily monitoring by RXTE in order to follow up the
outburst evolution. In this paper we present spectral and time variability analysis of
XTE J1752-223 using an unusually long, almost continuous observation (∼ 116 ks)
performed by RXTE during 26th, 27th and 28th October 2009 (MJD 55130-55132).
The quality of this data set allows us to perform a detailed study of this source and
compare its general behaviour with that shown by the prototypical BHB Cyg X-1
during LHS.

9.2 Observations
We analyse a ∼ 116 ks observation of XTE J1752-223 interrupted only by satellite-
related gaps. This corresponds to RXTE archive observations identifiers 94044–07–
01–00, 94044–07–01–01, 94044–07–01–02 and 94331–01–01–00, 94331–01–01–02
that were performed between October 26 (15:03 UT) and 29 (20:50 UT), 2009. A
total of 35 one-orbit pointings were used. For comparison we have also analysed
a ∼ 15 ks RXTE observation of Cyg X-1 (94121–01–08–00) starting on April 12,
2009 (02:15 UT). This observation was chosen because it is the longest observation
of Cyg X-1 performed recently with RXTE and the instrument response is expected
to be similar to that for the XTE J1752-223 data.
The variability study presented in this paper is based on data from the Proportional
Counter Array (PCA). For XTE J1752-223 the data are in the mode E 125us 64M 0 1s
which covers the PCA effective energy range (2-60 keV) with 64 bands. However
only PCA channels 0–35 (2–15 keV) were used in the analysis. For Cyg X-1 we se-
lected the modes SB 125us 0 13 1s and SB 125us 0 13 1s that cover the 2–15 keV
band used for the analysis of XTE J1752-223. For both objects the time resolution is
122µs.
The PCA Standard 2 mode (STD2) was used for spectral analysis. It covers the 2–
60 keV energy range with 129 channels. From the data, we extracted hardness (h),
defined as the ratio of counts in STD2 channels 11–20 (6.1–10.2 keV) and 4-10 (3.3–
6.1 keV). Using this definition we find similar average values of h = 0.887 ± 0.002
for XTE J1752-223 and h = 0.821 ± 0.003 for Cyg X-1, both in the range expected
for LHS. Energy spectra from the PCA and High Energy X-ray Timing Experiment
(HEXTE) instruments (background and dead-time corrected) were extracted for each
observation using the standard RXTE software within HEASOFT V. 6.7. For our
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spectral fitting, only Proportional Counter Unit 2 from the PCA and Cluster B from
HEXTE were used. In order to account for residual uncertainties in the instrument
calibration a systematic error of 0.6% and 1% was added to the PCA and HEXTE
spectra, respectively. All the observations were averaged in a single spectrum af-
ter a preliminary spectral analysis where no significant spectral variability across the
pointings was found.
To extend our energy coverage down to 0.5 keV we also made use of snapshot Swift
X-ray Telescope (XRT) observations collected within 26-28 Oct 2009. In particular,
we use observation numbers 00031532001, 00031532002 and 00031532003 (3.2 ks
of data). They were carried out in Windowed Timing (WT) mode, due to the bright-
ness of the source. In WT mode a 1D image is obtained by reading data compressed
along the central 200 pixels in a single row. The XRT data were reprocessed with
standard procedures (xrtpipeline V. 0.12.3 within HEASOFT V. 6.7). We extracted
source events in a circular region with radius 20 pixels centred on source. Ancillary
response files were generated with the XRTMKARF task, accounting for CCD defects,
vignetting, and point-spread function corrections. Given the relatively high inter-
stellar absorption and source count rate, we prefer also to select photons based on
their grade, allowing only for single-pixel events. This provides a clearer spectrum
and a higher spectral resolution. The source is very bright: since within the energy
range considered the background contributes less than 1%, we did not correct for the
background. After verification of comparable spectra in the three observations, we
summed the data into a single spectrum, creating the corresponding arf file. During
the fit we used the response file swxwt0s6 20070901v011.rmf appropriate for single
pixel events and for the new XRT substrate voltage (6 V).

9.3 Data analysis
The analysis of the energy spectrum, power density spectrum (PDS), rms spectrum
and time-lags is presented here. They have been performed making use of XSPEC

and custom timing software running under IDL.

9.3.1 Spectral analysis
In order to perform a broad band spectral analysis, Swift /XRT (0.5-7.0 keV), PCA
(4-20 keV) and HEXTE (20-200 keV) spectra were combined. XSPEC V. 12.5.1 was
used to fit the spectra. We started by trying a one-component model, either a cut-
off-power-law (cutoffpl in XSPEC) or a black body disc (diskbb in XSPEC), without
success. In the same way, a clear residual in the soft part of the spectrum is observed
when using a simple combination of these two models (i.e. cutoffpl + diskbb).
Nowak et al. (2005) showed that the energy spectra of BHB can be empirically de-
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Figure 9.1: Our best fit to the combined XRT, PCA and HEXTE spectrum of XTE J1752-
223. The model used consist of an interstellar absorption component, two Gaussian lines, a
multicolour black-body disc, a broken power-law and a high energy cut-off (see text). Top
panel: XRT, PCA and HEXTE spectra. Bottom panel: residuals plotted as signed contribution
to the chi square.

scribed by an absorbed broken power-law with an exponential cut-off. Following
this, we substituted the power-law component by a broken power-law component
(bknpower in XSPEC). We also found that a high energy cut-off component (highecut
in XSPEC) with a typical folding energy of ∼ 130 keV clearly improves the fit and
better describes the spectrum. A broad (FWHM ∼ 2.8 keV) iron emission line with
centroid energy fixed at 6.4 keV was also needed in order to obtain acceptable fits.
The iron line has an equivalent width of 53.5 eV. Finally, the addition of a narrow
Gaussian component at ∼ 2 keV was also required in order to account for unphysical
residuals in the XRT spectrum. To account for cross-calibration problems, a variable
multiplicative constant for the PCA and HEXTE spectra (as compared to XRT) was
added to the fits. χ2

red = 1.13 for 653 degrees of freedom (dof) was finally obtained.
No additional reflection component is required to obtain a good fit. We derive an
equivalent Hydrogen column value of NH = (0.72+0.01

−0.04)× 1022 atoms cm−2. The fit
for the XRT+PCA+HEXTE spectrum is shown in Fig. 9.1. The spectral parameters
obtained are listed in Table 9.1. We also tried to fit the spectra using more sophisti-
cated Comptonization models (comptt, pexrav) but the result was statistically worse
than the obtained by using the model described above. comptt and comptt+reflection
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Figure 9.2: PDS fits. Top panel: arbitrarily re-scaled PDS spectra for 3 different one-orbit
observations (2/35, 16/35, 33/35) and their corresponding best fits (solid line). Triangles are
3σ upper limits. Middle panel: fit of the average PDS. The four main components and the
high frequency Lorentzian are shown in black, dashed lines. The (red) dotted-dashed lines
correspond to the extra components added in the 0.02–0.1 Hz interval (see text). Bottom
panel: residuals plotted as signed contribution to the chi square.

do not provide a valid fit and for pexrav we obtain χ2red = 1.26. for 650 dof.
The broad band spectrum of XTE J1752-223 is consistent with the source being a
BHT in LHS. Its energy spectrum is dominated by a broken power-law component
with photon indexes ∼ 1.2 and ∼ 1.5 and break energy ∼ 10 keV. This is in agree-
ment with the analysis performed by Wilms et al. (2006) on Cyg X-1 (see section
9.4). We also note that, in contrast to Shaposhnikov et al. (2009), we do not need
a disc component to fit the RXTE spectra. Only the addition of the XRT spectrum
evidences that a disc component is necessary to achieve a good fit.

9.3.2 Power density spectrum
Power density spectra (PDS) for each one-orbit pointing were computed using the
same procedure outlined in Belloni et al. (2006). We used stretches 512 s long and
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Lorentzian Frequency (Hz) Q rms (%)

L0 0+0.001 0+0.28 27.3 ± 0.7
L1 0.014 ± 0.002 0.114 ± 0.012 36.5 ± 0.3
L2 0.07 ± 0.01 0.04 ± 0.01 34.7 ± 0.2
L3 1.57 ± 0.02 0.291 ± 0.005 26.3 ± 0.1
L4 21.1 ± 1.9 1.7 ± 0.5 2.3 ± 0.2
eL1 0.0256+0.0002

−0.0006 unconstrained 3.7 ± 0.8
eL2 0.051 ± 0.002 2.7 ± 0.6 8.9 ± 0.6

Table 9.2: Fit parameters for the broad Lorentzians, the high frequency Lorentzian
(L0,1,2,3,4; dashed line in Fig. 9.2) and the extra ones added in the 0.02–0.1 Hz region (eL 1,2;
dotted-dashed line in Fig. 9.2).

energy channels STD2 0–31 (2–15 keV). PDS were fitted with XSPEC V.11. As for
energy spectra we find that the shape of PDSs is almost constant during the whole
observation, with it being possible to fit them by using 4 broad Lorentzians. Follow-
ing Belloni et al. (2002), one of this components is centred at zero frequency and it
is kept frozen. To illustrate this, three one-orbit PDS (orbits 2, 16, 33) are shown in
the upper panel of Fig. 9.2. In these fits we notice the presence of residuals in the
∼ 0.02–0.1 Hz band. This extra component appears to vary between different orbits
and can not be fitted by adding an extra narrow Lorentzian. In a second step, an av-
erage PDS was created (see lower panel in Fig. 9.2). This PDS has a S/N ratio much
higher than the previous ones, allowing a more accurate fit. We initially excluded the
region 0.02–0.1 Hz and fitted with four Lorentzians. We find that these four broad
components describe well the continuum of the average PDS. We obtain χ2red =1.26
for 265 dof. Given the high signal-to-noise of the PDS it was not possible to fit all its
wiggles and get a lower value for χ2red. In order to properly fit the 0.02–0.1 Hz region
two extra components are required (dot-dashed lines in Fig. 9.2). Moreover a weak,
high frequency (∼ 21 Hz) component not visible in the one-orbit PDSs appears in
the average spectra. In conclusion, seven Lorentzians are used, yielding χ2red =1.28
for 281 dof (see lower panel in Fig. 9.2). Table 9.2 shows the parameters obtained
from the fit. eL1 and eL2 with Q > 2 are probably related with weak quasi periodic
oscillations (QPOs; see Belloni et al. 2002). The total rms in the 0.002–128 Hz band
is 48.2 ± 0.1%.

9.3.3 The spectrum of the fractional rms
In order to study the energy dependence of the rms we calculated it for seven energy
bands within the range 2–20 keV. Average PDS corresponding to the STD2 channels
0–6 (2–4.5 keV), 7–9 (4.5–5.7 keV), 10–13 (5.7–7.3 keV), 14–17 (7.3–9 keV), 18–
23 (9–11.4 keV), 24–31 (11.4–14.8 keV) and 32–45 (14.8-20.6 keV) were used to
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9. The black hole candidate XTE J1752-223

Figure 9.3: Rms spectra for XTE J1752-223 and Cyg X-1 (0.002–128 Hz).

compute the rms spectra (i.e. fractional rms vs. energy; see e.g. Vaughan et al. 2003,
Gierliński & Zdziarski 2005). In Fig. 9.3 we show our results for both XTE J1752-
223 and Cyg X-1 within the 0.002–128 Hz band. We find that in both sources the
fractional rms is almost independent of energy. We measure a rms of ∼48% for XTE
J1752-223 and ∼ 35% for Cyg X-1. This difference is consistent with the hardness-
rms correlation generally observed in BHT (e.g. Belloni 2010). We have also tried
other frequency bands (e.g. 0.04–5, 10–128 Hz) always obtaining flat rms spectra.

9.3.4 Time-lags
We have computed time-lags between soft and hard variability (see e.g. Casella et al.
2004). Following Pottschmidt et al. (2000), we have used the energy ranges ∼ 2–4
keV and ∼ 8–13 keV for the soft and hard bands, corresponding to the STD2 channels
0–5 and 15–27, respectively. Fast Fourier transforms of each band were computed
and cross spectra were produced. Here, a positive lag means hard variability lagging
soft variability. The obtained time-lags (∆t) as a function of the frequency (ν) are
shown in Fig. 9.4 (black circles). Thanks to the quality of the data, we are able to
cover the frequency range 0.003–30 Hz obtaining accurate time-lags determinations
in most of the cases. Our results are in agreement with the relation (∆t ∝ ν−0.7)
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Figure 9.4: Top panel: time-lag vs. frequency for XTE J1752-223 (black circles). For Cyg
X-1 we over-plot the time-lags we find during the LHS observation we have analysed (open
diamonds) and those found by Pottschmidt et al. (2000) also during LHS (open triangles).
The dashed line shows the relation ∆t ∝ ν−0.7 previously observed in Cyg X-1 (e.g. Nowak
et al. 1999). Bottom panel: corresponding phase lags.

observed in Cyg X-1 (e.g. Nowak et al. 1999; dashed line in Fig. 9.4). We find that
time-lag drops from ∼ 0.4–1 s for 0.003 Hz to ∼ 0.0015 s above 10 Hz. Evidences
for a maximum delay are not found in the frequency range considered in this work.
In Fig. 9.4 we also show the time-lags obtained for Cyg X-1 by Pottschmidt et al.
(2000) (open triangles). Although they only cover the range ∼ 0.1–10 Hz, the same
trend is observed. We also include time-lags obtained from the Cyg X-1 observation
analysed in this paper (open diamonds). The shape of the time-lag distribution is
the same as the obtained by Pottschmidt et al. (2000), but it is slightly re-scaled to
smaller delays. This effect can be real or just be due to small changes in the energy
bands used to compute the time-lags (e.g. changes in the sensitivity of the detectors).
As shown in previous works (e.g. Nowak et al. 1999) time-lags increase when the
difference between the energy bands considered does. For instance, if we use the
energy range 14–45 keV (STD2 30–75) as the hard band, the higher delay observed
for XTE J1752-223 is ≥ 0.6 s.
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9.4 Discussion
We have performed a general analysis of XTE J1752-223 by looking at the spectral
and timing properties of this recently discovered source. For a more complete under-
standing of the overall behaviour of the system we have also made use of rms spectra
and time-lags. We have analysed a very long RXTE observation which provides high
S/N data and therefore an accurate determination of the different parameters has been
possible.

• The combination of Swift (XRT) and RXTE (PCA+HEXTE) data have allowed
us to fit the energy distribution of XTE J1752-223 over the broad energy range
0.5-200 keV. The RXTE spectrum of the system is power-law dominated, the
best fits being obtained by using a broken power-law model with photon indices
Γ1 ∼ 1.5 and Γ2 ∼ 1.2. It is remarkable that this is also the model which
best reproduce the energy spectra of the canonical BHB Cyg X-1 (Wilms et al.
2006). These authors monitored the source during five years finding interesting
correlations between Γ1 and Γ2 but also between (Γ1−Γ2) and Γ1. The values
we found for XTE J1752-223 lie on both correlations but correspond to a state
slightly harder than the hardest reported by Wilms et al. (2006). On the other
hand, the difference between spectral indices (Γ1−Γ2 ∼ 0.23) and high energy
cut-off (∼ 133 keV) are in agreement with those measured for Cyg X-1 during
LHS. The latter is also consistent with values found in classical BHT like GX
339-4 (Motta et al. 2009) or GRO J1655-40 (Joinet et al. 2008) during LHS.
The RXTE spectrum of XTE J1752-223 does not require of a disc component
to get a good fit, but the disc becomes evident when adding the Swift data. Our
analysis reveals the presence of a cold disc with an inner radius temperature of
∼ 0.3 keV. From the disc black-body normalization component (see Mitsuda
et al. 1984) it is possible to derive the value of the inner radius of the accretion
disc. In particular, assuming a distance in the range 2-8 kpc, a 10 M$ BH and
an inclination ≤ 70◦ (eclipses have not been observed) we find an inner disc
radius in the range 9–43 gravitational radii. Using the same distance interval
we derive a luminosity (0.5-200 keV) of 2.5− 40× 1036 erg s−1.

• The continuum of the PDS of XTE J752-322 can be described by four broad
Lorentzians (L0,1,2,3) with rms above 25%, a high frequency Lorentzian (L4)
and two QPO-like features (eL1,2). This is very similar to the found on Cyg
X-1 by Pottschmidt et al. (2003) during some of the LHS epochs they analyse.
Associating L0 with the low frequency power-law component they used, one is
tempted to match the other components (L1,2,3,4) one-to-one. For Cyg X-1 the
Lorentzians have lower rms values and higher frequencies, which is consistent
with XTE J752-322 being in a harder state. We note that in both cases L1,2,3
show large rms values whereas the high frequency Lorentzian (L4) present in
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both studies is much weaker. On the other hand, frequency ratios are different.
Pottschmidt et al. (2003) report ν2/ν1 ∼ 6–9, ν3/ν1 ∼ 25–35, ν4/ν1 ∼ 80–
200, ν3/ν2 ∼ 3–4, ν4/ν2 ∼ 11–25, ν4/ν3 ∼ 4–6 whereas we find 5.2 ±
0.9, 110 ± 11, 1483 ± 198, 21 ± 3, 285 ± 48 and 13 ± 1, respectively. The
ratios might be affected by the different definition of L0 adopted in both works
(Lorentzian/power-law). We have tried to fit our average PDS with a power-
law, which results very flat, instead of L0. Significant variations on frequency
are only observed for L1 (i.e. ν1). We also note that weak QPOs like the ones
we detect in the 0.02–0.1 Hz band (i.e. eL1,2) are also detected by Pottschmidt
et al. (2003) in Cyg X-1. Again, their frequencies are slightly higher (0.1–1
Hz) than those we observe in XTE J1752-223.

• Rms spectra tell us how variability depends on the energy band considered.
Their shape and comparison with energy spectra also provides clues on the ori-
gin of the observed variability (e.g. Wilkinson & Uttley 2009). Previous works
have studied the shape of rms spectra during different states in several BHT
(see e.g. Gierliński & Zdziarski 2005 for a general description). In particular,
two different rms spectral shapes have been observed during LHS: flat (e.g.
XTE J1550-564) and smoothly decreasing with energy (e.g. XTE J1650-500).
In this paper we show that the 2-20 keV rms spectrum of XTE J1752-223 is
flat within 1%. The same behaviour is observed in the LHS observation of Cyg
X-1 that we have analysed. This is expected if the variability is produced by
changes in the normalization of the entire spectrum, but keeping the spectral
shape constant. For the case of XTE J1752-223 (and Cyg X-1), where no disc
component is present in the RXTE spectrum, our results are consistent with
variability being due by variations in the normalization of the Comptonization
(power-law) component. Gierliński & Zdziarski (2005) also discuss possible
features caused by reflection components in the rms spectrum. For the case
in which reflection and continuum components are not correlated, they predict
the presence of ∼ 2 − 5% absorption features in the rms spectra. These fea-
tures are not detected in our rms spectrum. We note that this is consistent with
our spectral fitting (it does not require a reflection component), although the
broken power-law shape mimics the effect of reflection (Wilms et al. 2006).

• Time-lags between soft and hard photons are expected in Comptonized spec-
tra as a result of the different number of scatterings that they undergo. In this
framework, one expect hard variability delayed relative to soft variability. This
is observed in XTE J1752-223, being the time-lag a function of the frequency.
We find that our measurements are well described by ∆t ∝ ν−0.7. However,
we note that this is only a qualitative description of the time-lags since clear
deviations are observed. Clear flattenings suggesting a maximum or minimum
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delay are not observed in our data, but above 10 Hz our results are consistent
with ∆t ∼ 0.0015 s. This is in agreement with what it has been observed in
Cyg X-1 (e.g. Nowak et al. 1999, Pottschmidt et al. 2000). The highest de-
lay we observe is ∼> 0.5 s. However, our frequency coverage extends down to
0.003 Hz, and our highest lag is one order of magnitude larger that the highest
found by the cited works (∼ 0.05 s at 0.1 Hz). As noticed by Nowak et al.
(1999) a ∼ 0.05 s delay is difficult to be reproduced by either Comptonization
models, sound speed propagation or gravitational free fall, unless the length
scales involved were very large (∼ 103 gravitational radii). For XTE J1752-
223 the highest delay (∼> 0.5 s) yields a characteristic length of ∼ 104 gravita-
tional radii and there is no evidence to discard higher lags at frequencies lower
than 0.003 Hz. These large lags require of either, those long length scales or
low propagation velocities (< 0.001c) difficult to be reproduced by the current
theoretical models (e.g. ADAF). Alternative scenarios show that time-lags are
expected for pivoting power law emission (Körding & Falcke 2004). Kazanas
et al. (1997) and Pottschmidt et al. (2000) suggest that they can be related with
the accretion disc or outflows, respectively. Our results favour these latter sce-
narios in which time-lags are not purely created by Comptonization processes
within the corona.

9.5 Conclusions

An unusually long RXTE observation of the X-ray transient XTE J1752-223 is pre-
sented in this paper. The quality of the data have allowed us to obtain high S/N
energy spectrum, PDS, rms spectrum and time-lags for this new source. All the ob-
tained results are consistent with a black hole binary in the hard state. In particular,
we find a behaviour similar to that exhibited by Cyg X-1 during hard state, but XTE
J1752-223 happens to be in a slightly harder state. However, we note that there are
two important differences between these two systems: Cyg X-1 is so far a persistent
black hole binary and it harbours a high-mass companion. XTE J1752-223 is a tran-
sient and probably harbours a low-mass donor. Future multi-wavelength campaigns
will probably provide new clues to the fundamental properties of this new black hole
candidate.
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Abstract

We present a comprehensive spectral-timing study of the black hole candidate
MAXI J1659-152 during its 2010 outburst. We analysed 65 RXTE observations
taken along this period and computed the fundamental diagrams commonly used to
study black hole transients. We fitted power density and energy spectra and studied
the evolution of the spectral and timing parameters along the outburst. We discuss
the evolution of the variability observed at different energy bands on the basis of the
relative contribution of the disc and hard components to the energy spectrum of the
source. We conclude that hard emission accounts for the observed fast variability, it
being strongly quenched when type-B oscillations are observed. We find that both
disc and hard emission are responsible for local count-rate peaks until the system
reaches the soft state. From that point, the peaks are only observed in the hard com-
ponent, whereas the thermal component drops monotonically probably following the
accretion rate decrease. We have also computed time-lags between soft and hard X-
ray variability confirming that lags are larger during the hard-to-soft transition than
during the hard state.
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10.1 Introduction

Black hole X-ray transients (BHT) spend most of their lives in quiescence, displaying
luminosities too low to be detected by X-ray all-sky monitors (see e.g., Garcia et al.
1998). They are discovered during outburst events in which their X-ray luminosity
increases by several orders of magnitude and their spectral and time variability prop-
erties change with time. This leads to the definition of the so-called ‘states’. There is
still much discussion about how many different states there are (van der Klis 2006;
Belloni 2010 for recent reviews), but X-ray observations have made clear the pres-
ence of a hard state (historically known as low/hard; LHS) at the beginning of the
outburst, which evolves towards a soft state (high/soft; HSS). The LHS is also ob-
served at the end of the outburst and it is characterized by a power-law dominated
energy spectrum with a power-law index of ∼ 1.6 (2–20 keV band). This power-
law component is though to arise from a ‘corona’of hot electrons, where softer seed
photons coming from an accretion disc are up-Comptonized (e.g., Gilfanov 2010 for
a review). Compact radio jets are observed during the LHS (see e.g., Fender 2006)
and synchrotron emission could also account for the high energy emission during this
stage of the outburst (Markoff et al. 2001). Aperiodic variability with a fractional root
mean square amplitude (rms) above 30% is also seen. It is almost energy independent
(Gierliński & Zdziarski 2005) and sharply correlated with flux (Gleissner et al. 2004;
Muñoz-Darias et al. 2011).
The high energy spectrum softens during HSS since a thermal disc black-body com-
ponent becomes dominant. The rms drops below 5 per cent and a much more scat-
tered rms-flux correlation is observed (see Muñoz-Darias et al. 2011 for the evolution
of the long term rms-flux relation along the outburst). The situation is more complex
in between these two ‘canonical’ states. A hard-to-soft transition at high flux is gen-
erally observed on relatively short time scales (hours/days) as compared to those
seen for the canonical states (weeks/months). During this transition, both timing
and spectral properties change dramatically, leading to ‘intermediate’ states. Homan
et al. (2005) and Belloni (2005) identify two additional states, the hard-intermediate
state (HIMS) and the soft-intermediate state (SIMS) based on spectral and timing
properties (see Wijnands et al. 1999, Casella et al. 2004 and Casella et al. 2005 for
different types of quasi periodic oscillations (QPOs)). In this paper we would follow
this classification (see McClintock & Remillard 2006 for an alternative classification
and Motta et al. 2009 for a comparison). The count-rate drops considerably during
the HSS and a final soft-to-hard transition towards quiescence is usually observed.
Whereas the main properties of the LHS and HSS are known and have been studied
in many sources finding a relatively homogeneous behaviour, the study of the whole
outburst evolution and state-transitions has proven more elusive and very different
behaviours have been reported depending on the system.
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MAXI J1659-152 was discovered independently by Swift/BAT (GRB 100925A;
Mangano et al. 2010) and MAXI/GSC (Negoro et al. 2010) on September 25, 2010.
A variable optical counterpart was soon detected (Marshall 2010; Jelinek et al. 2010;
Russell et al. 2010), showing broad, double-peak emission lines (FWHM ∼ 2000
km s−1 ) typical of accreting binaries (de Ugarte Postigo et al. 2010). The source
was detected in radio with a linear polarization level of ∼ 23% (van der Horst et al.
2010), submillimetres (de Ugarte Postigo et al. 2010) and near infrared (D’Avanzo
et al. 2010) wavelengths. At high energies MAXI J1659-152 was also observed by the
Rossi X-ray timing explorer (RXTE) and the XMM and INTEGRAL observatories
(Kuulkers et al. 2010; Vovk et al. 2010). RXTE observations performed 3 days after
the discovery revealed strong similarities with the typical timing properties of BHT
during the HIMS (citealtKalamkar2011) indicating that MAXI J1659-152 is a black
hole candidate. This was confirmed by the subsequent transitions to the SIMS and
HSS observed on October 12 (Belloni et al. 2010) and October 17 (Shaposhnikov
& Kazutaka 2010), respectively. After a short (15 days) stay in soft states, a new
transition to the HIMS was observed (Muñoz-Darias et al. 2010a). X-ray dips with a
recurrent period of 2.41 hours have been detected in MAXI J1659-152, pointing to a
high orbital inclination and suggesting that MAXI J1659-152 is the black hole binary
with the shortest orbital period (Kuulkers et al. 2010; Belloni et al. 2010; Kuulkers et
al. 2011). Here, we study in detail the evolution of the spectral and timing properties
of the source along the 2010 outburst until observations were interrupted due to Sun
constraints. We focus on the evolution of the variability during the hard-to-soft and
soft-to-hard transitions and how it is related to the relative contribution of the various
components present in the energy spectra.

10.2 Observations
We analyse 65 RXTE observations of MAXI J1659-152 performed within September
28, 2010 and November 11, 2010.
The variability study presented in this paper is based on data from the Proportional
Counter Array (PCA). For some observations the mode GoodXenon1 2s was used
but most of the data are in the mode E 125us 64M 0 1s, which covers the PCA ef-
fective energy range (2-60 keV) with 64 bands. Power density spectra (PDS) for each
observation were computed following the procedure outlined in Belloni et al. (2006).
We used stretches 16 s long and PCA channels 0–35 (2–15 keV).

The PCA Standard 2 mode (STD2) was used for the spectral analysis. It covers the
2–60 keV energy range with 129 channels. From the data, we extracted hardness (h),
defined as the ratio of counts in STD2 channels 11–20 (6.1–10.2 keV) and 4-10 (3.3–
6.1 keV). Energy spectra from the PCA (background and dead-time corrected) were
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Figure 10.1: Upper panel: hardness-intensity diagram obtained using all the RXTE observa-
tions available. Intensity correspond to the count rate within the STD2 channels 0–31 (2–15
keV) and hardness is defined as the ratio of counts in 11–20 (6.1–10.2 keV) and 4-10 (3.3–
6.1 keV) STD2 channels. Each point corresponds to an entire observation. Observations
with a star correspond to those with a type-B QPO in the PDS. Solid line joins consecutive
observations starting from observation #1 (big, open circle). Observations taken after the last
type-B QPO are joined by a dotted line. Dashed lines delimit the range in hardness where
these oscillation are detected. Middle panel: corresponding hardness-rms diagram within the
0.1–64 Hz frequency band. Lower panel: corresponding power-law (open triangles) and disc
(open diamonds) relative contributions to the observed count rate (see Sect. 10.3.2).

extracted for each observation using the standard RXTE software within HEASOFT

V. 6.7. For the spectral fitting, Proportional Counter Unit 2 was solely used. In order
to account for residual uncertainties in the instrument calibration a systematic error
of 0.6% was added to the spectra1.

1See http://www.universe.nasa.gov/xrays/programs/rxte/pca/doc/rmf/pcarmf-11.7/ for a detailed
discussion on the PCA calibration issues.
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Figure 10.2: Rms-intensity diagram obtained following Muñoz-Darias et al. (2011). Each
point corresponds to an entire observation. A solid line joins consecutive observations starting
from observation #1 (big, open circle). Stars correspond to observations with a type-B QPO
in the PDS. Dotted lines represent the 1, 5, 10, 20 and 30 per cent fractional rms levels.

10.3 Analysis and results
We computed the fundamental diagrams commonly used for the study of BHT and
performed fits to the energy spectra and PDS. The QPOs present in the PDS have been
classified following Casella et al. (2005). Finally, we have also measured time-lags
between soft and hard variability for the only observation long enough to perform
this analysis.

10.3.1 Fundamental diagrams
As a first step of the analysis, we computed the hardness-intensity and the hardness-
rms diagrams (HID and HRD), which are presented in the upper and middle panels of
Fig.10.1, respectively. The fractional rms was computed within the frequency band
0.1–64 Hz following Belloni & Hasinger (1990). We have also computed the rms-
intensity diagram (RID) presented in Fig. 10.2 following Muñoz-Darias et al. (2011).
Rms values obtained by using a soft (2–6 keV) and a hard (6–15 keV) band are shown
in the upper panel of Fig. 10.3 as open and filled circles, respectively. The compar-
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ison between the rms observed in these two bands is effectively a rms spectrum of
two energy bins. This is enough to get a reliable estimation of the energy spectrum of
the variability even when the count rate is low. The latter results in large error bars if
using narrow energy bands. This method allows us to infer whether the rms spectrum
is flat, hard or inverted (i.e. more variability at low energies) for each observation.
For a more detailed comparison, we show in Fig. 10.4 three rms spectra correspond-
ing to observations taken along the hard-to-soft transition. They are obtained using
six energy bands and give results consistent with those that can be extracted from the
upper panel of Fig. 10.3.

The source describes in the HID the standard q-shaped pattern moving from obser-
vation #1 (open, big circle in Fig. 10.1) in the counter clockwise direction. However,
the initial flux rise was not observed by RXTE and, as pointed out by Kalamkar et al.
2011, the first RXTE observation already correspond to the HIMS. This is confirmed
by the fact that no hard line (i.e. sharp, linear rms-flux relation; Muñoz-Darias et al.
2011) is observed in the RID. After ∼ 16 days in the HIMS, where the count rate
peak is observed, type-B QPOs are seen in the PDS, indicating the system is in the
SIMS. Once this state is reached, fast transitions are observed between the SIMS and
the HSS. A hard excursion to the HIMS between two soft excursions is observed. Af-
ter an important decrease in count rate the system reaches the softest (observed) point
of the outburst and a soft-to-hard transition is seen. The following can be outlined
after a detailed study of the fundamental diagrams:

• The rms decreases monotonically during the first HIMS observations. The
corresponding PDS show strong type-C QPOs typical of this state. As usu-
ally observed in BHT, a fast decrease in rms is observed during the transition
between the HIMS and the SIMS. All the type-B QPOs are observed within
h ∼ 0.40–0.37 (see dashed lines in Fig. 10.1) and a minimum in rms is ob-
served at h ∼ 0.35. From that point, rms increases with softening. This trend
is not observed during the second soft excursion and the soft-to-hard transi-
tion (dotted line in Fig. 10.1), but a constant rms ∼ 8% value is seen until
the system reaches again the HIMS. As far as we know, this clear break in
the hardness-rms relation widely observed in BHT has not been reported be-
fore (however see discussion in Sect. 10.4). The above behaviour is present in
both, soft and hard energy bands (Fig. 10.3), but it is much more prominent in
the hard channels.

• During the first observation, the rms shows an almost flat energy spectrum (see
upper panel in Fig. 10.4), consistent with what is observed in early HIMS
observations in other systems (see e.g., Gierliński & Zdziarski 2005). Less
variability is observed in the soft band as the system gets soft, but in contrast
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Figure 10.3: Upper panel: hardness-rms diagrams obtained by using soft (STD2 0-9; 2-
6 keV) and hard (STD2 10-31; 6-15 keV) energy bands for computing rms, respectively.
Dotted and dashed lines represent the same as in Fig.10.1. Middle and lower panels: power-
law (open triangles) and disc (open diamonds) contribution to the observed count rate within
the above bands.

with what is usually observed (see e.g., Muñoz-Darias et al. 2011 for the case
of GX 339-4), the hard rms slightly increases during the HIMS (middle panel
in Fig. 10.4). The rms drops abruptly from the last HIMS observation to the
softer SIMS observations. In the hard band, rms fades from ∼ 20% to 4%
within the narrow range of hardness where type-B QPOs are observed (dotted
lines in Fig. 10.1 and Fig. 10.3). The rms minimum at h ∼ 0.35 is observed
in both hard and soft bands, being the rms spectra flat again (see upper panel
in Fig. 10.3 and lower panel in Fig. 10.4). Between h ∼ 0.25–0.35 we see
again much more variability at high energies (upper panel in Fig. 10.3). Hard
rms spectra are observed during the soft-to-hard transition until they become
flat or slightly inverted. This behaviour is typical of the LHS (Gierliński &
Zdziarski 2005; Muñoz-Darias et al. 2011) and it is observed in the last four
RXTE observations.

• No hard line is observed in the RID (Fig. 10.2). The adjacent hard line seems
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to be obeyed by the last four RXTE observations, when a flat/inverted rms
spectrum are observed, confirming that they correspond to the LHS. We note
that this HIMS-LHS transition, which is not obvious when looking at the HID,
is sharply marked in the RID. As seen in GX 339-4, type-B QPOs are localized
in the ∼ 5–10% region of the RID. This 10% line seems to divide precisely
HIMS and SIMS observations; as an example, observation 95108-01-21-00
with a very late HIMS PDS (low coherent Type C QPO) has a rms of 11%.
The ∼ 5% border is not so sharp, especially at count rates∼< 350 cts s−1 where
some observations without a type B QPO cross this line. This is due to (i) fast
transitions between the HSS and SIMS in the region around ∼ 350 cts s−1,
which results in hybrid observations (see also Muñoz-Darias et al. 2011), and
(ii) the already mentioned break of the usual hardness-rms correlation during
the two soft excursions observed. This results in HSS observations with rms
! 5% and around ∼ 15% in the hard band. Indeed, a clear soft branch (rms ∼
1–5 per cent) is not present in the RID.

Finally we show the RXTE light-curve (2–15 keV) during the outburst in Fig. 10.5.
SIMS and HSS epochs have been marked with light and dark grey bands, respectively.
The thick solid line represents the transition to the LHS.

10.3.2 Spectral evolution
We have performed a spectral fitting of the 65 observations analysed in this paper.
Energy spectra have been fitted within the band ∼ 4–22 keV, where RXTE/PCU
offers its maximum throughput and spectral calibration is reliable (see e.g., Jahoda
et al. 2006). We have used XSPEC V 11.3.2. Given the multitude of spectral models
available, we tested several ones in a first approach. This method has been already
adopted for other sources (e.g., GX 339-4, Nowak et al. 2002; Cyg X-1, Wilms et al.
2006).
We started with models of one single component, either a cutoff power law or a
multicolor disk blackbody. Neither of them could fit the spectra. In order to obtain
good fits and acceptable parameters, a model consisting of a simple power-law plus
a multi-color disk-blackbody component was used. No high energy cut-off associ-
ated to the powerlaw component was needed for any of the observations, as expected
from the energy range considered (≤ 22 keV; e.g., Motta et al. 2009, Miyakawa et al.
2008). A Gaussian emission line with a centroid constrained between 6.4 and 6.8
keV was also needed. A hydrogen column density was used (wabs in XSPEC), with
NH frozen to 3× 1021cm−2, the value derived from Swift/XRT (Kennea et al. 2010).
The addition of an iron edge did not significantly improve the fits. No evident residu-
als due to reflection features were evident apart from the iron line, thus no additional
reflection component was needed to describe the data. In a second step, we tried to
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fit the spectra using more sophisticated Comptonization models (comptt, pexrav) but
the result was not statistically better than that obtained by using the model described
above. Using comptt and pexrav we obtain a value of the χ2red higher than that ob-
tained with the powerlaw+diskbb model. We conclude that a empirical simple model
constituted by a powerlaw+diskbb is sufficient to describe the data. In Fig. 10.6 we
present the evolution of the main spectral parameters along the outburst evolution.
Our results are consistent with a constant inner disc radius2 around ∼ 40 km (assum-
ing an orbital inclination of 70 degrees), showing a possible decrease at the end of
the outburst. We find an inner disc temperature in the range 0.6-0.9 keV, consistent
with the values usually observed in BHT (see e.g., Motta et al. 2009).
The photon index of the power-law component increases from ∼ 1.9 during the first
HIMS observation to ∼ 2.3 during the soft states. This value is lower than those usu-
ally observed in BHT during soft states. The photon index decreases again during the
final soft-to-hard transition where values around ∼ 1.7 are reached during the LHS
observations. The main spectral parameters obtained for each of the observation are
shown in Tab. 10.1. From this table (see also Fig. 10.6) it is clear that our constraints
on the disc parameters are sometimes poor. This is expected since by using PCA data
we are only able to see the high energy part of the disc black body component above
the Wien peak. It is also known that, even if the the diskbb model provides a good
description of the thermal component, the derived spectral parameters should not be
interpreted literally (see e.g. Remillard & McClintock 2006). However, we note that
this thermal component is clearly present in the data and well described by the model
we use. Hereafter we focus on the contribution of this thermal component to the total
flux rather than in the evolution of single disc parameters to which our study is less
sensitive.
The fractional contribution to the observed count-rate associated with the disc and
the power-law component are shown in the lower panel of Fig. 10.1 (2-15 keV), and
in the middle and lower panels of Fig. 10.3 (2-6 keV and 6-15 keV). The following
is noted by comparing these results with the hardness and rms evolution:

• During the LHS and the HIMS (h > 0.4; see Fig. 10.1) the rms is well corre-
lated with the power-law contribution to the total count-rate and anti-correlated
with the disc contribution. The fact that within 0.41 " h " 0.58 we see a
higher rms during the hard-to-soft transition than during the soft-to-hard (dot-
ted line) can be also explained in terms of power-law contribution to the ob-
served count rate. The same conclusion can be extracted from Fig. 10.3 when
the soft (2-6 keV) and hard bands (6-15 keV) are considered.

• During the SIMS (0.37 ≤ h ≤ 0.40) the situation is different. The rms de-

2The normalization for the diskbb component is defined as (Rin/km
D/10kpc )

2cosΘ, where Rin is the
inner disc radius (km), D is the distance to the source (kpc) and Θ is the inclination angle of the disk.
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creases drastically, much faster than power-law contribution decreases. This
becomes even more evident when we look at the hard band in Fig. 10.3, which
is clearly power-law dominated. There is no observation within this hardness
band during the soft-to-hard transition, but if we consider the closest two ob-
servations at both sides of the SIMS it seems probable that during this back
transition there is more variability and less power-law contribution than during
the hard-to-soft transition.

• In the HSS (h < 0.37) the behaviour is complex. During the first soft excur-
sion, when count-rate is above ∼ 300, the rms increases with softening, i.e.
with disc contribution. However from Fig. 10.3 it is clear that in the hard band
(power-law dominated) the rms is larger than in the soft band (disc dominated)
with the exception of the points very close to the SIMS, where energy spec-
trum of the rms is flat. During the second soft excursion (count-rate lower than
∼ 300) the rms is constant and higher than that observed in the first soft excur-
sion, especially in the points close to the SIMS. The power-law contribution
slightly increases as compared to the previous soft excursion and there is much
more variability in the hard band than in the soft band. By comparing the two
soft excursions it is clear that we see very different variability levels in corre-
spondence with rather similar power-law and disc relative contributions. We
note that this second soft excursion at lower count rate and higher rms occurs
right after the last type-B QPO is observed.

Using the results from the spectral fits we computed the absolute count-rates asso-
ciated with the disc and the power-law (2–15 keV). We have over-plotted them in Fig.
10.5. Only during the HSS epochs (dark grey bands) the disc dominates the observed
count-rate. As seen in other systems the disc is not observed within the XTE/PCU
band at the beginning and at the end of the outburst (e.g., Motta et al. 2009).
We also note that all the wiggles present in the light-curve are observed in both com-
ponents until the system reaches the HSS for the first time. From that point onwards
(day ∼ 21), the count-rate associated with the disc decreases monotonically, proba-
bly following the accretion rate, and the wiggles observed in the light-curve are solely
caused by variations in the power-law count rate.

10.3.3 Quasi periodic oscillations
Together with the timing analysis on the evolution of the rms along the outburst and
its energy dependence, we have also studied the evolution of the main QPO proper-
ties. In table 10.2 we present the fits for the 43 PDS in which Type-C QPOs were
observed and the 9 PDS with a type-B QPO. Only in one observation (95118-01-
06-00) we see a possible type-A QPO, although its significance is low and we will
not consider it in our analysis. PDS fitting was carried out with the standard XSPEC
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Figure 10.4: Rms spectra calculated for STD2 channels 0–6 (2–4.5 keV), 7–9 (4.5–5.7 keV),
10–13 (5.7–7.3 keV), 14–17 (7.3–9 keV), 18–23 (9–11.4 keV) and 24–31 (11.4–14.8 keV).
They cover gradually the behaviour observed during the hard-to-soft transition within the first
49 observations. T0 corresponds to MJD 55465.

fitting package by using a one-to-one energy-frequency conversion and a unit re-
sponse. Following Belloni et al. (2002), we fitted the noise components with three
Lorentzians, one zero-centred and other two centred at a few Hz. The QPOs were
fitted with one Lorentzian each, only occasionally needing the addition of a Gaussian
component to better approximate the shape of the narrow peaks and to reach values
of reduced χ2 close to 1. The behaviour of both Type-B and Type-C QPOs is similar
to that observed in other BHT (see e.g., Belloni 2010). We see the type-C frequency
increasing with hardness, whereas type-B are always observed within the frequency
range ∼ 2–4 Hz.
Following Casella et al. (2004) and Motta et al. (2011 in prep.) we have plotted total
rms as a function of the QPO frequency (Fig. 10.7). As it was found in those works,
Type-C QPOs follow a clear negative correlation. This correlation seems to saturate
around ∼ 7.5 Hz. Interestingly, if we only consider the Type-C QPOs observed dur-
ing the soft-to-hard transition (open circles in Fig. 10.7) a slightly higher slope is
observed in the correlation.
Type-B QPOs are unequivocally separated from Type-C using the rms-frequency rep-
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Figure 10.5: Light-curve of the system along the outburst within the band 2-15 keV (STD2
0-31). Count rates associated with the disc and power-law components are shown as open
diamonds and open triangles, respectively. SIMS epochs are coloured in light grey, whereas
the dark grey regions correspond to the HSS. T0 corresponds to MJD 55465.

resentation and they are solely observed when the rms is ≤ 10 per cent.

10.3.4 Time-lags
Time-lags between soft and hard variability were computed for the first observation
(95358-01-02-00), the only one long enough for this purpose. Following Pottschmidt
et al. (2000) we used the energy ranges ∼ 2–4 keV and ∼ 8–13 keV for the soft and
hard bands. They corresponds to the STD2 channels 0–5 and 15–27, respectively.
Fast Fourier transforms of each band were computed and cross spectra produced.
A positive lag means hard variability lagging soft variability. The obtained time-
lags (∆t) as a function of frequency (ν) are shown in Fig. 10.8 (black circles). As
observed in previous works, the time-lag decreases with frequency within the 0.1-
10 Hz band to which we are sensitive. Pottschmidt et al. (2000) noted that in Cyg
X-1 the time-lags were larger during the transition between hard and soft states as
compared to those observed in the canonical states. The system was in the HIMS
during observation #1 and in agreement with the above work the lags we measure
are larger than those typically observed in BHT during LHS. For a direct compari-
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Figure 10.6: Evolution of the hardness and the main spectral parameters during the outburst.
R corresponds to the inner disc radius and T to its temperature. SIMS epochs are coloured
in light grey, whereas the dark grey regions correspond to the HSS. T 0 corresponds to MJD
55465.

son we have computed time-lags for a LHS observation (diamonds in Fig.10.8) and
two HIMS observations at the same hardness (triangles in Fig.10.8) and same frac-
tional rms (open circles in Fig.10.8) corresponding to the 2007 outburst of GX 339-
4. Whereas the time-lags corresponding to the LHS observation follows the relation
∆t ∼ 0.009 × ν−0.7 (dashed line in Fig.10.8), consistent with the one observed in
other systems during that state (see e.g., Muñoz-Darias et al. 2011 for Cyg X-1 and
XTE1752-223) a normalization at least two times bigger (∼ 0.02; dashed line in
Fig.10.8) is needed to account for the time-lags observed in MAXI J1659-152. We
note that deviations from the power-law seems to be present at low frequencies.

10.4 Discussion
The evolution of MAXI J1659-152 during its 2010 outburst is consistent with that
usually observed in black hole transients. The hardness-intensity, rms-hardness and
rms-intensity diagrams are rather typical, with a hard-to-soft transition, a flux decay
during a soft (accretion disc dominated) state and a final soft-to-hard transition to-
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Figure 10.7: Total fractional rms (0.1–64 Hz) as a function of the QPO frequency. Type-C
observed during the hard-to-soft and soft-to-hard transitions are marked with a filled and an
open circle, respectively. Open triangles correspond to Type-B QPOs, which do not follow
the correlation observed for the type-C and are solely observed when the rms is ≤ 10 per cent
(dotted line).

ward the quiescence. Variability is in general correlated with hardness. Its energy
spectrum is hard during the HIMS and the HSS and flat during the LHS.
If we compare the hardness values with those observed in other systems, we see that
MAXI J1659-152 has a rather hard spectrum. This is clear when looking at the spec-
tral parameters that we obtain from the black-body disc + power-law model that fits
its energy spectrum. Whereas the disc parameters are within the standard range for
a black hole, the power-law index is never higher than ∼ 2.3 . This can be under-
stood in terms of the high orbital inclination needed to explain the dips observed in
the light-curve of the system. As discussed in Motta & Belloni (2010) for the case
of the 2009 ourburst of H 1743-322, assuming that the power-law is arising from a
spherical corona and the thermal emission from a thin disc, a hard outburst could be
observed in high inclination systems. However, we note that the same system can
reach different softening levels (e.g., H1743-322 see also McClintock et al. 2009)
during different outburst. This shows that other factors, probably related with the
available accreting fuel, should play a role.
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Figure 10.8: Top panel: time-lag vs. frequency for MAXI J1659-152 (black circles). For GX
339-4 we over-plot the time-lags we find during the LHS observation we have analysed (open
diamonds) and two HIMS observations at the same hardness (open triangles) and same fra-
cional rms (open circles). The dashed line shows the relation ∆t = 0.009× ν−0.7 consistent
with what is observed during the LHS. The dotted line shows the relation ∆t = 0.02×ν −0.7,
which seems more appropriate for HIMS observations.

The rms values observed during some stages of the outburst are similar to those ob-
served in other systems. We see rms close to ∼ 30 per cent in the LHS, rms > 10
per cent in the HIMS and 5% ≤ rms ≤ 10% in the SIMS. In the HSS we see rms
higher than usual, the minimun being ∼ 3 per cent. In the softest observation rms is
∼ 8 per cent, much higher than usually observed in BHT. Assuming that much less
variability is coming from the disc than from the power-law, a high orbital inclination
could in principle explain this behaviour values since we observe less disc photons
diluting power-law variability.
Many of the observed rms values could be explained by solely assuming that the
power-law component accounts for the observed variability whereas disc emission
varies very little and dilutes power-law variability. Assuming that disc emission does
not vary more than the minimum observed rms (∼ 3 per cent) we can roughly recover
the rms values we see in the hard states by correcting from the relative contribution of
each component along the HIMS. A similar behaviour was reported by Shaposhnikov
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et al. 2010 during the hard-to-soft transition in the BH candidate XTE J1752-223. As
discussed by these authors, this can be understood in terms of variability arising from
the Comptonization corona which dominates the LHS, whereas a more stable disc
emission starts to contribute significantly to the soft emission during the transition.
We note that both a recessing corona resulting in a progressive exposing of the inner-
most region of the accretion flow, and a truncated disk with an inner radius moving
inwards during the transition are able to explain the observations.
Variability fades dramatically during the SIMS. Fig. 10.3 shows that this is the result
of a much less variable power-law emission. We see a jump in the hard rms (6-15
keV), which drops from ∼ 20 to ∼ 7 per cent whereas the contribution of the power-
law to the total count rate decreases just a little in a monotonic way. This is only
observed during the hard-to-soft transition. During the back transition to quiescence
the variability level seems much higher even if the power-law contribution is lower.
We note that when BHTs cross the SIMS during the hard-to-soft transitions at high
flux, relativistic jet ejections are observed (see e.g. Fender 2006 and Fender et al.
2009). As far as we know they have not been seen during the soft-to-hard transition.
Thus, the fact that the physical mechanism responsible for power-law variability is
removed could be related to the jet ejection. This can be explained if the variability
is produced on the base of the jet, since compact radio emission is observed in BHT
during the LHS and the HIMS. However, jet emission should not be present in the
HSS, when we clearly see power-law variability. More than one variability compo-
nent is needed for that model to work.
The evolution of the rms during the HSS is at odds with what is usually observed. In
the HRD we see fractional rms increasing with softening at high count rate (first soft
excursion) and hardness independent rms at lower fluxes (second soft excursion). The
minimum in rms is observed close to the SIMS, and power-law and disc variabilities
are consistent with ∼ 3 per cent fractional rms. Thus, the ∼ 20–25 per cent power-
law variability observed at the end of the HIMS almost disappear after crossing the
SIMS. This cannot be explained in terms of an increase of the disc contribution. In-
deed, the RID shows that absolute (i.e. non fractional) rms fades dramatically from
the HIMS to the HSS. Power-law variability is recovered when the system softens
and especially when the total count rate drops after the last type-B QPO is observed.
If we associate type-B QPOs with jet ejections (e.g., Soleri et al. 2008;Fender et al.
2009), we see rms increasing when the system abandons the region where they are
observed and when the type-B/jet mechanism is suppressed. Belloni (2005) observed
a similar behaviour during the hard-to-soft transition in GX 339-4 (see also Fender
et al. 2009 for XTE J1859+226 and XTE J1550-564). They find similar (2–3%)
variability levels in observations showing type-A QPOs, which have hardness values
softer but close to those observed in type-B observations. The rms rises for a while
after the observations with a type-A and fades again during the softest observations.
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GX 339-4 crosses the same region with higher rms during the soft-hard-transition. In
MAXI J1659-152 we see a possible type-A QPO only in one observation, although
its significance is low and it is observed in one of the softest observations (i.e. with
higher rms). However, statistics are much lower in this case than for GX 339-4 and it
could be the case that we are not sensitive enough to detect those type-A or that they
are not present for other reasons. Assuming that these low rms observations of MAXI
J1659-152 after the type-B region correspond to those with type-A in GX 339-4, the
behaviour of the two sources is similar with the exception of the final softening and
variability decrease observed in GX 339-4 (see Fig. 10 in Belloni 2005). The lat-
ter can be explained by the fact that a strong disc dominated soft state is missing in
MAXI J1659-152. As discussed above, this can be understood in terms of the high
orbital inclination of the system. In addition or alternatively to this, we should take
into account that the orbital period proposed for this system (Kuulkers et al. 2010;
Belloni et al. 2010) is much sorter than the one of GX 339-4. This should favour a
shorter outburst (as observed) and it could have also an effect on the properties of the
steady optically thick accretion flow expected to dominate during soft states.
Only type-C and type-B QPOs are observed in MAXI J1659-152. Apart from their
intrinsic differences noted in Casella et al. (2005), they are clearly separated using a
frequency-fractional rms representation. Whereas type-C follow a clear correlation,
type-B are clearly outside this correlation, showing a roughly constant rms as func-
tion of the frequency. This has been observed by Casella et al. (2004) and Motta et
al. (2011 in prep.) for the cases of XTE J1859+226 and GX 339-4, respectively.
Jet ejections are known to be connected to flux peaks (Fender et al. 2004) and to
HIMS/SIMS transitions (i.e. type-B QPOs Soleri et al. 2008; Fender et al. 2009).
There are known exceptions, as the case of the strong X-ray flux peak of the 1998/1999
outburst of XTE J1550-564, where a jet ejection ∼4 days after the peak was observed
before the transition to the soft states (Hannikainen et al. 2001; Corbel et al. 2002).
In MAXI J1659-152, type-B QPOs are found in correspondence with local count rate
peaks (see light grey bands in Fig. 10.5), especially at high fluxes. However, the
absolute count rate peak is observed before the transition to the SIMS (Fig. 10.5) and
from that point radio emission is observed to quench (van der Horst et al. 2010). No
QPO is observed in that observation (either type-B or C) and the rms is that expected
for the HIMS. Similar behaviour is seen in the already mentioned very bright obser-
vation of XTE J1550-564, although weak QPOs are present in this case. We expect
that multi-wavelength studies performed during this outburst of MAXI J1659-152
will be able to discuss our results in light of the detection or non-detection of rela-
tivistic jet emission during the observed X-ray count rate peaks. A possible scenario
in which both, jet ejections and HIMS/SIMS transitions are related to flux peaks but
not between each others cannot be ruled out.
It is also remarkable that once the system reaches the HSS all the wiggles and flux
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peaks present in the light-curve seem related to variations in the power-law emission
whereas the disc emission decreases monotonically. This is not observed before the
first HSS observation and it is probably connected with the formation of a steady ac-
cretion disc during the HSS. Our study suggests that all the scatter usually observed
during HSS in the hard-intensity diagrams and rms-intensity diagrams of BHT (see
e.g., Dunn et al. 2010) is due to a change in the relative contribution of the power-law,
whereas disc emission drops monotonically probably following the accretion rate de-
crease.

We have measured time-lags between soft and hard emission finding a similar fre-
quency dependence time-lag distribution than that already observed in other BHT
during hard states (Nowak et al. 1999; Pottschmidt et al. 2000; Muñoz-Darias et al.
2011). The observation in which it was possible to perform this study belongs to
the HIMS, and by comparing with the case of GX 339-4 we obtain results in agree-
ment with those reported by Pottschmidt et al. (2000) in Cyg X-1. In the hard-to-soft
transition lags are higher than in the LHS. As discussed in the above works and ex-
tensively in Nowak et al. (1999), both the time-lags measured in several systems and
the observed time-lag evolution cannot be explained by purely Comptonization mod-
els, and alternative scenarios (see e.g., Kazanas et al. 1997; Körding & Falcke 2004)
should be further explored.
Finally, we note that by the time we submitted the last revised version of this manuscript
another paper based on RXTE analysis on the same source has been accepted for pub-
lication (Kalamkar et al. 2011). It is focussed on identifying the black hole nature of
the source and according to arXiv was submitted about the same date than this work.

10.5 Conclusions

We have performed an X-ray spectral and timing analysis of the black hole candidate
MAXI J1659-152 during its first observed outburst. The outburst evolution of the
system is similar to that previously observed in other black hole candidates, although
it presents clear peculiarities especially in what regards to the evolution of the fast
variability and its energy dependence. We have discussed this behaviour on the basis
of the spectral decomposition we have performed. Complementary results obtained
through multi-wavelengths campaigns of the present and forthcoming outbursts of
this source will result in a deeper understanding of the behaviour observed in this
source and of the accretion process taken place in black hole binaries.
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11
X-ray bursts and burst

oscillations from the slowly
spinning X-ray pulsar IGR
J17480-2446 (Terzan 5)

Sara E. Motta, Antonello D’Aı̀, Alessandro Papitto, Alessandro Riggio, Tiziana Di
Salvo, Luciano Burderi, Tomaso M. Belloni, Luigi Stella, Rosario Iaria

Monthly Notices of the Royal Astronomical Society, 2011, 414, 1508

Abstract

The newly discovered 11 Hz accreting pulsar, IGR J17480-2446, located in the
globular cluster Terzan 5, has shown several bursts with a recurrence time as short
as few minutes. The source shows the shortest recurrence time ever observed from
a neutron star. Here we present a study of the morphological, spectral and temporal
properties of 107 of the bursts observed by the Rossi X-ray Timing Explorer. The
recurrence time and the fluence of the bursts clearly anticorrelate with the increase of
the persistent X-ray flux. The ratio between the energy generated by the accretion of
mass and that liberated during bursts indicate that Helium is ignited in a Hydrogen
rich layer. Therefore we conclude that all the bursts shown by IGR J17480-2446 are
Type-I X-Ray bursts.

Pulsations could be detected in all the brightest bursts and no drifts of the frequency
are observed within 0.25 Hz of the spin frequency of the neutron star. These are also
phase locked with respect to the pulsations observed during the persistent emission
and no rise of the rms associated to the pulse frequency is observed during the burst.
This behavior would favor a scenario where the type-I burst, possibly ignited at the
polar caps, immediately propagates to the entire neutron star surface.
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11. The slowly spinning X-ray pulsar IGR J17480-2446
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Figure 11.1: Light curves of three RXTE observations of IGR J1748-2446. For each obser-
vation we plot the 1s-resolution light curve from the beginning of the RXTE pointing. We
show the first 3ks for each observation. From top panel: Obs. 95437-01-01-00, 95437-01-
02-01, 95437-01-04-01. Arrows in the second and third panels from top mark the position of
the bursts. Note that in Obs. 95437-01-01-00 a clear eclipse due to the moon occultation is
visible (see Strohmayer et al. 2010). The recurrence time between bursts is clearly different
between the second and third observation (see text).

11.1 Introduction

Type–I X-ray bursts result from unstable thermonuclear ignition of accreted material
on the surface of weakly magnetized neutron stars (see Lewin et al. 1976, Strohmayer
& Bildsten 2006, Galloway et al. 2008, and references therein for reviews on the
subject). This material is accreted through Roche-lobe overflow from a lower-mass
companion star (low-mass X-ray binary, LMXB). In systems exhibiting bursts, the
temperature and pressure at the base of the accreted layer slowly increase until the
nuclear energy generation rate becomes more sensitive to temperature perturbations
than to radiative cooling. At this point the resulting thermonuclear instability leads
to runaway burning of the matter that has been deposited since the previous burst.
During the flash, over 90% of the accreted hydrogen and helium is expected to burn
into carbon and heavier elements (Woosley et al. 2004). For the next flash to occur, a
fresh layer of hydrogen/helium must first be accreted.

X-ray bursts are observed in about half of the total population of LMXBs in the
Galaxy, but only 15 sources from this sample show coherent pulsations (Galloway
et al. 2010) at, or within a few Hz from, the spin frequency of the NS during the
burst emission. To date, only five LMXBs show coherent pulsations both during the
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11.2 Observations and data analysis

burst and the persistent X-ray emission (SAX J1808.4-3658, XTE J1814-338, HETE
J1900.1-2455 and IGR J17511-3057, and the peculiar case of Aql X-1 that showed
coherent pulsations with an extremely low duty cycle, see Altamirano & Watts 2010
and references therein). The spin frequency in these sources is between 245 Hz and
550 Hz.

Notwithstanding the great amount of observational facts collected in the last years,
we still lack a clear understanding of the physical mechanism responsible for the
onset of the burst oscillations. It would be important to understand why only ∼20%
of the bursting X-ray sources show pulsations and why a drift of the order of a few
Hz of the burst oscillation frequency is often observed during some type-I bursts
(Muno et al. 2002), while in accreting millisecond pulsars this drift is less evident
(e.g. Altamirano et al. 2010 and references therein).

The recent discovery of an 11 Hz accreting X-ray pulsar in the Globular cluster
Terzan 5 showing also burst oscillations at the same frequency can greatly help to
shed light on these questions, definitely ruling out the need for high NS spin fre-
quency as a necessary ingredient both for the onset of X-ray burst and the burst os-
cillations.

Furthermore, since the burst peak flux from IGR J17480-2446 is exceptionally
low, compared to the values observed in other bursting sources, this source offers an
excellent opportunity to study the effect of a hot NS contribution to the burst emission
that arises when the burst luminosity is low compared to the persistent emission and
in particular to the blackbody component (see van Paradijs & Lewin 1986).

11.2 Observations and data analysis
INTEGRAL detected a transient source in the Globular Cluster Terzan 5 on 2010
October 10.365 (Bordas et al. 2010), tentatively attributed to the known LMXB
transient EXO 1745-248. However, follow-up Swift observations refined the source
position, excluding the association with EXO 1745-248; the new source was therefore
dubbed as IGR J17480-2446. A Chandra observations confirmed the position of the
source (see Pooley et al. 2010) and its non-association with EXO 1745-248. The
distance to Terzan 5 has been estimated as 5.9±0.5 kpc (Lanzoni et al. 2010), which
is the value we consider in the following.

Subsequent Rossi X-ray Timing Explorer (RXTE in the following) observations of
IGR J17480-2446 showed coherent pulsations at 11 Hz and the presence of bursts
and burst oscillations (Altamirano & Watts 2010, Strohmayer & Markwardt 2010).
Timing analysis of the pulse period revealed how the system has an orbital period
of 21.327 hr and a companion star mass between 0.4 and 1 M$ (Papitto et al. 2011,
Strohmayer et al. 2010).

In this work, we focus on the X-ray bursts observed in the rising phase of the
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outburst of IGR J17480-2446 with RXTE. We consider observations from 13th to
17th October (MJD 55482 to 55486, Obs. ID from 95437–01–01–00 to 95437–01–
04–01).

11.2.1 Outburst light curve, persistent emission and burst anal-
ysis

IGR J17480-2446 was observed daily by RXTE starting from MJD 55482.01 (Obs.ID
from 95437-01-01-00, October 13th 2010), three days after its discovery with INTE-
GRAL. A sample of the light curves observed with RXTE is shown in Fig. 11.1. The
count rate observed by the PCU2 of the Proportional Counter Array (PCA) during
the persistent emission1 rises from ∼ 250 (October 13.0) to ∼ 1300 c s−1 PCU−1

(October 16.7).
To evaluate the X-ray persistent flux just prior each burst onset, we extracted spec-

tra only the PCU2 of the PCA (3.5–25 keV) over a time interval of 32s before Tpeak.
We modelled the spectrum with the sum of a blackbody and a Comptonized com-
ponent, compps (Poutanen & Svensson 1996), and computed unabsorbed fluxes
extrapolating in the 0.1-100 keV energy band. The source unabsorbed persistent flux
rises from Fpers = 0.54(5)×10−8 erg cm−2 s−1 on October 13.0, up to a peak value
of Fpers = 1.7(2) × 10−8 erg cm−2 s−1 during the last observation considered here
(October 16.7).

X-ray bursts appearing at regular intervals are detected in all the RXTE observa-
tions we consider (October 13th - 16th). The recurrence time between consecutive
bursts decreases from >∼ 24 min to ( 5 min while the persistent flux increases (see
Fig. 11.2). After October 17th, the bursts disappeared to appear again on October
18th. To analyze the morphological properties of the bursts observed during the rising
part of the outburst, we consider background-subtracted light curves extracted from
data taken in Event (122µs temporal resolution) and Good Xenon (1µs temporal res-
olution) packing mode. Binning the light curves in 0.125s intervals, we modelled the
burst shape with a five-parameter model: persistent count rate, start time of the burst
(Trise), peak time (Tpeak), amplitude of the burst, exponential decay time of the burst
(τ ). The model assumes a linear rise between Trise and Tpeak, and an exponential
decay after the peak. The bursts show a typical rise time between few and ∼20s and
an exponential decay time between ∼10 and ∼100s. As an example we show in the
top panel of Fig. 11.1 the shape of the first and most energetic burst observed by
RXTE and in the following panels the typical shapes of the subsequent fainter bursts.

To verify possible photospheric radius expansion episodes during the bursts, we

1Even though the source is an X-ray transient, we refer to persistent emission as the main body of
the outburst emission, and to burst emission when the source exhibits thermonuclear flashes
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Figure 11.2: Variation of the recurrence time as function of the persistent flux.

extracted PCU2 spectra of the brightest burst, over time intervals 2 seconds long
and modelled them with an absorbed blackbody. The best-fit values of blackbody
temperature and radius are plotted in the middle and lower panel of Fig.11.3, re-
spectively. The apparent radius observed at infinity has a constant value of R∞app =
(3.3 ± 0.5) d5.9 km, clearly indicating that no radius expansion takes place. The
apparent radius has subsequently been converted into an effective radius taking into
account the hardening factor and the effect of the gravitational redshift (see Sec. 11.3
for details). We also measured the mean apparent radii for selected bursts following
the first brightest one (see Tab. 11.1). To do this we followed Sztajno et al. (1986).
For each selected burst we made a two-component fit to the combined persistent and
burst emission, involving a black body component (associated to the NS emission)
and a Comptonized component that represents the emission which is promptly radi-
ated upon accretion of matter. We assumed that the latter component is not affected
by the occurrence of a thermonuclear flash and we adopted the apparent blackbody
radius associated to the other component as the mean radius of the region emitting
the blackbody radiation during the Type-I X-Ray bursts. To better constrain the pa-
rameters of the persistent emission spectrum, we extracted the persistent emission
spectrum immediately before the burst occurrence and we fitted it. Then we used this
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Figure 11.3: Top panel: light curve of the strongest burst, observed on MJD 55482. Middle
and bottom panel: evolution of radius and tamperature of the best-fit blackbody component.
The integration time of the points is 2s at the peak and 4s during the last part of the decay.

template model to fit the emission during the bursts, keeping the parameters of the
comptonisation component and leaving the parameters of the blackbody component
free to vary. The resulting measures (where the corrections adopted for the first burst
have been applied) are listed in Tab. 11.1.

To verify our results, we attempted to stack data from several faint bursts observed
at higher accretion rates (MJD 55485) and applied the same procedure followed for
the single bursts. Analyzing the profiles of the fainter bursts, both rise and decay
times often resulted different from one burst to another. For this reason, we selected
bursts with similar profiles (i.e. similar rise and decay times) and averaged their
spectra in order to obtain the measure of the mean radius and temperature of the
blackbody emitting region. We obtained values consistent with the ones reported in
Tab. 11.1.

The energetics of each burst has been evaluated extracting a PCU2 spectrum taken
in a fast timing mode (Generic Event and Good Xenon) over a time range containing
the whole burst and of a variable length depending on τ and on the variability of the
persistent flux. We subtracted as background the spectrum of the persistent emission,
extracted over an interval of 32 s before the onset of the burst (Trise). We modelled
the resulting spectrum with an absorbed blackbody. The fluence estimates we obtain
in the 0.1-100 keV band are listed in Table 11.2. The first burst is the most energetic,
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No. T Rmin Rmax

(keV) (Km) (Km)

2 1.41+0.03
−0.08 8.36 19.08

6 1.34+0.07
−0.08 9.26 21.12

10 1.36+0.08
−0.10 8.31 19.01

28 1.27+0.04
−0.06 10.60 25.00

31 1.37+0.03
−0.06 9.42 22.77

32 1.28+0.06
−0.06 10.19 24.40

80 1.17+0.05
−0.01 14.56 35.24

93 1.17+0.01
−0.03 14.86 34.66

106 1.17+0.03
−0.03 14.82 34.29

Table 11.1: Mean temperature and radius of the blackbody component associated to the
thermonuclear burst emission. The upper and lower limit to the radius are corrected for the
hardening factor fc and for gravitational redshift contribution.

showing a bolometric fluence of Fburst = 3.15(6) × 10−7 erg cm−2. As the persis-
tent flux of the source increases, bursts become more frequent and less energetic as
∼ 3.5d after the first observation they have fluences of the order of ∼ 1 × 10−8 erg
cm−2 (see Fig. 11.1). We have then evaluated the ratio of the integrated persistent
flux to the burst fluence, α = Fperstrec/Fburst for each burst for which the recurrence
time could be unambiguously defined. Modelling the observed values with a constant
α we obtain an average value of < α >= 96± 3, with a small variance of 1.32 over
89 points (see Fig. 11.4). As we discuss in the following such values are compati-
ble with a thermonuclear origin of the bursts (see also Chakraborty & Bhattacharyya
2011). To secure such an identification, we searched for evidence of spectral soften-
ing during the tails of the bursts, which could be interpreted as cooling of the burst
emission. While there is an indication of such a cooling during the first and bright-
est burst (see middle panel of Fig. 11.3), a similar trend could not be observed for
the subsequent, fainter bursts (see Galloway & in’t Zand 2010, Chakraborty & Bhat-
tacharyya 2011). We argue that this is not due to the absence of the softening, but to
the intrinsic difficulty in disentangling the persistent and the burst emission when the
tail of the burst is soon dominated by the persistent emission. Furthermore, as pointed
out by Sztajno et al. (1986) and van Paradijs & Lewin (1986), the spectral analysis of
X-ray bursts is systematically affected if the persistent emission contains a spectral
component which originates from the outer layer of a hot NS, which also transfers an
important energetic contribution to the burst emission. In this situation the net burst
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Figure 11.4: Values of α obtained for all the consecutive bursts. The horizontal line marks
the mean value < α >= 96± 3.

emission (i.e. excess above the persistent emission) is the difference between two
blackbody spectra at different temperatures, corresponding to the total emission from
the hot NS at different times. As a consequence, the net emission does not have a
blackbody spectral distribution, therefore a standard blackbody spectral analysis on
the net burst emission is not decisive in the identification of the burst nature.

11.2.2 Burst oscillations
Burst-oscillation analysis was conducted using PCA data in Good Xenon mode (for
Obs. 95437-01-01-00) and Event Mode (for the following observations), which pro-
vide full timing and spectral information. We produced a dynamical power density
spectrum (DPDS) computing Fast Fourier Transforms (FFTs) of overlapping win-
dows of data of length 4s, stepped by 0.25s (Fig.11.5, second panel from top). As
an example we show the DPDS for the case of the first burst observed on October
13th. In the third panel from top of Fig. 11.5 we show the evolution of the 11 Hz
Leahy power (Leahy et al. 1983) as function of time for that burst. Here the rise
in the pulsation power during the burst is driven by the increase in count rate. The
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increase is consistent with a constant fractional rms, as shown in the bottom panel of
Fig. 11.5. We note that no drifting of the pulsation frequency is observed within 0.25
Hz from the best-fitting spin period. Interestingly, while the decay phase of the burst
follows the expected exponential profile, the evolution of the power (see Fig. 11.5,
third panel from the top) clearly shows a multi-peak structure that does not reflect the
decay in the light curve. A similar case in observed in XTE J1814-338 (Strohmayer
et al. 2003).

The other bursts also show an increase (although statistically less evident) in the
pulsation power. In particular, we observed a stronger power in the 11 Hz pulsa-
tions in bursts taking place during MJD 55482 and 55483. Later in the outburst, the
increase in power becomes difficult to observe as the bursts become fainter. This
effect is likely due to the lack of statistics encountered when the net burst count rate
decreases (making detections statistically weaker) as the persistent flux rises.

In order to ascertain the phase relation between the coherent pulsations observed
during the persistent emission and burst oscillations, we reconstructed pulse profiles
over 100 s long intervals before each of the bursts, and over 20s intervals after the
bursts’ onset. We performed an epoch folding around the best estimate of the spin
period (see Papitto et al. 2011) for the two intervals, obtaining two pulse profiles
that were fitted according to a standard harmonic decomposition. We then obtained
the phase difference between the two profiles and studied the variations of the phase
difference for each burst as a function of time. Such difference is in general consistent
with zero for all examined bursts (Fig. 11.6). Considering the uncertainties on the
phase estimates we thus conclude that the bursts oscillations originate from a region
which is very close to the NS polar caps.

11.3 Discussion and conclusions
In this paper we report on the bursting behavior of the newly discovered X-ray pulsar
IGR J17480-2446.

The observed spin period and the magnetic field estimated for IGR J17480-2446
(see Papitto et al. 2011) place this source in between the population of classical (B

∼> 1011G, P ≥ 0.1 s) and millisecond accreting X-ray pulsars (B = 108- 109 G, P =
1.5-10 ms). This source constitutes therefore a bona fide candidate as link between
these two groups, being a slow, probably mildly recycled, pulsar. IGR J17480-2446
is presently the bursting source with the longest spin period observed.

To convert flux into luminosity and fluence into energy, we assumed geometric
isotropy of the emission and a source distance of 5.9 kpc. We further express this
quantity in units of Eddington luminosity (=1.8 ×1038 erg s−1 for a 1.4 M$ NS).
From MJD 55482.00872 to MJD 55486.56326 the source persistent luminosity rises
from ∼2.2× d25.9 1037 erg s−1 to ∼7.5×1037 d25.9 erg s−1. From these values, we
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11. The slowly spinning X-ray pulsar IGR J17480-2446

Figure 11.5: Analysis of the burst observed on Oct. 13th. Top panel: light curve. Second
panel: Dynamical power density spectrum. Third panel: Evolution of Leahy power at 11.125
Hz. Bottom panel: corresponding fractional rms.

infer an increase of the mass accretion rate2 from 0.1ṀEdd to 0.37ṀEdd (see Fig.
11.7). Consistently with this behavior the bursts become more frequent and fainter.

In this paper we report on the analysis of 107 X-ray bursts shown by IGR J17480-
2446 during the first four days of the RXTE monitoring. Since the persistent bolo-

2The expected values of Ṁ/ṀEdd are calculated as Ṁ
ṀEdd

= L̇
L̇Edd
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Figure 11.6: Phase difference between the pulse in the persistent emission and during the
burst period.

metric X-ray luminosity rises by a factor ∼4 during this interval we were able to
study the properties of bursts at different mass accretion rates.

The observed bursts have different profiles in the light curve. The rise time varies
between few and ∼20 seconds, while the decay time (τ ) spans the range between
∼20 and ∼100 seconds. The firsts, more intense bursts (MJD 55483 and 55484),
show a typical Type-I X-Ray burst profile, featuring a linear rise and an exponential
decay following the burst peak. The subsequent fainter bursts present a less clear
profile, with rise times in some cases similar to the decay times. For some of the
fainter bursts a clear modeling of the profile was difficult because the excursion in
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Figure 11.7: Observed (triangles) and predicted (circles) recurrence times plotted in the
function of the measured local accretion rate. Error bars related to the accretion rate are not
reported for clarity.

intensity above the continuum due to the burst occurrence was comparable with the
persistent emission variations.

The pulsation does not show any drifting of the frequency during the decay phase
of the bursts. This phenomenon is also observed in bursting millisecond pulsars
(XTE J1814–338, Markwardt & Swank 2003; HETE J1900.1–2455, Kaaret et al.
2006; IGR J17511-3057 Altamirano et al. 2010) and can be explained in terms of a
non-significant expansion of the NS atmosphere during the thermonuclear combus-
tion. Studying the spectral evolution during the first burst, no photospheric radius
expansion is indeed observed (see Fig. 11.3).

Burst oscillations are always phase locked within 0.2 phase units, indicating how
the ignition begins in a region not far from the NS polar caps. The radius inferred
from spectral fitting for the first and most intense burst is 3.2±0.5 km. Also taking
into account the corrective factors to translate this value into a physical size on the
NS surface (see below), the obtained radius is compatible, within the uncertainties,
with the NS radius.
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The recurrence times of X-ray bursts was observed to decrease from ≥26 min to
(5 min in anti-correlation with the persistent X-ray flux. The shortest recurrence
time so far observed in IGR J17480-2446 is 3.3 min and it is seen in MJD 55487
(Obs. 95437-01-06-00, not considered in this work). The shortest recurrence time
previously reported is 3.8 minutes (see Keek et al. 2010).

The very short recurrence time observed from the bursts shown IGR J17480-2446,
together with the unusual spectral and morphological properties, casted doubts on
the mechanism powering such bursts. The absence of a significant cooling from all
the bursts except than for the first brightest one and the unprecedented observations
of long trains of bursts with very short recurrence time led Galloway et al. (2010)
to argue that IGR J17480-2446 could be an analogue of GRO J1744-28 in showing
Type-II bursts powered by accretion instabilities.

In this paper we have analyzed the bursts shown by IGR J1748-2446 during the
first four days of RXTE observations, and we were able to unambiguously mea-
sure the recurrence time for a large number of them. We considered the measures
of burst fluences and of the persistent flux before each burst and we estimated the
ratio of the accretion energy liberated into nuclear energy during the bursts, α =
Fpers trec/Fburst. The average value we have obtained (α= 96±3) strongly favours
the hypothesis these bursts are due to unstable thermonuclear burning of the H/He
accreted on the NS surface layer. As a matter of fact, under this hypothesis and as-
suming that all the available H/He nuclear fuel is burnt during bursts such ratio is
expected to be α = Qgrav/Qnuc(1 + z), where Qgrav = GM/RNS = 180 MeV
is the energy liberated per accreted nucleon for a 1.4 M$ NS with a radius of 10
km, 1 + z = (1 − 2GM/RNSc2)−1/2 measures the gravitational red shift at the NS
surface, and Qnuc = 1.6+4 < X > MeV/nucleon is the energy released during ther-
monuclear burning of a mixture of H and He. Here, < X > is the mass fraction of hy-
drogen which may not be depleted during the stable burning phase in between bursts
and therefore burns with He during the flash (see e.g. Galloway et al. 2008). The
average estimate of α = 96 ± 3 we have given for the bursts shown by IGR J17480-
2446 is compatible with the burst being of Type-I and indicates < X >=0.22(2)
for (1 + z) = 1.31. In addition, despite the lower statistic of the bursts observed at
higher accretion rates, the values of alpha coming from the fainter bursts are consis-
tent with the ones found for lower accretion rate regimes (see Fig. 11.4), even though
the statistics is not enough to clearly identify fluctuations of the values of α driven
by the variations of ṁ. However, the value of α is always close to 96, still indicat-
ing the thermonuclear origin as the most probable for all the bursts. It is worth to
note that Type-II X-Ray bursters such as MBX 1730-335 and GRO J1744-28 show
values of alpha of the order unity (≤1.4, Kunieda et al. 1984, and ≤4, Lewin et al.
1976 respectively). Similar reasoning led Chakraborty & Bhattacharyya (2010) and
Chakraborty & Bhattacharyya (2011) to question the interpretation of these bursts in

281



11. The slowly spinning X-ray pulsar IGR J17480-2446

terms of accretion instabilities3. We thus conclude that the most probable interpre-
tation for such bursts is in terms of helium ignition in a layer still partly composed
by H, as the mass accretion rate is too large to deplete it completely during the phase
of persistent emission. This conclusion is furthermore supported by the fact that, as
stated by Cumming & Bildsten (2000), for accretion rates ≥ 2× 10−10 Msun/yr (see
Bildsten 1998 and references therein), the accumulating hydrogen is thermally stable
and burns via the hot CNO cycle of Hoyle & Fowler (1965).

Such a conclusion about the composition of the burst material also fits well into
theoretical expectations for local accretion rates 0.1ṁEdd

<∼ ṁ <∼ ṁEdd (e.g. Fuji-
moto et al. 1981). The local accretion rate (defined as the total accretion rate divided
by the total surface of the NS) onto the NS in IGR J17480-2446 can be in fact es-
timated from the persistent X-ray luminosity as ṁ ( 0.24(Aburst/ANS)d25.9ṁEdd,
where ANS and Aburst are the area of the NS surface and that of the region where
the burst is ignited, respectively. Further evaluating the ignition depth from the burst
energetics, yign = Fburst(1 + z)(d/r)2Q−1

nuc, one obtains that the expected recur-
rence time, ∆t=(yign/ < ṁ >)(1 + z), fits well the observed values for Qnuc=2.5
Mev/nucl. The values that we found are reported in Tab. 11.2 and plotted together
with the observed recurrence times in Fig. 11.7.

Based on the results presented above, combined with the considerations we made
according to Sztajno et al. (1986) (see Sec. 11.2.1), we believe that the bursts from
IGR J17480-2446, despite their unusual properties, are type-I bursts and that the am-
biguity in their classification possibly arises from the presence of a blackbody com-
ponent in the persistent flux and the relatively low statistics of the spectrum during
the bursts following the first one (see. van Paradijs & Lewin 1986).

None of the bursts of IGR J17480-2446 shows photospheric radius expansion. The
accurate knowledge of the distance to Terzan 5 makes the estimate of the blackbody
radius observed during bursts very appealing (see e.g. Özel et al. 2009). A de-
tailed spectral analysis of the brightest burst indicates a blackbody radius of R∞app =
(3.3 ± 0.5) d5.9 km. Such a value can be translated in an effective radius taking into
account the spectral hardening induced by Compton scattering in the NS atmosphere
and the gravitational redshift, R = R∞

appf
2
C(1 + z)−1. For a color temperature of

the order of 2 keV like the one observed, the hardening factor fC was estimated to
lie in between 1.33 and 1.84 by Madej et al. (2004), with the larger values appro-
priate for NS with a smaller gravitational acceleration at the surface. Further taking
1+ z = (1− 2GM/RNSc2)−1/2 = 1.31 for 1.4 M$ and 10 km radius NS we obtain
an estimate of R in between ∼ 4.5 and ∼ 9 km. The larger value is obtained taking a

3Type-II bursts observed from MXB 1730-335 (the Rapid Burster) and the accreting X-ray pulsar
GRO J1744-28 (Kouveliotou et al., 1996) are thought to be produced by spasmodic episodes of accre-
tion, probably triggered by thermal instability at the inner edge of the accretion disk.
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large hardening correction factor which is predicted to be valid for a relatively large
NS. Also an uncertainty on the distance of the source equal to 0.5 kpc was taken into
account. The resulting measure indicates a radius compatible with the typical values
for a NS. We also measured (see Sec. 11.2.1) the mean apparent radii for selected
bursts following the first brightest one (see Tab. 11.2), applying the same corrections
that we adopted for the latter. As one can see, also the measures of the radii coming
from the fainter bursts confirms that the emitting region during the thermonuclear
burst is consistent with the entire NS surface. In addition, this result is in agreement
with the fact that the bursts are phase-locked and that there is no variation in the frac-
tional rms associated to the pulse frequency before, during and after the bursts.

Being the NS in IGR J17480-2446 a pulsar, it is worth to ascertain if the magnetic
field is able to confine the accreted matter near the magnetic poles. Papitto et al.
(2011) estimated an upper limit on the magnetic field of ∼ 2.4 × 1010 G consider-
ing the lowest flux at which pulsations have been observed. Following the model
described in Brown & Bildsten (1998) it results that a similar field can confine the
accreted matter near a 5 km magnetic cap up to a column density of ( 3 × 108 g
cm−2 (see Cumming & Bildsten 2000). Such a radius is consistent with the vales
coming from the spectral analysis (see Sec. 11.2.1). Considering the relation given
above, the column depth at which the bursts of IGR J17480-2446 ignite can be es-
timated to lie within 0.05×108d25.9 and 0.5 ×108 d25.9g cm(−2), where we have used
Qnuc = 2.5 Mev /nucleon. It is thus possible that, if the magnetic field is in excess
of 1010 G, the radius observed during the type I X-ray bursts reflects only a fraction
of the NS surface around the polar caps rather than the entire NS radius. Assuming,
that the bursts are ignited onto a smaller fraction of the NS surface (Aburst) the esti-
mate of the ignition depth grows by a factor (Aburst/ANS)−2, so that values closer
to the critical threshold at which helium is thought to start burning unstably on the
NS surface, ≥ 6.8 × 108 (see e.g. Cumming & Bildsten 2000) are obtained as soon
as (Aburst/ANS) ≤0.5. A confinement of the burst ignition region would straight-
forwardly help in explaining the very short recurrence times observed in between the
fainter bursts. However, as noted before, this interpretation would require a magnetic
field larger than the one inferred from the observations. For this reason the data com-
ing from IGR J17480-2446 point out the existence of an interpretation problem that
cannot be completely solved by the currently accepted model describing accretion
and thermonuclear production mechanism.

In a few LMXBs, oscillations with a period of 100-150 seconds (mHz QPO) were
discovered and associated to marginally stable nuclear burning on the NS surface (see
Heger et al. 2007; Altamirano et al. 2008b). They are observed only in the luminosity
range 0.5-1.5 ×1037 erg s−1. The small bursts reported here, with a recurrence time
between 300 and 1000 s and associated to a persistent luminosity in the range 2.2–
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7.3 ×1037 erg s−1 are intermediate between full-fledged type-I X-ray bursts and mHz
QPOs, providing an ideal laboratory to study the properties of nuclear burning on the
surface of accreting NSs.

The short recurrence time observed in IGR J17480-2446 is particularly interesting
not only because it is the shortest observed until now. Type-I X-Ray Bursts with very
short recurrence times have been studied before (see eg. Keek et al. 2009, Galloway
et al. 2004, Boirin et al. 2007). Even though different ideas have been put forward
to explain this rare bursting behavior, the short recurrence time still remains an open
issue in the theory of thermonuclear X-Ray bursts. In particular, the extreme behav-
ior of IGR J17480-2446 puts the source in accretion regimes well beyond the ones
currently investigated by the theory of thermonuclear X-Ray Bursts (see Narayan &
Heyl 2003 for a detailed study on thermonuclear stability of the accreted matter onto
NSs). It is worth to notice that before the discovery of IGR J17480-2446, a maxi-
mum of 4 consecutive bursts was observed (see Keek et al. 2010). IGR J17480-2446
have shown several tens of Type-I X-Ray bursts with the shortest recurrence time
ever observed. It has been argued that short recurrence time could be due to multi-
dimensional effects, such as the confinement of accreted material on different parts
of the surface, possibly as the result of a magnetic field (e.g., Melatos & Payne 2005;
Lamb et al. 2009). However, this scenario seems to be ruled out for the case of IGR
J17480-2446 by the radius measures of the emitting region, which suggest that a re-
gion comparable with the whole NS surface is burning during the bursts. In addition,
the magnetic field of the source appears to be too weak (upper limit ∼ 2.4 × 1010)
to confine the burning matter in particular regions of the NS surface (see above).
Furthermore, magnetic confinement of accreted material would not be a plausible
explanation for the short recurrence time of 3.8 min observed for 4U 1705-44 (see
Keek et al. 2010), which does not show coherent pulsations, but it may show a very
soft spectrum, thus indicating a physically weak interacting magnetic field. Also the
idea of a burning layer with an unburned layer on top has been investigated. Ac-
cording to Fujimoto (1988), after the first layer flashes, the second layer could be
mixed down to the depth where a thermonuclear runaway occurs thanks to rotational
hydrodynamic instabilities (Fujimoto 1988) or by instabilities due to a rotationally
induced magnetic field (Piro & Bildsten 2007; Keek et al. 2009). Being a pulsar and
showing burst oscillations, IGR J17480-2446 belongs to a small group of sources for
which the spin period is known and which show short recurrence time thermonuclear
bursts (see Keek et al. 2010, Table 1). All these sources proved to be fast spinning
NSs with νspin ≥ 500 Hz. IGR J17480-2446 is the first NS showing short recurrence
time bursts and a low spin frequency (11 Hz). This fact demonstrates that, contrarily
to what has been thought until now, fast rotation is not required for the occurrence
of multiple-burst events. For this reason, models predicting multiple burst events
produced by rotationally induced mixing due to fast spinning frequency should be
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11.3 Discussion and conclusions

revised accordingly (see eg. Fujimoto 1988, Spruit 2002, Keek et al. 2009). Fur-
thermore, the discovery of IGR J17480-2446 and its bursts oscillations demonstrate
the fact that a fast spin frequency is also not required for bursts oscillations to be
observed. Since the burst characteristics (profile, rise and decay times) and their en-
ergetics do not change even in long spin period regimes, we can conclude that the
spin frequency of the NS does not affect or only marginally affects the burst produc-
tion mechanism.

We conclude that thanks to its rare and unique behavior IGR J17480-2446 con-
stitutes an ideal laboratory to investigate in detail the mechanisms that triggers ther-
monuclear bursts and to test the validity of the theoretical models describing the
occurrence of very short recurrence times Type-I X-Ray bursts.
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11. The slowly spinning X-ray pulsar IGR J17480-2446
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11. The slowly spinning X-ray pulsar IGR J17480-2446
T

ab
le

11
.2

–
co

nt
in

ue
d

fr
om

pr
ev

io
us

pa
ge

N
o.

O
bs

.I
D

T
s
ta

r
t

T
r
e
c

t r
is
e

τ
P

er
si

st
en

t
flu

x
B

ur
st

F
lu

en
ce

α
T

p
r
e
d

r
e
c

(M
JD

)
(s

)
(s

)
(s

)
(1

0
−

8
er

g
cm

−
2
s
−

1
)

(1
0
−

8
er

g
cm

−
2

)
(s

)

49
95

43
7-

01
-0

3-
03

55
48

4.
8

3
35

3
±

1
1

51
±

10
12

±
4

1.
53

±
0.

22
4.

1
±

0.
6

13
1
±

1
9

2
8

6
±

5
9

50
95

43
7-

01
-0

3-
03

55
48

4.
8

3
42

7
±

1
1

39
±

4
46

±
9

1.
32

±
0.

17
8.

0
±

1.
0

71
±

9
6

3
8
±

1
1

8
51

95
43

7-
01

-0
3-

03
55

48
4.

8
4

41
5
±

6
23

±
3

14
±

4
1.

34
±

0.
18

5.
7
±

0.
7

98
±

1
3

4
4

7
±

8
3

52
95

43
7-

01
-0

3-
03

55
48

4.
8

4
40

3
±

4
3
±

1
82

±
17

1.
30

±
0.

38
3.

4
±

1.
0

15
5
±

4
5

2
7

5
±

1
1

3
53

95
43

7-
01

-0
3-

03
55

48
4.

8
5

40
9
±

3
19

±
3

10
±

2
1.

36
±

0.
31

5.
4
±

1.
2

10
3
±

2
3

4
1

9
±

1
3

4
54

95
43

7-
01

-0
3-

03
55

48
4.

8
5

43
2
±

6
24

±
5

37
±

5
1.

33
±

0.
17

7.
1
±

0.
9

81
±

1
1

5
6

6
±

1
0

4
55

95
43

7-
01

-0
3-

03
55

48
4.

8
6

42
9
±

6
4
±

3
48

±
13

1.
33

±
0.

10
6.

7
±

0.
5

86
±

7
5

3
1
±

5
9

56
95

43
7-

01
-0

3-
03

55
48

4.
8

9
**

*
4
±

4
34

±
7

1.
39

±
0.

08
7.

1
±

0.
4

*
*

5
4

0
±

4
6

57
95

43
7-

01
-0

3-
03

55
48

4.
9

0
80

8
±

5
10

±
3

14
±

4
1.

41
±

0.
37

5.
2
±

1.
4

21
8
±

5
8

3
9

2
±

1
4

7
58

95
43

7-
01

-0
3-

03
55

48
4.

9
0

41
4
±

4
7
±

3
45

±
10

1.
37

±
0.

20
5.

7
±

0.
8

10
0
±

1
5

4
4

0
±

9
2

59
95

43
7-

01
-0

3-
03

55
48

4.
9

1
42

8
±

1
5

54
±

14
58

±
15

1.
39

±
0.

25
5.

0
±

0.
9

12
0
±

2
2

3
7

9
±

9
8

60
95

43
7-

01
-0

3-
03

55
48

4.
9

1
42

7
±

1
5

17
±

4
9
±

4
1.

36
±

0.
28

5.
5
±

1.
2

10
5
±

2
2

4
3

0
±

1
2

8
61

95
43

7-
01

-0
3-

03
55

48
4.

9
1

37
5
±

5
43

±
4

18
±

4
1.

35
±

0.
19

5.
9
±

0.
9

86
±

1
2

4
6

4
±

9
4

62
95

43
7-

01
-0

3-
03

55
48

4.
9

2
44

3
±

5
10

±
4

11
1
±

18
1.

44
±

0.
25

6.
5
±

1.
1

98
±

1
7

4
7

7
±

1
1

9
63

95
43

7-
01

-0
4-

00
55

48
5.

4
1

**
*

27
±

4
9
±

4
1.

41
±

0.
22

4.
4
±

0.
7

*
*

3
3

0
±

7
3

64
95

43
7-

01
-0

4-
00

55
48

5.
4

2
34

0
±

4
13

±
2

14
±

3
1.

39
±

0.
18

4.
7
±

0.
6

10
0
±

1
3

3
5

8
±

6
7

65
95

43
7-

01
-0

4-
00

55
48

5.
4

2
28

3
±

5
32

±
5

9
±

3
1.

45
±

0.
20

4.
6
±

0.
6

88
±

1
2

3
3

9
±

6
6

66
95

43
7-

01
-0

4-
00

55
48

5.
4

3
35

6
±

6
40

±
3

14
6
±

15
1.

56
±

0.
26

5.
2
±

0.
9

10
7
±

1
8

3
5

3
±

8
5

67
95

43
7-

01
-0

4-
00

55
48

5.
4

3
39

6
±

4
17

±
3

10
±

3
1.

63
±

0.
46

4.
8
±

1.
3

13
4
±

3
8

3
1

2
±

1
2

4
68

95
43

7-
01

-0
4-

00
55

48
5.

4
4

41
4
±

4
12

±
3

23
±

5
1.

60
±

0.
29

4.
8
±

0.
9

13
7
±

2
5

3
2

0
±

8
2

69
95

43
7-

01
-0

4-
00

55
48

5.
4

4
36

2
±

5
15

±
4

20
±

4
1.

60
±

0.
33

2.
5
±

0.
5

23
4
±

4
8

1
6

3
±

4
7

70
95

43
7-

01
-0

4-
00

55
48

5.
4

4
27

4
±

7
51

±
6

17
±

4
1.

66
±

0.
37

1.
6
±

0.
4

28
5
±

6
3

1
0

2
±

3
2

71
95

43
7-

01
-0

4-
00

55
48

5.
4

5
34

8
±

1
2

50
±

11
8
±

3
1.

47
±

0.
23

2.
0
±

0.
3

25
3
±

4
2

1
4

5
±

3
3

72
95

43
7-

01
-0

4-
00

55
48

5.
4

8
**

*
35

±
4

51
6
±

99
1.

57
±

0.
46

2.
1
±

0.
6

*
*

1
4

1
±

5
8

73
95

43
7-

01
-0

4-
00

55
48

5.
4

9
40

2
±

5
14

±
3

18
±

4
1.

70
±

0.
31

5.
0
±

0.
9

13
7
±

2
5

3
1

0
±

8
0

74
95

43
7-

01
-0

4-
00

55
48

5.
4

9
34

2
±

4
18

±
3

30
±

7
1.

64
±

0.
28

7.
3
±

1.
2

77
±

1
3

4
6

9
±

1
1

4
C

on
ti

nu
ed

on
ne

xt
pa

ge

288



11.3 Discussion and conclusions
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11. The slowly spinning X-ray pulsar IGR J17480-2446
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• Muñoz-Darias, T.,Motta, S., Belloni, T., Fast variability as a tracer of accre-
tion regimes in black hole binaries, 2011, MNRAS, 410, 679-684
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of 4U1636-53 - I. Long-term evolution and kHz quasi-periodic oscillations,
2007, MNRAS, 379, 247-252

Conference proceedings

• H. Stiele, T. Munoz-Darias, S. Motta, T. Belloni, X-ray spectral and timing
investigations of XTE J1752-223, contribution to the proceedings of the 25th
Texas Symposium on Relativistic Astrophysics (December 6-10, 2010, Hei-
delberg, Germany), accepted by Proceedings of Science (PoS)

• Motta, S., Belloni, T., Time evolution of the high-energy parameters of GX
339-4, 2010, American Institute of Physics Conference Series, 1248, 185-186

• Belloni, T. M., Motta, S., Black-hole Binaries: Life Begins at 40 keV, 2009,
American Institute of Physics Conference Series, 1126, 185-188

306



List of publications

Astronomer’s Telegrams:

• XTE J1752-223 in transition from a soft to a hard state, ATel #2518; T. Muñoz
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Notes

The Legacy of a Genius
Tribute to Steve Jobs

“I am honored to be with you today at your commencement from one of the finest
universities in the world. I never graduated from college. Truth be told, this is the
closest I’ve ever gotten to a college graduation. Today I want to tell you three stories
from my life. That’s it. No big deal. Just three stories.

The first story is about connecting the dots.
I dropped out of Reed College after the first 6 months, but then stayed around as a

drop-in for another 18 months or so before I really quit. So why did I drop out?
It started before I was born. My biological mother was a young, unwed college

graduate student, and she decided to put me up for adoption. She felt very strongly
that I should be adopted by college graduates, so everything was all set for me to
be adopted at birth by a lawyer and his wife. Except that when I popped out they
decided at the last minute that they really wanted a girl. So my parents, who were on
a waiting list, got a call in the middle of the night asking: ”We have an unexpected
baby boy; do you want him?” They said: ”Of course.” My biological mother later
found out that my mother had never graduated from college and that my father had
never graduated from high school. She refused to sign the final adoption papers. She
only relented a few months later when my parents promised that I would someday go
to college.
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And 17 years later I did go to college. But I naively chose a college that was
almost as expensive as Stanford, and all of my working-class parents’ savings were
being spent on my college tuition. After six months, I couldn’t see the value in it. I
had no idea what I wanted to do with my life and no idea how college was going to
help me figure it out. And here I was spending all of the money my parents had saved
their entire life. So I decided to drop out and trust that it would all work out OK. It
was pretty scary at the time, but looking back it was one of the best decisions I ever
made. The minute I dropped out I could stop taking the required classes that didn’t
interest me, and begin dropping in on the ones that looked interesting.

It wasn’t all romantic. I didn’t have a dorm room, so I slept on the floor in friends’
rooms, I returned coke bottles for the 5 cents deposits to buy food with, and I would
walk the 7 miles across town every Sunday night to get one good meal a week at the
Hare Krishna temple. I loved it. And much of what I stumbled into by following
my curiosity and intuition turned out to be priceless later on. Let me give you one
example:

Reed College at that time offered perhaps the best calligraphy instruction in the
country. Throughout the campus every poster, every label on every drawer, was
beautifully hand calligraphed. Because I had dropped out and didn’t have to take
the normal classes, I decided to take a calligraphy class to learn how to do this. I
learned about serif and san serif typefaces, about varying the amount of space be-
tween different letter combinations, about what makes great typography great. It was
beautiful, historical, artistically subtle in a way that science can’t capture, and I found
it fascinating.

None of this had even a hope of any practical application in my life. But ten
years later, when we were designing the first Macintosh computer, it all came back
to me. And we designed it all into the Mac. It was the first computer with beautiful
typography. If I had never dropped in on that single course in college, the Mac
would have never had multiple typefaces or proportionally spaced fonts. And since
Windows just copied the Mac, it’s likely that no personal computer would have them.
If I had never dropped out, I would have never dropped in on this calligraphy class,
and personal computers might not have the wonderful typography that they do. Of
course it was impossible to connect the dots looking forward when I was in college.
But it was very, very clear looking backwards ten years later.

Again, you can’t connect the dots looking forward; you can only connect them
looking backwards. So you have to trust that the dots will somehow connect in your
future. You have to trust in something - your gut, destiny, life, karma, whatever. This
approach has never let me down, and it has made all the difference in my life.

My second story is about love and loss.
I was lucky - I found what I loved to do early in life. Woz and I started Apple

in my parents garage when I was 20. We worked hard, and in 10 years Apple had
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grown from just the two of us in a garage into a 2 billion company with over 4000
employees. We had just released our finest creation - the Macintosh - a year earlier,
and I had just turned 30. And then I got fired. How can you get fired from a company
you started? Well, as Apple grew we hired someone who I thought was very talented
to run the company with me, and for the first year or so things went well. But then
our visions of the future began to diverge and eventually we had a falling out. When
we did, our Board of Directors sided with him. So at 30 I was out. And very publicly
out. What had been the focus of my entire adult life was gone, and it was devastating.

I really didn’t know what to do for a few months. I felt that I had let the previous
generation of entrepreneurs down - that I had dropped the baton as it was being passed
to me. I met with David Packard and Bob Noyce and tried to apologize for screwing
up so badly. I was a very public failure, and I even thought about running away from
the valley. But something slowly began to dawn on me - I still loved what I did. The
turn of events at Apple had not changed that one bit. I had been rejected, but I was
still in love. And so I decided to start over.

I didn’t see it then, but it turned out that getting fired from Apple was the best thing
that could have ever happened to me. The heaviness of being successful was replaced
by the lightness of being a beginner again, less sure about everything. It freed me to
enter one of the most creative periods of my life.

During the next five years, I started a company named NeXT, another company
named Pixar, and fell in love with an amazing woman who would become my wife.
Pixar went on to create the worlds first computer animated feature film, Toy Story,
and is now the most successful animation studio in the world. In a remarkable turn of
events, Apple bought NeXT, I returned to Apple, and the technology we developed
at NeXT is at the heart of Apple’s current renaissance. And Laurene and I have a
wonderful family together.

I’m pretty sure none of this would have happened if I hadn’t been fired from Apple.
It was awful tasting medicine, but I guess the patient needed it. Sometimes life hits
you in the head with a brick. Don’t lose faith. I’m convinced that the only thing that
kept me going was that I loved what I did. You’ve got to find what you love. And
that is as true for your work as it is for your lovers. Your work is going to fill a large
part of your life, and the only way to be truly satisfied is to do what you believe is
great work. And the only way to do great work is to love what you do. If you haven’t
found it yet, keep looking. Don’t settle. As with all matters of the heart, you’ll know
when you find it. And, like any great relationship, it just gets better and better as the
years roll on. So keep looking until you find it. Don’t settle.

My third story is about death.
When I was 17, I read a quote that went something like: ”If you live each day as

if it was your last, someday you’ll most certainly be right.” It made an impression on
me, and since then, for the past 33 years, I have looked in the mirror every morning
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and asked myself: ”If today were the last day of my life, would I want to do what I
am about to do today?” And whenever the answer has been ”No” for too many days
in a row, I know I need to change something.

Remembering that I’ll be dead soon is the most important tool I’ve ever encoun-
tered to help me make the big choices in life. Because almost everything - all ex-
ternal expectations, all pride, all fear of embarrassment or failure - these things just
fall away in the face of death, leaving only what is truly important. Remembering
that you are going to die is the best way I know to avoid the trap of thinking you
have something to lose. You are already naked. There is no reason not to follow your
heart.

About a year ago I was diagnosed with cancer. I had a scan at 7:30 in the morning,
and it clearly showed a tumor on my pancreas. I didn’t even know what a pancreas
was. The doctors told me this was almost certainly a type of cancer that is incurable,
and that I should expect to live no longer than three to six months. My doctor advised
me to go home and get my affairs in order, which is doctor’s code for prepare to die.
It means to try to tell your kids everything you thought you’d have the next 10 years
to tell them in just a few months. It means to make sure everything is buttoned up so
that it will be as easy as possible for your family. It means to say your goodbyes.

I lived with that diagnosis all day. Later that evening I had a biopsy, where they
stuck an endoscope down my throat, through my stomach and into my intestines, put
a needle into my pancreas and got a few cells from the tumor. I was sedated, but my
wife, who was there, told me that when they viewed the cells under a microscope
the doctors started crying because it turned out to be a very rare form of pancreatic
cancer that is curable with surgery. I had the surgery and I’m fine now.

This was the closest I’ve been to facing death, and I hope it’s the closest I get for a
few more decades. Having lived through it, I can now say this to you with a bit more
certainty than when death was a useful but purely intellectual concept:

No one wants to die. Even people who want to go to heaven don’t want to die to
get there. And yet death is the destination we all share. No one has ever escaped it.
And that is as it should be, because Death is very likely the single best invention of
Life. It is Life’s change agent. It clears out the old to make way for the new. Right
now the new is you, but someday not too long from now, you will gradually become
the old and be cleared away. Sorry to be so dramatic, but it is quite true.

Your time is limited, so don’t waste it living someone else’s life. Don’t be trapped
by dogma - which is living with the results of other people’s thinking. Don’t let the
noise of others’ opinions drown out your own inner voice. And most important, have
the courage to follow your heart and intuition. They somehow already know what
you truly want to become. Everything else is secondary.

When I was young, there was an amazing publication called The Whole Earth
Catalog, which was one of the bibles of my generation. It was created by a fellow
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named Stewart Brand not far from here in Menlo Park, and he brought it to life with
his poetic touch. This was in the late 1960’s, before personal computers and desktop
publishing, so it was all made with typewriters, scissors, and polaroid cameras. It
was sort of like Google in paperback form, 35 years before Google came along: it
was idealistic, and overflowing with neat tools and great notions.

Stewart and his team put out several issues of The Whole Earth Catalog, and then
when it had run its course, they put out a final issue. It was the mid-1970s, and I
was your age. On the back cover of their final issue was a photograph of an early
morning country road, the kind you might find yourself hitchhiking on if you were
so adventurous. Beneath it were the words: ”Stay Hungry. Stay Foolish.” It was their
farewell message as they signed off. Stay Hungry. Stay Foolish. And I have always
wished that for myself. And now, as you graduate to begin anew, I wish that for you.

Stay Hungry. Stay Foolish.
Thank you all very much. ”

Steven Paul Jobs,
June 12, 2005, Stanford University
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