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1
Introduction

The process of accretion of matter in strong gravity is a very powerful and efficient
mechanism to produce high-energy radiation. Soon after the discovery of the first
celestial X-ray source (outside the Solar system) called Scorpius X-1 (Giacconi et al.
1962), the importance of accretion was realized; the strong X-ray emission was pro-
posed to be due to accretion on to a neutron star (Shklovsky 1967). The technological
advancement over the past few decades made it possible to send satellites to space
dedicated to observing X-ray sources. This led to great scientific breakthroughs, such
as the observation of the first system recognized to host a black hole (in the binary
system Cygnus X-1; Webster & Murdin 1972), the existence of which is one of the
extreme predictions of the theory of General Relativity. These systems provide an
excellent laboratory for the testing of other predictions such as space-time curvature,
bending of light by gravity, frame dragging, gravitational radiation, etc.

X-ray binaries offer excellent laboratories to gain insight into the behaviour of accret-
ing matter under extreme gravity and density. In the vicinity of the compact object,
the dynamical time-scales are less than a few milliseconds; the matter moves in orbits
with very high velocities. The study of the emission from this matter provides an ex-
cellent probe to study not only the behaviour of matter under extreme conditions but
also the compact object itself. This thesis is devoted to the study of the dynamics of
the accretion flow around compact objects in X-ray binaries. In this chapter, I discuss
the various phenomena commonly observed in these systems, our current knowledge
and the challenges faced in understanding the accretion phenomena.
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1 Introduction

Figure 1.1: Graphic illustration of a low-mass X-ray binary (Image courtesy- R. Hynes).

1.1 X-ray binaries

Compact objects - black holes (BH), neutron stars (NS) and white dwarfs represent
the final stage of stellar evolution and are formed due to gravitational collapse. These
are extremely dense objects and hence have strong gravitational fields. If the com-
pact object is in a binary system with another star, under the right conditions it can
consume matter from this companion star. The accreted matter gains gravitational
potential energy, which can be eventually released mostly in the form of radiation. If
all the energy gained is released in the form of radiation, then the emergent luminos-
ity is Lacc=GMṀ/R, where Ṁ is the accretion rate onto a compact object of mass M
and radius R and G is the Gravitational constant. The emitted radiation is mostly in
the X-ray regime, and hence these binaries are called X-ray binaries.

X-ray binaries are classified based on the mass of the companion star: high (& 10
M⊙) and low (. 1 M⊙) X-ray binaries. The mode in which each class achieves mass
transfer is different. In high mass X-ray binaries, the massive companion has strong
winds which can be captured by the compact object. In Low-Mass X-ray Binaries
(LMXBs) the winds of the low-mass companion star are not significant. If the binary
separation decreases or the size of the companion star increases, the gravitational
pull of the compact object can remove the outer layers of the companion, in a process
called Roche lobe overflow. Figure 1.1 shows a graphic illustration of a LMXB.

In this work, we study the NS and BH LMXBs in our Galaxy. There are hundreds of
Galactic LMXBs that have been observed till date. These are typically old systems
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1.2 Accretion flow

(1-10 Gyr) and show a concentration towards the galactic center bulge (which is at ∼
8 kpc) and in the globular clusters (spherical collections of stars that orbit the galac-
tic center). LMXBs have orbital periods ranging from few minutes to several days.
These systems are generally transients; they exhibit episodic outbursts. An outburst
occurs when the luminosity increases by factors up to & 100 from the low luminosity
quiescent state. These outburst episodes last from weeks to months, or in some cases
years. Some systems have exhibited multiple outbursts. The transient behaviour can
be understood in terms of variations in the physical properties of the accretion flow.

1.2 Accretion flow

The matter accreted from the companion has to rid itself of most of the angular mo-
mentum in order to fall onto the compact object. The gas rotates in nearly Keplerian

orbits at an angular velocity ΩK =
√

GM
R3 , slowly spiralling inwards as it loses energy

(in the form of heat and radiation) and transfers the angular momentum outwards.
The gas generally loses its energy faster than it loses angular momentum (unless the
accretion time is shorter than the cooling time or the flow is radiatively inefficient).
The flow is supported by pressure with the pressure scale height H smaller than the ra-
dial extent of the flow R (H/R < 1), and hence forms a disc structure (Pringle & Rees
1972). Due to the differential rotation of the matter, adjacent orbits interact viscously.
The magnitude of this viscosity is important to characterise the behaviour of the ac-
cretion disc. The ‘viscosity mechanism’ which transports the angular momentum, is
not fully understood and is an active area of research. Without the knowledge of the
actual viscosity mechanism, Shakura & Sunyaev (1973) parametrized the viscosity ν
as

ν = αcsH (1.1)

where cs is the sound speed and α ≤1. α is a dimensionless parameter which isolates
the uncertainties about the viscosity. There has been considerable progress in our un-
derstanding of X-ray binaries in the α prescription of the disc. It has been suggested
that the angular momentum transport mechanism might have magnetic origin. Weak
field lines anchoring in the differentially rotating disc get sheared and generate an
instability, called the Magneto-Rotational Instability (Balbus & Hawley 1991).

The application of this disc model allows us to understand the transient behaviour of
some of the LMXBs (Lasota 2001). The quiescence-outburst-quiescence behaviour
can be understood as a ‘limit cycle’ oscillating between two states: during the quies-
cent state, the disc builds up matter till it eventually becomes hot enough to trigger
a thermal instability. The thermal instability increases the mass accretion rate and
triggers viscous instability causing the disc to be eaten away. A heat front propagates

3



1 Introduction

from this region through the disc, till the disc becomes fully ionized, and the source
reaches the peak of the outburst. A cooling front propagates from the outer colder re-
gions (when the temperature falls below the threshold) causing the gas to recombine
and the source reaches quiescence. The viscosity and temperature are high during
outburst and low during quiescence. The time scale on which the disc structure can
change is the viscous time scale, which is the diffusion time scale of matter through
the disc:

tvisc ∼
R2

ν
(1.2)

Most systems spend relatively shorter periods of time in outburst than between out-
bursts; outburst periods last from weeks to years but the quiescent periods can be
longer.

The disc emission spectrum can be modelled by a quasi-blackbody component. It
peaks at higher temperatures when the disc gets hotter. Observations reveal that in
addition to this, the spectrum also shows the presence of a non-thermal power-law
like component extending to energies of a few hundred keV, as opposed to the (soft)
disc emission which peaks at a few keV. The high energy ‘hard’ emission has been
attributed to the inverse Compton up-scattering of soft photons by an optically thin
plasma of ‘hot’ electrons (∼ 100 keV). The structure and geometry of this hard emis-
sion region are topics of debate (discussed in Section 1.6).

The two components of the accretion flow are: the geometrically thin optically thick
accretion disc, and the geometrically thick optically thin hard emission region. The
energy spectra are dominated by these components in different strengths at different
stages of the outburst. The total emission from these sources shows variability on
time-scales from days (the outburst evolution) to milliseconds. The fast variability
on the time scales of milliseconds arises from the innermost regions of the accretion
flow. Hence, it can probe the behaviour of matter in the vicinity of the compact ob-
ject. To study the spectra and variability in the LMXBs, they have been observed
for decades with many current and previous X-ray missions. Below, I discuss the
instruments and data analysis techniques we use to observe and study these sources,
followed by a discussion on LMXB outburst behaviour and phenomenology.

1.3 Observational facilities

Although X-ray binaries can be observed at different wavelengths, the bulk of their
emission is in X-rays. As X-rays are absorbed by the Earth’s atmosphere, detectors
have to be sent to higher altitudes (few tens of km) for detecting it. This was achieved
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1.3 Observational facilities

Figure 1.2: RXTE spacecraft and the three instruments as labelled.

in the past using balloons and sounding rockets. The advances in technology allow
us to place detectors on board satellites which can go to even higher altitudes (few
hundreds of km) and observe a broader range of X-rays. Some of the recent missions
that have made significant contributions to the study of X-ray binaries are the Rossi
X-ray Timing Explorer (RXTE) and Swift. These missions have provided regular
monitoring observations of the outbursts of X-ray binaries over periods of days to
years. The following sections discuss the instruments on board these satellites and
their capabilities.

1.3.1 Rossi X-ray Timing Explorer

The Rossi X-ray Timing Explorer (RXTE; Bradt et al. 1993) was a mission dedi-
cated to study X-ray sources, particularly their variability on short time scales. It was
launched on December 30, 1995, and had a low-Earth circular orbit of altitude 580
km with an orbital period of 90 minutes. The mission was decommissioned on Jan-
uary 5, 2012. There were three instruments on board: the All Sky Monitor (ASM),
the Proportional Counter Array (PCA) and the High Energy X-ray Timing Experi-
ment (HEXTE). Figure 1.2 shows a diagram of the spacecraft and its instruments.

The ASM (Levine et al. 1996) instrument consisted of three coded-aperture cam-
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1 Introduction

eras each with 6◦ × 90◦ Field of View (FoV). It had a spatial resolution of 3’ × 15’
and operated in the 1.5–12 keV range. It was designed to observe 80 % of the sky
every 90 minutes to monitor the activity of X-ray sources. The HEXTE (Gruber et al.
1996) consisted of two clusters of scintillation detectors. The FoV was 1◦ full width
half maximum (FWHM) and the detector was sensitive in a wide energy range of
15–250 keV.

The PCA (Zhang et al. 1993; Jahoda et al. 2006) was an array of five proportional
counter units (PCUs) sensitive in the energy range of 2–60 keV with a total effective
area of ∼6250 cm2. The FoV of each PCU was 1◦ (FWHM) which was defined by
the collimator assembly on each PCU. The energy resolution was 18 % at 6 keV.
This instrument offered an excellent time resolution down to 1 µs. The capability to
observe phenomena on short time scales has yielded important contributions to the
study of variability. In this work we use data from this instrument.

1.3.2 Swift

The Swift mission (Gehrels et al. 2004) is a multi-wavelength observatory launched
on November 20, 2004, and has a low-earth circular orbit of altitude 600 km and
an orbital period of 90 minutes. Although it is dedicated to the study of gamma-ray
bursts, it has made valuable contributions to the study of X-ray binaries. The instru-
ments on board offer unprecedented simultaneous coverage from optical to gamma-
ray energy bands: the Ultraviolet/Optical Telescope (UVOT), the X-ray Telescope
(XRT) and the Burst Alert Telescope (BAT). Figure 1.3 shows the spacecraft with
the three instruments. The UVOT (Roming et al. 2005) is a Ritchey-Chretien re-
flector telescope with photon counting detectors and is sensitive in the 170-650 nm
wavelength range. The BAT (Barthelmy et al. 2005) is a coded aperture imaging in-
strument with a CdZnTe detector which operates in the 15–150 keV range.

The XRT (Burrows et al. 2005) is a grazing incidence JET-X Wolter I telescope
which focuses the incoming X-rays onto a CCD detector. It operates in the 0.3–
10 keV energy range with an effective area of 110 cm2 and a spatial resolution of 18
arc seconds. The CCD is a three-phase frame-transfer device of an image area with
600×602 pixels (23.6 ×23.68 sq.arc-min). The CCD can be operated either in the
imaging mode or fast timing modes, depending on the requirement. In this work, we
use the data obtained in the commonly used fast timing mode - the Windowed Timing
(WT) mode which has a 1.766 ms time resolution. In this mode, only the central 200
columns of the CCD are read out. 10 pixels are binned along columns and hence the
spatial information is lost in this dimension.

6



1.4 Observational Techniques

Figure 1.3: Swift spacecraft and the three instruments as labelled.

1.4 Observational Techniques

The most common techniques through which the emission from astronomical sources
can be studied are: imaging, spectroscopy and timing. In this thesis, we study the X-
ray timing and spectral properties of outbursts of several LMXBs. We study the
evolution of power spectra, energy spectra and colours (ratios of count rates in differ-
ent energy bands). As the contribution from the different components of the accretion
flow changes along an outburst, all three characteristics evolve in a correlated fashion.

1.4.1 Timing analysis

The detectors provide information on the arrival time of the photons and their en-
ergy. As these instruments have high time resolution, from ms to µs, and the sources
in their brightest stages have typical count rates < 103 ct/s, there may be less than
1 ct/time bin; the photon-counting noise (Poisson noise) is of similar magnitude as
the signal strength. Hence, large amounts of data are necessary to detect the source
signal against the noise. Fourier analysis has proven extremely useful for studying
the variable emission. In this technique, the strength of the variability is studied in
the frequency domain, by calculating a Fast Fourier Transform of segments of the

7



1 Introduction

equidistantly binned light curve. The absolute value squared of the Fourier ampli-
tude (the power) is expressed as a function of the corresponding frequency - this is
called the power spectrum. The power spectra of multiple light curve segments are
generally averaged (van der Klis 1989).

The highest frequency that can be observed is determined by the bin width (time
resolution) ts, and is called the Nyquist frequency given as νNy=1/2ts. The lowest
frequency is determined by the length T of the light curve segment used to generate
the power spectrum, given as νmin=1/T. The power spectrum is commonly expressed
in two forms of normalization: Leahy (Leahy et al. 1983) and rms (e.g., van der Klis
1995). In Leahy normalization, Poisson noise power has a value 2.0. The choice of
this normalization comes from the fact that the (Poisson) noise power follows a χ2

distribution with 2 degrees of freedom (dof). In our applications, the signal at each
frequency is given as P = Pnoise + Psignal. Hence, the source signal power will add
to the background value 2.0 and can be differentiated. The amplitude of the source
signal can be expressed as a fraction of either the total count rate - source (S) + back-
ground sky (B), or only the source count rate. To express the amplitude as a fraction
of total count rate, the Poisson level is subtracted from the Leahy power and then this
power is divided by the total count rate (S+B). To express the amplitude as fraction
of only the source count rate, it can be multiplied by a factor (S+B)/S2. In this ‘rms

normalization’, the square root of the integral over the power spectrum is the rms
amplitude as a fraction of the source count rate.

The source signal can be periodic or aperiodic in nature. Figure 1.4 shows the signal
in time and frequency domain. The sinusoidal signal, e.g., from a pulsar (top left
panel) is strongly periodic and hence the power will be concentrated in an extremely
narrow frequency range in the power spectrum (top right panel). If the signal is more
irregular (bottom left panel), the power will be spread over a range of frequencies
with different strengths in the power spectrum (bottom right panel). This is a typical
power spectrum observed in LMXBs. In this thesis, I study the aperiodic variability.
There are multiple ‘components’ observed in a power spectrum: broad-band com-
ponents, and narrow peaked components called Quasi Periodic Oscillations (QPOs).
Each component is characterized by its centroid frequency (ν0), width (FWHM) and
strength.

The power spectrum can be fit using an empirical model composed of e.g., Lorentzians
or Gaussians for narrow components, and (broken) power-laws for broad compo-
nents. To fit the broad and narrow components with the same component for uni-
formity, we use the Lorentzian in the so-called νmax representation of Belloni et al.
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1.4 Observational Techniques

Figure 1.4: Signal in time domain and frequency domain

(2002b). It is parametrized by the characteristic frequency given as:

νmax =

√

ν02 + (
FWHM

2
)2 = ν0

√

1 +
1

4Q2
(1.3)

where Q is the quality factor defined as ν0/FWHM. The frequency νmax is that at
which the component contributes most of its power per logarithmic frequency inter-
val. A χ2 fit statistic is used to determine the ‘best-fit’ model comprising of several
Lorentzians, one for each component. In the source count rate rms normalization, the
strength of the component can be expressed in fractional rms amplitude (%) which is
the square root of the integrated power of the Lorentzian expressed in percent. For
representation, the power spectra are commonly plotted in the νPν i.e. frequency ×
power versus frequency representation. In this representation, the Lorentzian peaks
at νmax.
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1 Introduction

1.4.2 Spectral analysis

The energy spectra represent the energy distribution of the photons. To estimate the
contribution from individual emission components, the spectrum is fit with different
‘models’, which provide the best approximations of the real physical models. It pro-
vides physical parameters such as disc temperature, disc radius, power-law index,
size of the corona, etc. There are many models available in XSPEC (Arnaud 1996)
for the disc emission (e.g., multi-temperature blackbody) and the power-law emission
(e.g., simple power-law, Comptonization). The simplest model is a combination of:
multi-temperature blackbody – a superposition of blackbodies each with its own tem-
perature, and a power-law, arising from the Compton up-scattering of disc photons.
Complexities arise when additional phenomena have to be taken into account such as:
irradiation of the disc by the hard photons, general relativistic effects, reflection etc.
Additional uncertainties are added by other parameters such as the inclination angle,
distance to the source, which are unknown for many sources. Although the absolute
values of these parameters are model dependent, the trends in their evolution can be
robust. These provide a powerful tool to study the accretion flows in LMXBs.

To trace the relative contribution from the two emission components in a model-
independent way, colour analysis has proven to be extremely valuable. A colour is
defined as the ratio of count rates in two different energy bands. Colour versus colour
diagrams (CD) and hard colour versus intensity diagrams (HID) are generally used
to study outburst behaviour. With the right choice of energy bands, the colours are
sensitive to subtle changes in the relative contribution. They also provide a model-
independent tool to study outburst evolution across different sources as these trace
similar patterns in these CD and HID. The position of a source in the CD or HID
provides information about the relative strength of two emission components. The
CD and HID diagnose the spectral ‘state’ of the source. Hence, these diagrams allow
us to trace the outburst evolution of different sources through these spectral states.

1.5 Accretion states and phenomenology

The phenomena observed in LMXBs have many distinct features that can indicate the
nature of the compact object: NS or BH. Presence of thermonuclear (type-I) X-ray
bursts and X-ray pulsations are distinct signatures of LMXBs hosting a NS. Type-I
X-ray bursts (Hoffman et al. 1978) are caused by unstable thermonuclear burning of
the accreted matter accumulated on the surface of the NS. Coherent X-ray pulsations,
observed at the spin frequency of the NS, come from the hot spots formed by mag-
netically channelled accreted matter (Alpar et al. 1982). These phenomena arise due
to the presence of a physical ‘surface’ in NSs. For the NSs (that do not show these
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1.5 Accretion states and phenomenology
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Figure 1.5: The colour-colour diagram (CD, left panel) and the power spectra in the different states
(right panel) indicated in the CD of an atoll source during outburst evolution (Image courtesy- M.
Klein-Wolt).
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1 Introduction

phenomena), and the BHs (which instead have an event horizon and hence are not
expected to show these phenomena), the CDs and HIDs along with the variability
are useful to identify the possible nature of the compact object. Although dynamical
measurement of the mass is necessary to confirm the compact object to be a BH, the
HID and variability behaviour is an excellent tool to search for candidate systems.
Below, I discuss the typical behaviour in NS and BH systems.

1.5.1 Neutron star states

Based on the paths traced in CDs and correlated timing evolution, most of the NS
LMXBs can be classified in two classes - ‘Z’ and ‘atoll’ sources (Hasinger & van
der Klis 1989), although recently it was shown that they are not mutually exclusive
(Homan et al. 2010). The names of the classes are based on the shape traced in the
CD. The luminosities spanned by these classes are also different: Z sources are bright
and close to the Eddington luminosity 1 while atoll sources are sub-Eddington. In this
thesis, I present a study of the atoll source IGR J17511–3057. The general properties
of atoll sources are discussed below.

The states exhibited by the atoll sources are: the extreme island state (EIS), the island
state (IS), the lower left banana state (LLB), lower banana state (LB) and the upper
banana state (UB). The spectrally hard island branches are traced at low luminosities
typically over time intervals of days to weeks and the softer banana branches at high
luminosities over hours to days. The states in the CD and the corresponding power
spectra in each state are shown in Figure 1.5.

The kHz QPOs that are observed in the LLB, often seen in pairs, are amongst the
fastest phenomena observed in an astrophysical object. As the orbital periods at
small radii are of the order of ms, these QPOs have been associated with matter mov-
ing very close to the NS. Various models in the past have attempted to associate the
QPO frequency, difference in the frequency of the pair, etc. with the spin frequency
of the NS, as it can act as a measure of the spin for non-pulsating sources. A clear pic-
ture about the origin of these kHz QPOs and their association with the spin frequency
is yet to emerge (see van der Klis 2006, for a detailed discussion).

1.5.2 Black hole states

In this section, I describe the typical behaviour of a BH LMXB (BHB) outburst,
based on the outburst of the source GX 339–4 (Belloni et al. 2005). The different

1The luminosity at which the gravitational pull is balanced by the outward radiation force, providing
a limit to the accretion rate.
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states can be traced along the HID. The HID with the corresponding power spectra
and the energy spectra in each state are shown in Figures 1.6 and 1.7, respectively.
The states can be broadly classified as hard and soft states. In the hard state at low
intensity, called the low hard state (LHS), the energy spectrum is dominated by hard
power-law emission extending to few tens of keV. The variability is strong in the hard
state, where the power spectra show broad-band noise often accompanied by the so-
called type-C QPOs (see below). The source stays in this state for a wide range of
intensities, till at somewhat constant intensities the spectrum softens and the source
enters the intermediate state (IMS). This is divided into hard and soft IMS (HIMS
and SIMS, respectively). The spectral evolution is smooth in the IMSs; the softening
of the energy spectrum due to increasing contribution from the disc is gradual. These
states are distinguished by dramatically different variability properties; the variability
is stronger in the HIMS (although weaker than in the LHS) than the SIMS. The HIMS
power spectra show type-C QPO, while the SIMS power spectra often show one of
the two different types of QPOs, type-A or type-B QPO. The main properties that dis-
tinguish the type-C from type-A/B QPOs are as follows: type-C QPOs are generally
stronger and narrower, and cover a broader range of frequencies than type-A/B QPOs.
In addition type-C QPOs are accompanied by strong broad-band noise, while type-
A/B are accompanied by weak red (power decreases as frequency increases) noise
(see Wijnands et al. 1999; Remillard et al. 2002; Casella et al. 2005, for details).
Multiple transitions between the HIMS and SIMS are generally observed. When the
soft component from the disc is the dominant one in the energy spectrum, the source
is said to be in the high soft state (HSS). The variability is extremely weak in this
state. At some point in time, the intensity decreases and the source goes back to the
LHS through the IMSs. It should be noted that not all sources exhibit all states and
the time spent in different states can be very different. There are also outflows in the
form of jets associated with these systems, which are strong during the hard states
and weak (or quenched) during the soft states (e.g., Fender et al. 2009).

1.6 Recent developments

Although the phenomenological behaviour is understood quite well, the structure and
geometry of the accretion flow are strongly debated and form an active area of re-
search. In the past, the standard picture for the disc was that it is cooler and truncated
far from the BH in the LHS. It moves inwards and becomes hotter (as discussed in
Section 1.2) as the outburst progresses and (may) reach at the inner-most stable cir-
cular orbit (ISCO) in the HSS. This has been recently questioned by some studies
that suggest that the disc is close to the BH in the hard states (e.g., Miller et al. 2006;
Reynolds & Miller 2013; Reis et al. 2010). The inner radius of the disc (truncation
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Figure 1.6: The hardness-intensity diagram (HID, left panel) and the power spectra in the different
states (right panel) indicated in the HID of a BHB during outburst evolution (Image courtesy- M. Klein-
Wolt).
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Figure 1.7: The energy spectra in different states (indicated in the HID, Figure 1.6) of a BHB during
outburst evolution (Brocksopp et al. 2006).
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1 Introduction

radius) is estimated from the blackbody component, which depends on the spectral
‘model’ used. There are also additional uncertainties due to unknown distances and
inclination angles of the sources. Hence, how ‘truncated’ the disc is, remains unclear.

Many models have been proposed that attempt to explain the structure and formation
of the region where the hard power-law emission is generated. Some early sugges-
tions are the formation of a corona or advection dominated accretion flow (ADAF).
A corona can form in the presence of a cool disc very close to the BH. It consists
of thermal/non-thermal (depending on the state) energetic electrons in ‘coronal re-
gions’ above (and below) the disc and connected to it through magnetic reconnection
(Bisnovatyi-Kogan & Blinnikov 1976; Miller & Stone 2000). In the ADAF scenario,
the disc is truncated far from the BH and the region inner to the disc is filled with
a geometrically thick, optically thin hot accretion flow. The ions and electrons are
weakly coupled and the flow is radiatively inefficient. One of the stable ADAF solu-
tions has the gas advected into the BH (Shapiro et al. 1976; Pringle 1976; Narayan &
Yi 1994). It was recently suggested that the hard emission may originate at the base
of the jet (Markoff et al. 2001).

The origin of variability is a long-standing question. There have been many mod-
els proposed, based on various mechanisms, to explain the broad-band noise and the
low frequency QPOs (. 10 Hz), but the picture is not complete. To explain the low
frequency type-C QPO, two state-of-the-art models are strong contenders. One re-
quires the coronal geometry where the QPO arises due to oscillations in the disc,
while the other requires the ADAF geometry where the QPO arises due to the Lense-
Thirring precession of the hot flow. In the disc oscillation model, the dynamo cycles
manifest themselves as oscillations in the azimuthal magnetic field in the ‘corona’
region elevated above the disc (see e.g., O’Neill et al. 2011), giving rise to the QPOs.
However, this model can so far explain only the frequencies of the QPO and not the
strength. The Lense-Thirring precession of a tilted hot flow gives the QPO (Stella
& Vietri 1998; Fragile et al. 2007). This model requires the disc to be truncated in
the hard states. The evolution in frequency, strength and coherence of the QPO are
explained by the motion of the outer edge of the hot flow – the truncation radius of
the disc. A unanimous picture is yet to emerge.

To explain the broad-band variability components, the propagating fluctuations model
of Lyubarskii (1997) has recently gained acceptance. In this model, fluctuations in
the mass accretion rate modulate the emission giving rise to variability. The fluc-
tuations arise and propagate throughout the accretion flow. Churazov et al. (2001)
showed that high frequency fluctuations can survive only if they arise at small radii
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1.7 A guide to this thesis

as they are damped viscously at large radii. Ingram & Done (2011) associated the
lower break frequency of the broad-band noise with the outer truncation of the hot
flow (the truncation radius of the disc). The upper break frequency arises deep in the
hot flow. All these works suggested that the disc is stable and does not contribute to
variability. Some recent works suggest that the fluctuations can also be intrinsic to
the disc (Wilkinson & Uttley 2009; Uttley et al. 2011; Kalamkar et al. 2013b). These
developments were made possible due to access to soft band provided by Swift where
the disc emission dominates.

1.7 A guide to this thesis

In this thesis, the chapters focus on some of the challenges in the field of LMXBs
discussed in Sections 1.5.1–1.6. The aim of this work is to address the questions of
the origin of the variability, and the structure and the geometry of the accretion flow.

Chapter 1 reports possible twin kHz QPOs in the Accreting Millisecond X-ray Pulsar
IGR J17511–3057. It describes the colour and variability evolution of the outburst
using the RXTE data. The source does not fit in the NS LMXB scheme of variability
evolution, which makes the correct identification of the frequency components, the
kHz QPOs in particular, difficult. The separation between the kHz QPO frequency
is close to half the spin frequency, contrary to the expectations for sources with spin
frequency < 400 Hz. This result provides new input for the models that associate the
spin frequency with the kHz QPOs. Chapter 2 reports the outburst of the BHB MAXI
J1659–152 with RXTE data. We identify this source as a BH candidate LMXB based
on the evolution of the outburst along the HID and variability properties. This source
has the shortest orbital period (2.41 hr) observed in BHBs so far.

Chapter 3 forms a transition in the thesis as we study variability with Swift. We
demonstrate that variability studies can be successfully performed with the Swift

XRT. We study the various instrumental effects and shortcomings in performing
power spectral studies with the imaging CCD detector, and suggest an optimal so-
lution. The advantage of using Swift is the access to disc emission due to lower
energy bandpass of 0.3 keV, not available with RXTE which could observe above 2
keV. With this, we present energy-dependent variability study of the first five years
of the ‘atypical’ outburst of the BHB SWIFT J1753.5–012. The main finding of this
work is that the hot flow is more variable in the peak of the outburst while the disc is
more variable at low intensities. We explain this result in the context of the propagat-
ing fluctuations model. In Chapter 4, a smilar energy-dependent variability study is
performed for the BHB MAXI J1659–152 with Swift and simultaneous RXTE data.
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The aim is to test if the model used in Chapter 3 can explain variability in a more
‘typical’ outburst source. We attempt to explain the origin of all the broad-band vari-
ability components in the disc, in addition to the Lense-Thirring precession model
for the type-C QPO in the hot flow.

In Chapter 5, a combined spectral and timing approach is used to study three BHBs
MAXI J1659–152, SWIFT J1753.5–012 and GX 339–4 with the Swift data. The
evolution along the spectral states along the outbursts is different in these sources;
not all spectral states are observed in each source. Despite this, variability proper-
ties with similar frequencies and strengths are observed, a property common to most
BHBs. Closer inspection reveals that the spectral-timing correlations are not same in
different states; these are more complex than a single (linear) relation. We discuss
the implications of this result on the models for the origin of variability.
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2
Possible twin kHz Quasi-Periodic Oscillations in the

Accreting Millisecond X-ray Pulsar IGR J17511–3057

M. Kalamkar, D. Altamirano & M. van der Klis

The Astrophysical Journal, 2011, 729, 9

Abstract

We report on the aperiodic X-ray timing and color behavior of the accreting mil-
lisecond X-ray pulsar (AMXP) IGR J17511–3057, using all the pointed observations
obtained with the Rossi X-ray Timing Explorer Proportional Counter Array since the
source’s discovery on 2009 September 12. The source can be classified as an atoll
source on the basis of the color and timing characteristics. It was in the hard state
during the entire outburst. In the beginning and at the end of the outburst, the source
exhibited what appear to be twin kHz quasi periodic oscillations (QPOs). The sep-
aration ∆ν between the twin QPOs is ∼ 120 Hz. Contrary to expectations for slow
rotators, instead of being close to the 244.8 Hz spin frequency, it is close to half the
spin frequency. However, identification of the QPOs is not certain as the source does
not fit perfectly in the existing scheme of correlations of aperiodic variability fre-
quencies seen in neutron star low mass X-ray binaries (NS LMXBs), nor can a single
shift factor make it fit as has been reported for other AMXPs. These results indicate
that IGR J17511-3057 is a unique source differing from other AMXPs and could play
a key role in advancing our understanding of not only AMXPs, but also NS LMXBs
in general.
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2 Possible twin kHz Quasi-Periodic Oscillations in the Accreting Millisecond X-ray

Pulsar IGR J17511–3057

2.1 Introduction

Low-mass X-ray binaries (LMXBs) are neutron star (NS) or black hole systems with
low-mass (M ≤ 1M⊙) companion stars. Out of the nearly 200 LMXBs known so far
(Liu et al. 2007), 13 are accreting millisecond X-ray pulsars (AMXPs), i.e., they have
shown coherent millisecond pulsations (Patruno 2010). The neutron stars in LMXBs
are believed to be spun up by accretion to millisecond periods (see, e.g., Bhattacharya
& van den Heuvel 1991), but why only some LMXBs appear as AMXPs is still an
open question. These systems can be studied through the spectral (color-color dia-
gram - CD) and timing (Fourier analysis) properties of their X-ray emission. Based
on the paths traced on the CD and associated variability, NS LMXBs are classified ei-
ther as Z or atoll source (Hasinger & van der Klis 1989). Correlated with the position
of the source in the CD, the Fourier power spectra of the X-ray flux variations exhibit
different variability components. Apart from coherent pulsations, the power spectra
also exhibit aperiodic phenomena: broad components (noise components) and nar-
row components (quasi periodic oscillations; QPOs) (see, e.g., van der Klis 2006, for
a review).

The coherent pulsations at the NS spin frequency are thought to be due to hot spots
formed by magnetically channelled accreted matter (see, e.g., Pringle & Rees 1972).
The origin of the aperiodic phenomena is poorly understood. They are presumably
mostly associated with inhomogeneities in the matter moving in Keplerian orbits in
the accretion disk, or in the boundary layer. The time scale for matter orbiting in the
strong gravity region very near to the compact object is of the order of milliseconds
(the dynamical time scale τ = (r3/GM)1/2

∼ 0.1 ms at distance r = 10 km from
a compact object of mass M = 1.4M⊙). This strong gravity region can therefore be
probed by the QPOs with millisecond time scales (see, e.g., van der Klis 2006). The
first millisecond phenomena were found with Rossi X-ray Timing Explorer (RXTE):
in Sco X-1, twin QPOs in the kHz range (van der Klis et al. 1996a) and in 4U 1728-34
similar QPOs and also burst oscillations (oscillations near the spin frequency νs that
occur during type I X-ray bursts; see, e.g., Strohmayer & Bildsten 2006 for a review).
In many LMXBs, ∆ν, the difference between the twin kHz QPO frequencies, was at
the frequency of burst oscillations νburst. A beat mechanism and νburst = νs were sug-
gested by Strohmayer et al. (1996). This led to the sonic-point beat-frequency model
(Miller et al. 1998).

Observations of variable ∆ν in Sco X-1 (van der Klis et al. 1996a) and later in
other sources were inconsistent with the sonic-point beat-frequency model and led
to a modified version (Lamb & Miller 2001). Also, the relativistic precession model
(Stella et al. 1999) was proposed, in which νs plays no direct role in the formation
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2.2 Observations and data analysis

mechanism of QPOs. Observations of LMXBs like 4U1636–53 (van der Klis et al.
1996b) which exhibited ∆ν ∼ νburst/2, clinched by the discovery of kHz QPOs in
SAX J1808.8–3654 with ∆ν ∼ νs/2 by Wijnands et al. (2003), led to the proposal
of new models, involving resonances. The relativistic resonance model (Kluźniak
et al. 2004) and spin-resonance model (Lamb & Miller 2003) were proposed which
allowed ∆ν = νs and/or ∆ν = νs/2. For historical accounts see van der Klis (2006)
van der Klis (2008) and Méndez & Belloni (2007). A model which can explain all
the observations is still awaited.

IGR J17511–3057 was discovered on 2009 September 12 during galactic bulge mon-
itoring by INTEGRAL (Baldovin et al. 2009). It showed X-ray pulsations at 244.8
Hz during RXTE Proportional Counter Array (PCA) pointed observations which es-
tablished its nature as an AMXP (Markwardt et al. 2009). It also exhibited type I
X-ray bursts and burst oscillations (Watts et al. 2009b, Altamirano et al. 2010b). A
minimum companion mass estimate (assuming the NS mass = 1.4M⊙ and orbital in-
clination = 90◦) is 0.13M⊙ (Markwardt et al. 2009) and the upper limit to the distance
is 6.9 kpc (Altamirano et al. 2010b). In this paper, we discuss the aperiodic variability
of the AMXP IGR J17511–3057.

2.2 Observations and data analysis

We analyzed all the 71 pointed observations with the RXTE PCA of IGR J17511–
3057 taken between 2009 September 12 and October 6. Each observation covers one
to several satellite orbits and contains up to 15 ksec of useful data for a total of ∼ 500
ksec. We exclude data in which the elevation (angle between the Earth’s limb and
the source) is less than 10◦ or the pointing offset (angle between source position and
pointing of satellite) exceeds 0◦.02 (Jahoda et al. 2006). Type I X-ray bursts have
been excluded from our analysis (excluding all data between 100 s before the rise
and 200 s after the rise of the burst).

2.2.1 Color Analysis

The intensity and colors are obtained from standard-2 mode data which has 16 s time
resolution and 129 energy channels. The hard and soft colors are defined as the ratio
of the count rates in the 9.7–16.0 keV/6.0–9.7 keV and 3.5–6.0 keV/2.0–3.5 keV
bands, respectively. The intensity is the count rate in the 2.0–16.0 keV energy range.
To estimate the count rates in these exact bands for each of the five proportional
counter units (PCUs) of PCA, the count rates are linearly interpolated between the
corresponding energy channels. Then, the background subtraction is applied to each
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band using the latest standard background model 1. The source intensity and colors
are obtained at 16 s time intervals separately for each PCU. These intensity and color
values are divided by the corresponding average Crab values calculated using the
same method as described above, but obtained for the day closest in time to each IGR
J17511–3057 observation. These Crab normalized values are then averaged over
all PCUs and over time to obtain one mean value per observation. This method of
normalization with Crab (Kuulkers et al. 1994) is based on the assumption that Crab
is constant in intensity and colors and is used to correct for differences between PCUs
and gain drifts in time.

2.2.2 Timing Analysis

The Fourier timing analysis is done with the ∼ 125 µs time resolution (Nyquist fre-
quency of 4096 Hz) event mode data in the 2–16 keV energy range. The light curve
of each observation is divided into continuous segments of 128 s, which gives a low-
est frequency of 1/128 s ∼ 8×10−3 Hz. The power spectrum of each segment is
constructed using the Fast Fourier Transform. These power spectra are Leahy nor-
malized and averaged to get one power spectrum per observation. No background
subtraction or dead time correction is done prior to this calculation. The Poisson
noise spectrum is estimated based on the analytical function of Zhang et al. (1995)
and subtracted from this average power spectrum. This power spectrum is then ex-
pressed in source fractional rms normalization (see, e.g., van der Klis 2006) using the
average background rate in the 2–16 keV band for the same time intervals.

To improve statistics, we combine our observations into seven groups. The observa-
tions in a group are chosen to be close in time and have similar colors (see Section
2.3.1). The pulsar spike at 244.8 Hz is removed from each average power spectrum
by removing all the data points in the 244–246 Hz frequency bins at full frequency
resolution. The power spectrum of each group is fitted using a multi-Lorentzian
function which is a sum of several Lorentzians in the ’νmax’ representation as intro-
duced by Belloni et al. (2002b). In this representation, the characteristic frequency is
νmax = ν0

√

1 + 1/(4Q2) where ν0 is the centroid frequency of the Lorentzian, and
Q is the quality factor given as Q = ν0/FWHM where FWHM is the full width at half
maximum. The Lorentzians are named Li with characteristic frequency νi, where the
subscript ’i’ is used to identify the type of component. The components are : Lb -
break frequency, Lh - hump, LLF - Low Frequency QPO, LhHz - hecto Hz QPO, Lℓow

- (perhaps) a low frequency manifestation of lower kHz QPO, Lℓ - lower kHz QPO
and Lu - upper kHz QPO (Belloni et al. 2002b).

1See http : //heasarc.gs f c.nasa.gov/docs/xte/pcanews.html for more details
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Figure 2.1: Intensity, hard and soft colors as a function of time. Each point corresponds to one obser-
vation and different symbols identify different groups as indicated. The inverted triangle refers to the
first observation in the early rise of the outburst.

2.3 Results

2.3.1 Colors and Intensity

Figure 2.1 shows the evolution of intensity and colors with time. The seven groups
are indicated in the figure. The source was first detected on 2009 September 12
and reached its peak intensity on 2009 September 14. As the intensity decreases,
both the hard and soft colors decrease with time. A similar correlated behavior has
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Figure 2.2: Color-color diagram: each point corresponds to one observation. The inverted triangle
refers to the first observation in the early rise of the outburst.

been observed previously in two other AMXPs, XTE J1807–294 and XTE J1751–
305 (Linares et al. 2005 and van Straaten et al. 2005, respectively) out of the thirteen
known so far. In other AMXPs and many non-pulsating transient atoll sources, the
hard color remains constant while the soft color changes in correlation with intensity
(see, e.g., van Straaten et al. 2005). The decrease in the colors has a steeper slope
after MJD ∼ 55103. The data in this steep fall are represented in the CD in Figure 2.2
by the points with a value < 1.12 in the hard and soft colors. The light curve shows
bumps at MJD ∼ 55090, 55093, 55098, 55102 and 55107 which are approximately
traced by the hard color but not so closely by the soft color. The soft color shows
considerable scatter during the entire outburst which obscures any short-term corre-
lation with intensity. Large scatter in colors is also seen in other AMXPs, but only in
the tails of their outbursts (Linares et al. 2005; van Straaten et al. 2005).

2.3.2 Aperiodic variability

The multi-Lorentzian fits to the power spectra of the seven groups are shown in Figure
2.3, with the best-fit parameter values listed in Table. 2.1. We report a conservative
measure of the single trial significance (σ) of all parameters which is given by P/P−,
where P is the rms normalized power and P− is the negative error on P and is cal-
culated using ∆χ2 = 1. For a good fit (reduced χ2

∼ 0.8−1.2, see Table 1) to the
power spectra, 3–5 Lorentzians are needed. In some groups, the coherences of some
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1 2 3

4 5 6

7 1a 2a

Figure 2.3: Power spectra of the seven groups and groups 1a and 2a (using six Lorentzians instead of
five as in groups 1 and 2, see Section 2.3.2) with multi-Lorentzian fit functions (see Table 2.1 for the
best-fit parameters). Group numbers are indicated. The pulsar spike has been removed before rebinning
in frequency.
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Grp. νmax (Hz) Q RMS (%) σ Ident.
1.1 ± 0.1 0.3 ± 0.1 9.8 ± 1.1 4.2 Lb
6.4 ± 0.6 0.3 ± 0.3 11.7 ± 1.7 3.8 Lh

1 44.7 ± 7.1 0.5 ± 0.3 12.0 ± 1.8 4.1 Lℓow
139.7 ± 4.2 3.3 ± 1.1 10.0 ± 1.4 3.8 Lℓ
251.8 ± 13.9 4.3 ± 2.8 9.3 ± 2.0 3.1 Lu
1.05 ± 0.1 0.25 ± 0.1 11.1 ± 0.7 12.3 Lb
5.2 ± 0.2 0.74 ± 0.3 9.3 ± 1.1 4.6 Lh

2 36.6 ± 7.5 0.16(fixed) 13.2 ± 0.7 9.1 Lℓow
129.9 ± 11.0 1.3(fixed) 11.6 ± 1.3 3.7 Lℓ
272.2 ± 13.9 2.45 ± 1.6 10.0 ± 2.5 3.3 Lu

1.3 ± 0.1 0.23 ± 0.1 10.2 ± 0.8 6.3 Lb
3 7.4 ± 0.6 0.32 ± 0.2 11.2 ± 1.4 4.5 Lh

173.8 ± 16.9 0.23 ± 0.2 19.8 ± 1.1 9.1 Lu
1.65 ± 0.1 0.28 ± 0.1 10.8 ± 0.4 14.9 Lb

4 7.4 ± 0.4 1.2 ± 0.3 7.5 ± 0.8 5.4 Lh
169.8 ± 22.4 0.0(fixed) 21.2 ± 0.9 12.6 Lu

2.3 ± 0.2 0.1 ± 0.1 11.2 ± 0.4 14.6 Lb
5 8.3 ± 0.2 3.3 ± 0.8 6.1± 0.6 5.4 LLF

207.0 ± 27.0 0.0(fixed) 23.5± 1.0 11.9 Lu
1.7 ± 0.0 0.3 ± 0.1 9.75 ± 0.3 8.1 Lb

6 9.3 ± 0.5 1.2 ± 0.3 7.7 ± 0.7 5.8 Lh
180.0 ± 30.5 0.0(fixed) 19.9 ± 0.9 11.3 Lu
1.64 ± 0.2 0.43 ± 0.1 8.3 ± 0.8 4.8 Lb

7 13.7 ± 2.5 0.43 ± 0.2 14.2 ± 1.5 5.5 Lh
72.5 ± 4.9 2.3(fixed) 11.2 ± 1.4 4 Lℓ

179.9 ± 14.9 2.0(fixed) 13.8 ± 1.5 4.5 Lu
0.93±0.1 0.51±0.2 7.93±1.2 3.0 Lb
6.85±0.8 0.06±0.2 14.1±1.2 6.0 Lh

1a 30.9±1.2 4.1±2.8 5.4±1.1 2.7 Lℓow/2
56.9±1.8 5.1±3.8 6.2±1.0 3.2 Llow

140.3±3.4 3.95±1.2 10.34±1.1 4.9 Lℓ
262.1±18.1 2.83±2.1 9.9±1.8 2.7 Lu

0.86±0.1 0.3±0.1 9.7±0.9 4.7 Lb
5.95±0.4 0.2±0.2 13.3±1.5 4.2 Lh

2a 26.4±1.3 2.6±1.7 5.5±2.1 2.4 Lℓow/2
47.9±1.9 3.6±1.9 5.8±1.1 2.4 Llow

123.0±8.6 1.2±0.4 12.8±1.4 5.5 Lℓ
271.6±14.5 2.0(fixed) 10.9±1.2 4.4 Lu

Table 2.1: Best-fit parameters viz. Characteristic frequency νmax, Quality factor Q and Fractional rms.
Also given are single-trial significance σ of the Lorentzian feature defined as P/P−, see Section 2.3.2,
tentative component identification (based on scenario 1, see Section II) of the 7 groups. Errors are at 1
standard deviation.
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components have been fixed 2 as they are insufficiently constrained by the data. The
fixing of these parameters does not affect the values of the other parameters. Groups
3–6 require three Lorentzians and show power spectra similar to each other. Inter-
esting components at high frequencies are seen in groups 1, 2 and 7, which therefore
require additional Lorentzians in the fit. In each of groups 1 and 2, two high fre-
quency QPOs (∼135 and ∼260 Hz) are seen at similar characteristic frequencies. In
group 7, it seems that the same two components appear but moved to much lower
frequencies (∼70 and ∼180 Hz); the centroid frequency difference ∆ν between the
two simultaneous peaks is similar to that seen in groups 1 and 2 between 100 and
150 Hz. The average power spectrum of just the five brightest observations in the
peak of the outburst (which are the last 5 observations of group 1, hereinafter group
1a) is shown in Figure 2.3. The 44.7 Hz component seen in group 1, in group 1a is
resolved into two components with characteristic frequencies of 30.9 and 56.9 Hz.
Similar behavior is exhibited by group 2 if we use six Lorentzians instead of five in
the fit: the 36.6 Hz component is resolved into two components at 26.0 and 47.0 Hz.
The best fit parameter values are given in Table 2.1. The centroid frequencies for
group 1a are 30.9±1.2 and 56.6±1.8 Hz, and for group 2a (the six Lorentzian fit of
group 2) they are 25.7±1.2 and 46.6±1.0 Hz. So, these two components are close
to being harmonics of each other in both cases. The reason why they are not exactly
harmonics could be that with time the components moved slightly in frequency, vary-
ing in strength in different ways. Averaging the power spectra can then mask an exact
harmonic frequency relationship (Mendez et al. 1998). We note that although not all
components in groups 1a and 2a have P/P− > 3, they all appear in both, statistically
independent, groups.

2.3.3 Identification of the components

I] Low-frequency Complex

The average power spectra we observe at low frequencies resemble those seen in
AMXPs and other atoll sources in the EIS (see, e.g., van der Klis 2006). These
sources are known to exhibit correlations among the frequencies of the power spec-
tral components (Wijnands & van der Klis 1999; Psaltis et al. 1999;van Straaten et al.
2005). We use these correlations as a tool to attempt to identify the components in our
source. Figure 2.4 shows the relation between Lb and Lh frequencies as observed in
many atoll sources known as the WK relation (Wijnands & van der Klis 1999), along
with the data points of our source. The two lowest frequencies in each group follow

2When the broad noise components give a negative coherence, Q is fixed to 0 (which means it is a
Lorentzian centred at zero frequency). For the other fixed parameters, the value of the fixed parameter
is chosen to be the best-fit parameter value obtained when all the parameters are free.
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Figure 2.4: Relation between Lh and Lb frequencies (WK relation, see Section 2.3.3) of the seven
groups in IGR J17511-3057 compared to other atoll sources (grey points; from van Straaten et al.
2005).

this correlation. So, they appear to be Lb and Lh, respectively. Similarly, the corre-
lation of the coherence Q with characteristic frequency is shown in Figure 2.5 for Lh

along with that in our source. The data for all but one groups fit the correlation. The
feature at 8.3 Hz of group 5 deviates as it has a high coherence of 3.3. This feature
could be a low frequency QPO (LLF) as has been observed before in AMXPs (van
Straaten et al. 2005) and other atoll sources (see, e.g., van der Klis 2006, for a review).

Figure 2.6 shows the existing the correlations between the characteristic frequen-
cies of the different components in atoll sources versus the Lu frequency. Assuming
the highest frequency component in our source to be Lu, the data of the seven groups
are plotted. From the match of groups 1 and 2 to other sources, the lowest frequency
components appear to be Lb and Lh, respectively. For the other groups, contrary to
indications from Figure 2.4, the lowest frequency components are instead closer to
the Lh and Lℓow tracks. The fractional rms amplitude of the individual low frequency
components in all groups are similar to the observed values of the same components
in other atoll sources in EIS (see van Straaten et al. 2005, for a comparison with
AMXPs).

28



2.3 Results

 0.1

 1

 10

 1  10

Q

 νh (Hz)

Atoll sources
IGR J17511-3057

Figure 2.5: Relation of coherence Q with characteristic frequency for Lh in IGR J17511-3057 compared
to other atoll sources (gray points; from van Straaten et al. 2005).

It is known that the correlations in AMXPs are often shifted relative to those in other
atoll sources. Shift factors upto 1.6 (see van Straaten et al. 2005; Linares et al. 2005;
Linares et al. 2007) have been observed so far. Except for groups 1 and 2 (where no
shift factors are required for Lb and Lh), we would require a shift factor 2.05 (ob-
tained using the same method as van Straaten et al. 2005) to make our two lowest
frequency components fall on the existing correlations if we interpret them as Lb and
Lh. As there is no single shift factor that would make all the data points of our source
fit in the existing scheme of correlations, we do not apply any shifts in this paper, but
consider other possibilities for this discrepancy between the correlations in Figures
2.4 and 2.6. We first discuss scenarios for the broad low frequency components:

[A]. The two lowest frequency components are Lb and Lh respectively. Figure
2.7 shows the plot of the frequency of the two lowest-frequency and the highest-
frequency component in each group , identified as Lb, Lh and Lu, respectively, as a
function of time. These components are seen in all the power spectra and their fre-
quencies do not change much in time, so it appears that we are seeing the same three
components in all the power spectra. Yet only the Lb and Lh of groups 1 and 2 fall
on the Lb versus Lu and Lh versus Lu relation. This might be because the Lu from
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Figure 2.6: Characteristic frequencies of all the power spectral components plotted versus the char-
acteristic frequency of Lu. The gray points are non-pulsating LMXBs. The data are from Altamirano
et al. (2008), and for Cir X-1, Boutloukos et al. (2006). The seven groups of IGR J17511-3057 (black
points) are indicated.

the fits of groups 3–6 are at lower frequencies than usual as only a broad, blended,
component can be fit due to poor statistics, which does not allow us to resolve other
components present, if any. However, such a single broad high frequency component
is common in similar sources in the EIS, and these do show Lb and Lh on the stan-
dard relation. For group 7, a narrow Lu is seen so in this case that explanation for the
discrepancy does not apply. Together, this makes a reliable identification of Lb and
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Figure 2.7: Frequencies of the two lowest frequency components (Lb and Lh) and the highest frequency
components (Lu) of the seven groups in IGR J17511-3057 as a function of time.

Lh difficult for groups 3–7.

[B]. The two lowest frequency components are Lb and Lh in groups 1 and 2, and in the
rest of the groups they are Lh and Lℓow respectively, as suggested by the correlations in
Figure 2.6. This does not support our conclusion of observing the same components
in all the seven groups inferred from Figure 2.7.

II] High frequency QPOs

The power spectra of groups 1 and 2 are unusual, in that the frequencies of Lb and Lh

are appropriate to the EIS, but presence of high-Q twin high frequency QPOs is more
like what we would expect in the lower left banana (LLB) branch (without the very
low frequency noise, VLFN). The fractional rms amplitudes of these high frequency
components in groups 1 and 2 are similar to the observed rms values of the twin kHz
QPO components in other atoll sources in the LLB. The second highest frequency
QPOs of groups 1, 2 and 7 form a line well above the Lℓow versus Lu relation 3 as
seen in Figure 2.6. It is interesting to note that this line is also above the Lℓ versus Lu

3It has been suggested previously by van Straaten et al. (2005) that Lℓ and Lℓow are different com-
ponents
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relation of other atoll sources. If we use the factor of 2.05 derived earlier in Section
I to shift the high frequency components in νu and νℓ, they do fall on the existing
νℓ versus νu correlation, but then the corresponding low frequency components do
not fall on their respective correlations (for works done earlier see van Straaten et al.
2005 and Linares et al. 2005). Hence, as discussed in Section I, we do not rely on the
shift factors to help us identify the high frequency components. There are a number
of possibilities for the identification of the high frequency components in groups 1, 2
and 7. We discuss below the possible scenarios:

[1]. The high frequency QPOs seen in groups 1, 2 and 7 are the twin kHz QPOs.
The components at 44.7 Hz in group 1 and at 36.6 Hz in group 2 are Lℓow as they
fall close to the Lℓow versus Lu correlation. Lℓow is expected to be seen in the EIS.
However, harmonics of Lℓow have not been observed before, nor have twin kHz QPOs
been seen in the EIS (with one exception, 4U 1728-34; Migliari et al. 2003).

[2]. The high frequency QPOs seen in groups 1, 2 and 7 are the twin kHz QPOs.
The components at 44.7 Hz in group 1 and at 36.6 Hz in group 2 are LhHz. kHz QPOs
are often accompanied by LhHz components and harmonics of LhHz were observed
once previously in 4U 1636-53 (Altamirano et al. 2008). However, the putative LhHz

components have frequencies that are too low compared to all other sources, and as
mentioned above, twin kHz QPOs are not expected in the EIS.

[3]. The highest frequency QPOs are Lu and the second highest frequency QPOs
are LhHz. The components at 44.7 Hz and 36.6 Hz are Lℓow as in scenario 1. The 2nd

highest frequency QPO in group 7 could be either LhHz or Lℓow; this is not clear from
the correlation. The drawback of this interpretation is that LhHz and Lℓow have never
been observed together. LhHz is not expected in the EIS as observed from previous
works: as seen in Figure 2.6, there are no LhHz components observed at low Lu values
characteristic for the EIS (see, e.g., van der Klis 2006).

[4]. The two highest frequency QPOs in groups 1 and 2 are LhHz features. At
centroid frequencies 138.1+4.4

−4.1 , 250.1+18.6
−7.3 and 121.8+10.2

−10.4 , 266.7+15.6
−15.0 , respectively

(139.2 ± 3.4, 258.1 ± 18.7 and 113.5 ± 9.7, 263.5 ± 14.0 for groups 1a and 2a), they
are all approximate harmonics of each other and as discussed in Section 2.3.2, the
features might have moved in time masking an exact harmonic relation. As Lu is not
present in this scenario, we cannot use the correlations in Figure 2.6 to identify the
other components. The components at 44.7 Hz and 36.6 Hz are Lℓow as in scenario
1. The drawbacks of this scenario are that the LhHz features are not expected to be
observed in the EIS and the LhHz and Lℓow have not been observed together. Also, the
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two highest frequencies of group 7 cannot be identified in this scenario, as they are
not harmonically related.

It is clear that every scenario has its own shortcomings, which makes a reliable iden-
tification difficult. If we try to identify the components just by comparing the power
spectra with those of other sources, the identification does not comply with the state
as deduced from the CD pattern. The source has some unusual high frequency com-
ponents seen in groups 1, 2 and 7 and an unusual triplet of broad low frequency
components in groups 3–6. The possibility that the highest frequency feature is not
Lu cannot be ruled out, especially for group 7. No single shift factor such as proposed
for other AMXPs can restore a full match to the other atoll sources.

2.4 Discussion

The behavior of IGR J17511–3057 in the CD and the power spectra at first sight
appears similar to what has been observed in other atoll sources and AMXPs (see,
e.g, van der Klis 2006). From the color diagrams and the shape of power spectra of
groups 3–6, the source appears to be an atoll source in the EIS. The other AMXPs
have also been classified as atoll sources (Wijnands 2006; Watts et al. 2009a; Linares
et al. 2008; Kaaret et al. 2003; Reig et al. 2000). However, closer study of the power
spectral components indicates that this source is peculiar and does not fit well in the
scheme defined by other sources. As discussed in Section 2.3.3, all the possible sce-
narios for fitting our source in this scheme have their own shortcomings. Therefore,
none of the components can be identified with certainty.

The scenario that appears to require the least number of additional assumptions is
scenario 1, where the only peculiarity is that twin kHz QPOs appear in what is other-
wise an ordinary EIS; this was reported once before, in 4U 1728–34 (Migliari et al.
2003). We note that if the two high frequency components are twin kHz QPOs, the
measured differences ∆ν between the centroid frequencies of high frequency QPOs
in groups 1, 2 and 7 are 112+19

−8 , 144.9+18.6
−18.2 and 104.2+17.2

−12.9 Hz, respectively, and

119+22
−15.6 and 150+18.1

−15.8 Hz in group 1a and group 2a, respectively. These values are
inconsistent with being close to the spin frequency νs of 244.8 Hz as would have been
expected for this so-called slow rotator (νs < 400 Hz; Miller et al. 1998). Instead, they
are all consistent with half the spin frequency, which otherwise has only been seen
in fast rotators (νs > 400 Hz). This can be seen in Figure 2.8 which shows the plot
of ∆ν/νs as a function of νs for AMXPs and other atoll sources (the spin frequency
is inferred from burst oscillations for these systems). The step function shows the
historical distinction between the slow and fast rotators. It has been suggested that
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Figure 2.8: Ratio of measurements of ∆ν = νu – νℓ and spin frequency νs as a function of νs in IGR
J17511–3057 and other NS LMXBs (gray points; Altamirano et al. 2010a). The step function is ∆ν/νs

= 1 for νs ≤ 400 Hz and ∆ν/νs = 0.5 for νs ≥ 400 Hz. The curved line corresponds to ∆ν = 300 Hz.
The four AMXPs are marked with arrows.

∆ν and νs are (nearly) independent (Yin et al. 2007; Méndez & Belloni 2007). The
curved line represents a constant ∆ν of 300 Hz. To make the AMXPs SAX J1808.4–
3658 and XTE J1807–294 fit this curve, they would have to be shifted up by a factor
of ∼1.5 (Méndez & Belloni 2007). The points of IGR J17511–3057 for groups 1, 2
and 7 would require a factor ∼2.5 to fall on this curved line. However, groups 1 and 2
do not require this same factor to fit in the scheme of correlations seen in Figure 2.6,
but rather a factor 2.05. We applied no shifts to any data in this paper as there is no
single factor. Note that all four AMXPs in Figure 2.8 are consistent with either ∆ν =

νs or ∆ν = νs/2 without shifts.

Our results favor models like the sonic-point and spin-resonance model (Lamb &
Miller 2003) and the relativistic resonance model (Kluźniak et al. 2004) which pre-
dict that either ∆ν = νs or ∆ν = νs/2. The relativistic precession model (Stella et al.
1999) predicts that ∆ν should decrease when νu increases as well as decreases (see
Figure 2.14. in van der Klis 2006). Our results do suggest a low ∆ν, however the
value is almost a factor of two lower than the value expected from the model at the
observed νu of IGR J17511–3057.
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In conclusion, IGR J17511–3057 is indeed a very peculiar and interesting source.
If scenarios 1 and 2 apply, the properties of the source can be summarized as follows:
a) It exhibits kHz QPOs while in the EIS, b) In spite of being a slow rotator, kHz
QPO frequency separation is ∆ν ∼ νs/2 and c) It requires different shift factors to fall
on the frequency correlations of LMXBs at different times. Clearly this source could
play a very important role in testing the existing models for the origin of QPOs. More
observations of this source with RXTE or perhaps ASTROSAT (Agrawal et al. 2002),
when it goes into an outburst again, are necessary to understand the nature of the
different components. If we could observe the source in different spectral states, the
components exhibited and their frequency evolution would help in establishing their
nature. Observations of the high frequency QPOs and their evolution as a function of
time and spectral state are key to their reliable identification.
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Abstract

We report on the analysis of all 65 pointed Rossi X-ray Timing Explorer obser-
vations of the recently discovered soft X-ray transient MAXI J1659–152 (initially
referred to as GRB 100925A). The source was studied in terms of its evolution
through the hardness-intensity diagram (HID) as well as its X-ray variability proper-
ties. MAXIJ1659–152 traced out an anti-clockwise loop in the HID, which is com-
monly seen in transient low-mass X-ray binaries. The variability properties of the
source, in particular the detection of type-B and type-C low-frequency quasi-periodic
oscillations, and the way they evolve along the HID track, indicate that MAXI J1659–
152 is a black hole candidate. The spectral and variability properties of MAXI J1659–
152 imply that the source was observed in the hard and soft intermediate states during
the RXTE observations, with several transitions between these two states.
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3.1 Introduction

Black hole X-ray binaries have been studied since the early 1970s. It is now well
established that the X-ray spectral and variability properties of these sources are
strongly correlated, which is most clearly seen in the transient black hole X-ray bi-
naries (BHTs). While there is a great variety in the observed outburst behavior of
BHTs (even for single sources), their outbursts typically proceed along ’q’-shaped
tracks in hardness-intensity diagrams (HIDs; see, e.g., Homan & Belloni 2005 and
Dunn et al. 2010), which are traced out in an anti-clockwise manner; we note that
similar tracks are also traced out by neutron star transients (e.g. Tudose et al. 2009;
Linares 2009). The various branches of these tracks correspond to distinct spectral
states. Not all sources show all possible states and the time they spend in each state
can differ significantly.

There are various conventions for describing the spectral (and variability) states of
BHTs; see, e.g., reviews by Homan & Belloni (2005), Remillard & McClintock
(2006). In this paper we follow the convention used in Belloni (2010), which is
based on the work by Belloni et al. (2005) on GX 339-4. This source is often used
as a template for the outburst evolution of BHTs, owing to its well defined q-shaped
HID tracks, and the fact that it shows behavior that is common to many other systems.

When GX 339-4 goes into outburst, its intensity is low and spectrum is hard (low-
hard state or LHS). As the intensity increases, the spectrum remains hard, until the
source makes a transition to the intermediate state (IMS), where the hard color starts
to decrease at a rather constant intensity. The IMS can be divided into a hard and a
soft IMS (HIMS and SIMS, respectively) depending on the spectral and variability
characteristics observed. The transition from the LHS is always first to the HIMS. GX
339-4 often shows several transitions between HIMS and SIMS until the hardness de-
creases even further and the source reaches the so called high-soft state (HSS), where
subsequently the hardness remains approximately constant as the intensity eventu-
ally decreases. At some point during this decrease hardness increases again and the
source transits from the HSS via the IMS back to the LHS, and returns to quiescence.

A BHT exhibits various types of quasi-periodic oscillations (QPOs) and broad-band
noise components, whose properties are strongly correlated with spectral state (see,
e.g., Klein-Wolt & van der Klis 2008). The power spectrum of the LHS is charac-
terized by strong broadband variability (0.01-100 Hz fractional rms amplitude up to
50%). During the HIMS so-called type-C QPOs are observed (see Wijnands et al.
1999; Remillard et al. 2002; Casella et al. 2005, for QPO type definitions), often with
strong harmonic content and accompanied by strong broadband variability (fractional
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rms up to 30%). In the SIMS various types of variability are observed: power spectra
with type-B QPOs (also with strong harmonic content) or (weaker) type-A QPOs,
but also power spectra with weak peaked noise and/or QPO features that have been
poorly characterized. All SIMS power spectra have in common that their broadband
variability is (considerably) weaker than in the LHS and HIMS. Type-C QPOs are
typically observed between 0.1–10 Hz, whereas type A and B QPOs are generally
confined to the 4–8 Hz range. In the HSS variability reaches its minimum strength (a
few percent rms); sometimes very weak QPOs above 10 Hz are seen (Homan et al.
2001).

In this paper we present a study of Rossi X-ray Timing Explorer (RXTE) observations
of MAXI J1659–152 (henceforth J1659). This source was discovered with the Swift

Burst Alert Telescope (BAT; Barthelmy et al. 2005) on September 25, 2010 and was
initially thought to be a gamma-ray burst (GRB 100925A, see Mangano et al. 2010).
Later, it was suggested by Kann (2010) to be a new Galactic X-ray transient due to
its persistent X-ray emission; this was confirmed by Negoro et al. (2010) with MAXI

observations. J1659 has also been detected in the radio (van der Horst et al. 2010a),
optical (Jelinek et al. 2010) and sub-mm bands (de Ugarte Postigo et al. 2010). The
aim of this letter is to discuss the results of the aperiodic timing analysis and color
evolution from RXTE observations, based on which we conclude that J1659 is a black
hole candidate (Kalamkar et al. 2010).

3.2 Observations and data analysis

We analyzed all 65 RXTE Proportional Counter Array (PCA; Jahoda et al. 2006) ob-
servations of J1659 taken between September 28, 2010 (MJD 55467) and November
8, 2010 (MJD 55508), after which the source was not observed due to solar viewing
constraints. The intensity and colors were obtained using the Standard 2 data from
all the PCUs active during the observations. The intensity is defined as the count
rates in the 2.0–20.0 keV band; hard color as the count rate ratio of the 16.0–20 keV
and 2.0–6.0 keV bands. Count rates are background corrected and normalized using
the Crab nebula observations. This method of normalization (Kuulkers et al. 1994) is
based on the assumption that the Crab nebula is constant in intensity and hard color.
It is used to correct for differences between PCUs (see, e.g. van Straaten et al. 2005,
for details).

The timing analysis was done with the Event mode data in the 2–60 keV range. Power
spectra were generated for each observation by averaging the fast Fourier transform
power spectra of continuous 128-s intervals, with a Nyquist frequency of 4096 Hz and
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Figure 3.1: Top to bottom: From MAXI observations – (A) intensity (cnts cm−2 s−1, 1.5-20.0 keV);
from RXTE observations – (B) intensity (2-20 keV), (C) hard color (16.0-20.0/2.0-6.0 count rate ratio),
(D) average 0.01–100 Hz fractional rms amplitude, and (E) QPO frequency. Each point represents one
observation, except for the MJD 55488.02 and 55490.11 observations, for which we use two points
each. Different types of power spectra are indicated using different symbols as follows: (i) open circles:
type–C QPOs which indicate the HIMS; (ii) filled triangles: type–B QPOs; (iii) filled circles and filled
squares are observations with weak variability (iv) stars are the observations with unclassified power
spectra. The latter three categories comprise the SIMS.

40



3.3 Results

a lowest frequency of 7.8 mHz. Periods of dipping activity in the X-ray light curves,
as reported by Kuulkers et al. (2010), were not excluded from our timing analysis.
The Poisson noise spectrum is estimated with the analytical function of Zhang et al.
(1995) and subtracted from this average power spectrum. The resulting power spec-
trum is expressed in source fractional rms normalization (van der Klis 1989), using
the average background rate during the observation. Each power spectrum was fit
with a multi-Lorentzian (1–5 components) function and (when necessary) a power
law.

We performed a spectral analysis for only a few selected observations, including
those cases where HID location and timing properties were inconclusive with respect
to the spectral state of the source. Spectra were extracted from the Standard 2 mode
data of PCU2, using HEASOFT v6.10. The spectra were background subtracted, cor-
rected for dead time, and a systematic error of 0.6% was applied. Fits were made with
XSPEC v12.6.0 (Arnaud 1996) between 3.0–40.0 keV, with phenomenological mod-
els consisting of a simple accretion disk component (diskbb), a (cut-off) power-law,
and a Gaussian line (fixed at 6.4 keV). Reported fluxes are in the 2–20 keV band and
are corrected for interstellar absorption, which was fixed to 1.7 × 1021 atoms cm−2,
the average value in the direction of J1659 (Kalberla et al. 2005).

3.3 Results

3.3.1 Light curves and color evolution

The top panel of Figure 3.1 shows the 1.5–20 keV light curve from MAXI. It includes
the early rise and late decay, which were not covered by our RXTE data set (see be-
low). Panels B–E of Figure 3.1 show the RXTE 2–20 keV light curve, hardness curve,
time evolution of fractional rms amplitude (0.01–100 Hz), and QPO frequency evo-
lution, respectively. The outburst showed a relatively rapid rise; when it was first
observed with RXTE, three days after discovery, it already had a flux of 6.6×10−9

ergs/cm2/s. The rise was followed by an extended plateau during which some irreg-
ular intensity variations (time scale of a few days) were observed (hereafter referred
to as ‘flares’). During two observations in this flaring phase (MJD 55488.02 and
55490.11) we observed several rapid (∼20 s), almost step-function-like changes in
the count rate from the source. The changes were on the order of 30%, lasted ∼100–
1500 s, and were not accompanied by changes in the spectral hardness. Similar
phenomena have been observed in, e.g., GX 339-4 and XTE J1859+226 (Miyamoto
et al. 1991; Casella et al. 2004) and have been referred to as ‘flip-flops’. For both ob-
servations the high and low count rate levels were separated and treated as different
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Figure 3.2: With the RXTE data, we plot A) Hardness–intensity diagram (HID) and, B) 0.01-100 Hz
fractional rms amplitude vs. hard color. Each point represents one observation, except for the MJD
55488.02 and 55490.11 observations, for which we use two points each (see text). Different power
spectral types are indicated (symbols as in Figure 3.1). The locations of three of the power spectra
shown in Figure 3.3 (PDS1, PD2, and PDS5) are indicated with arrows. With the MAXI data, C)
HID, the intensity and hard color measured in 1.5–20.0 keV band and in 10.0–20.0/2.0–4.0 keV band,
respectively.

observations for the remainder of our analysis (and are plotted separately in Figures
3.1–3.2). The flux reached its maximum during a flare on October 8 (MJD 55477) at
a value of 1×10−8 ergs/cm2/s. A sudden radio flux decrease was reported for that day
(van der Horst et al. 2010b). From the intensity plateau the source evolved towards
a slow decay, after which it presumably returned to quiescence. The flux during the
last RXTE observation was 1.4×10−9 ergs/cm2/s.

Figure 3.2A shows the HID. The source started in the upper-right corner and tra-
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versed its track in an anti-clockwise manner, ending in the lower-right corner. Hys-
teresis is observed in the spectral evolution, with the hard-to-soft spectral evolution
occurring at a count rate ∼3 times higher than the soft-to-hard spectral evolution.
While the spectral evolution during the early and late phases of the outburst was
largely monotonic, the source exhibited frequent back-and-forth motion in spectral
hardness during the flaring phase of the outburst.

Since RXTE did not observe J1659 during the first three days of its outburst, we used
MAXI (Matsuoka et al. 2009) data to infer the spectral evolution during the early rise.
We plot the MAXI HID in Figure 3.2C. Overall, the path traced out is similar to that
seen in the RXTE HID. The first part of the MAXI HID (i.e. the right vertical branch
and subsequent left turn) was not covered by RXTE. A comparison with HIDs of
other BHTs suggests that during the first three days of the outburst, J1659 evolved
through parts of the LHS and HIMS.

Shaposhnikov & Yamaoka (2010) reported that during the softest part of the out-
burst J1659 reached the HSS. We performed a spectral fit of the observation with the
lowest spectra hardness (MJD 55489.26) to verify this. We obtain an excellent fit
(reduced χ2=0.96, for 62 d.o.f.) with a 0.8 keV disk black-body and a power-law
component with index 2.2 (plus a weak Gaussian at 6.4 keV). The disk component
contributed ∼60% to the 2–20 keV flux. Belloni (2010) does not provide a spectral
definition of the HSS, but following the definition of the soft (or thermal dominant)
state by Remillard & McClintock (2006), which uses 75% as a lower limit, we con-
clude that the source did not reach the soft state during this outburst. This behavior
is similar to, e.g., the 2000 outburst of XTE J1550–564 (Miller et al. 2001).

3.3.2 Variability properties

Figure 3.2B shows the relation between hard color and broad-band rms. Such a di-
agram can be helpful in identifying different types of power spectra (Belloni et al.
2005; Fender et al. 2009). At high hard colors, hardness and rms are correlated, but
at low hard colors (<0.5) there is considerable scatter.

Based on the overall strength of the broad-band variability, the spectral hardness,
and the shape of the power spectra (noise/QPOs) we divided our RXTE observations
into five groups (see symbols in Figures 3.1-3.2). For the classification of the PDS
and the QPOs, we made use of the classification schemes of Remillard et al. (2002)
and Casella et al. (2005). Representative power spectra are shown in Figure 3.3 and
are referred to as PDS 1–5.
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1 2

3
4

5

Figure 3.3: Five representative power spectra, labeled PDS 1–5. PDS 1 (ObsID: 95108-01-02-00)
and PDS 2 (ObsID: 95118-01-01-01) are typical of type-C and type-B QPOs, respectively. PDS 3 is
an average power spectra of the five observations classified as ‘weak1’. PDS 4 is the average power
spectra of the nine observations classified as ‘weak2’. PDS 5 (ObsID: 95118-01-12-00) is the power
spectrum of an observation which had an unclassified QPO. The HID locations of PDS 1, 2 and 5 are
indicated in Figure 3.2.
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I] Group 1: type-C QPOs

The Group 1 PDS have strong 0.01–100 Hz variability (∼23%), a strong QPO (vary-
ing between 1.6–8.5 Hz), at times with a harmonic and a sub-harmonic. They were
observed during the spectrally hard parts of the outburst (hard color > 0.45; see open
circles in Figures 3.1 and 3.2). The frequency is strongly anti-correlated with spec-
tral hardness (Fig. 3.1E). The QPO frequencies and Q values, and the fractional rms
amplitude in the 0.01–100 Hz frequency range are typical of PDS exhibiting type–C
QPOs, as observed in the HIMS (no phase lags or energy dependence of the QPOs
were measured). Hence, we identify these QPOs as type–C.

II] Group 2: type-B QPOs

The Group 2 PDS have 0.01–100 Hz variability < 10% rms and power-law noise
as opposed to the strong variability and peaked noise of the Group 1 PDS. These
PDS are observed in a fairly narrow range of spectral hardness, have QPOs with
frequencies between 2.6 and 4.1 Hz, at times accompanied by a harmonic and a sub-
harmonic, and cluster in a small patch of points in the hardness-rms diagram. In
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3 The identification of MAXI J1659–152 as a black hole candidate

Figure 3.4, we plot the 0.01–100 Hz fractional rms amplitude vs. frequency of these
and the PDS with type–C QPOs, as well as the PDS with the unclassified QPOs (see
below). What we observe in Figure 3.4 is very similar to the results of Casella et al.
(2004), indicating that these are type–B QPOs, which classifies these observations
as SIMS. Fractional rms amplitude anti-correlates with frequency for type–C QPO,
while type–B QPOs do not follow such an anti-correlation. Note that after the detec-
tion of the first two type–B QPOs (at 3.9 Hz and 4.1 Hz), the spectrum temporarily
hardened during the next two observations, and type–C QPOs (at 6.0 and 6.9 Hz)
were observed, (see Fig. 3.1) followed again by type–B QPOs (3.9 and 3.5 Hz). This
indicates rapid SIMS/HIMS transitions (Wijnands et al. 1999) over a period of ∼6
days.

III] Groups 3& 4: weak power

In the soft part of the outburst most power spectra do not show clear indications for
QPOs. Such power spectra were observed during two time intervals. During the
first time interval (MJD 55486–55590) the source intensity moved up and down on
a daily basis — this is also the period during which the flip-flops were observed
(see §3.3.1). Inspection of the individual power spectra revealed subtle differences
between the low count rate and high count rate observations. PDS3 is the averaged
power spectrum of the five high count rate level observations (weak1 in Figures 3.1
and 3.2); it is consistent with a single power-law with no distinguishable features. The
low-count rate observations show indications for an additional broad bump around 7–
8 Hz. Such a feature is also seen for the observations in the second interval with weak
power (MJD 55496.5–55498.5). PDS4 is the averaged power spectrum of these nine
observations (weak2 in Figures 3.1 and 3.2). The PDS4-like power spectra occurred
at slightly lower hardness than the PDS3 ones. Power spectra similar to PDS3 and
PDS4 were observed in GX 339-4 (Belloni et al. 2005) and were grouped together
with power spectra that show type-A (not observed here, see below) and type-B QPO
to define the SIMS. Therefore, also based on this definition J1659 did not reach the
HSS.

IV] Group 5: unclassified QPO

For three power spectra that showed somewhat broad QPOs (Q∼1.6–3.5) we had
difficulty assigning a classification — they are marked as unclassified in Figures 3.1–
3.4. The observations were among the shortest (800 s) and the power spectra were
of lower quality. However, the locations of these observations in Figure 3.4 (and also
Fig. 3.2B) suggest that these QPOs may be type–B QPOs with a lower frequency
(∼1.9 Hz) and also lower Q-value, which would classify these observations as SIMS.
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We did not see indications for type–A QPOs in our observations. These are typi-
cally accompanied by similarly shaped noise as type–B QPOs, but show no strong
harmonic content (as seen in PDS2). Also in the rms-frequency plot they fall in a
different location than type–B QPOs (Casella et al. 2005), which argues against the
QPOs in the type PDS5-like power spectra being of type–A.

V] Search for High-frequency QPOs

High-frequency QPOs in the the 50–450 Hz range have been reported for a handful
of BHTs (McClintock & Remillard 2006). We inspected all individual power spectra
in the total 2–60 keV band, as well as in the 5.7–60 keV band, but no indications
for such QPOs were found. We also inspected the averaged power spectra of the
different groups (with groups 2 and 5 added together). Again, no significant QPOs
were found, with a 2.1σ measurement of a peak at ∼160 Hz (Q∼4, ∼4% rms) in the
2–60 keV power spectrum of PDS 4 constituting our most significant detection.

3.4 Discussion& conclusions

We analyzed all the RXTE observations of MAXI J1659–152 taken during its 2010
outburst. Spectral states were identified using the HID in combination with the ape-
riodic variability properties. In the HID J1659 traced out an anti-clockwise loop,
similar to those seen in black hole and neutron-star transients (see 3.1). The types of
power spectral features we identified (in particular type–B and type–C QPOs) and the
way they evolve along the HID track, indicates that J1659 is a black hole candidate.
The spectral decomposition of the softest spectrum (i.e. diskbb + power-law, without
the need for second thermal component; Lin et al. 2007), the radio loudness in the
early part of the outburst (Paragi et al. 2010), the flip-flops seen in two observations,
and the sudden (∼day) drop in the rms (i.e. PDS3) at low-hardness, are all charac-
teristic of this type of systems (Dunn et al. 2010; Miyamoto et al. 1991; Fender et al.
2009), strengthening our identification of J1659 as a black hole candidate.

Based on spectral and variability properties we find that J1659 moved from a HIMS
to a SIMS and back again (at lower intensity), without reaching the HSS (or the soft
or thermal dominant state as defined by Remillard & McClintock 2006). Our RXTE

observations started after the source had left the LHS (as indicated by MAXI obser-
vations), and ended before it had returned to that state.

The observations in the softest part of the SIMS had weak variability and revealed
two types of power spectra, one consistent with a power-law and one with an addi-
tional bump around 7–8 Hz. We note that similar groups of observations with weak
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3 The identification of MAXI J1659–152 as a black hole candidate

variability were observed in the SIMS of GX 339–4 by Belloni et al. (2005). Fender
et al. (2009) found that radio flares and subsequent quenching of the radio flux often
occur in a time interval of a few days before and after the time of sudden drops in the
rapid X-ray variability (identified as a distinct zone in their rms-hardness diagrams).
In J1659 a similar drop occurred on MJD 55481, a few days after the quenching of
the radio flux as reported by van der Horst et al. (2010b), consistent with other BHTs.

Optical observations constraining the mass of the compact object are required to con-
firm the black hole nature of J1659. From dipping episodes in the X-ray light curves,
the orbital period period has been proposed to be 2.4–2.5 hour (Kuulkers et al. 2010;
Belloni et al. 2010). This makes the source very interesting as, if confirmed, this
would make it the black hole binary with the shortest known orbital period.
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Abstract

After a careful analysis of the instrumental effects on the Poisson noise to demon-
strate the feasibility of detailed stochastic variability studies with the Swift X-Ray
Telescope (XRT), we analyze the variability of the black hole X-ray binary SWIFT
J1753.5-0127 in all XRT observations during 2005-2010. We present the evolution
of the power spectral components along the outburst in two energy bands: soft (0.5–2
keV) and hard (2–10 keV), and in the hard band find results consistent with those
from the Rossi X-ray Timing Explorer (RXTE). The advantage of the XRT is that
we can also explore the soft band not covered by RXTE. The source has previously
been suggested to host an accretion disk extending down to close to the black hole
in the low hard state, and to show low frequency variability in the soft band intrin-
sic to this disk. Our results are consistent with this, with at low intensities stronger
low-frequency variability in the soft than in the hard band. From our analysis we are
able to present the first measurements of the soft band variability in the peak of the
outburst. We find the soft band to be less variable than the hard band, especially at
high frequencies, opposite to what is seen at low intensity. Both results can be ex-
plained within the framework of a simple two emission-region model where the hot
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Disk-Diluted Fluctuations in the Outburst-Peak

flow is more variable in the peak of the outburst and the disk is more variable at low
intensities.

4.1 Introduction

Transient stellar-mass black hole candidate X-ray binaries (BHBs) in outburst broadly
exhibit two different states: low luminosity hard states in which the spectrum is dom-
inated by hard power law emission (out to a few tens of keV) from a hot inner flow,
inner corona, and/or the base of a jet, and high luminosity soft states in which the
spectrum is dominated by black-body emission (peaking at up to a few keV) from
the accretion disk, often accompanied by a power law tail. There is no agreement
about the exact structure and origin of the power law emitting region, nor on the disk
geometry: while previously it was thought that in the hard state the disk is truncated
at a large distance of at least several tens of gravitational radii, recently it has been
debated if instead it extends all the way down to the innermost stable circular orbit
(ISCO). See Belloni et al. (2005), van der Klis (2006) and Remillard & McClintock
(2006) for detailed descriptions of the different states along an outburst and Done
et al. (2007) for a detailed discussion of the different models.

The ubiquitous X-ray variability in BHBs could provide useful constraints on the
structure and behavior of the emitting regions, beyond that provided by the X-ray
spectrum. Lyubarskii (1997) proposed a model which is becoming widely accepted
(e.g. Churazov et al. 2001; Uttley et al. 2005; Done et al. 2007), where the variabil-
ity originates as mass-accretion fluctuations in the accretion flow, which propagate
towards and through the X-ray emitting regions to produce the observed flux vari-
ability. Since the variability in the hard states is strong (few tens of percent fractional
rms) while in the soft states it is much weaker (a few percent), Churazov et al. (2001)
suggested that the hot, power law emitting inner flow is responsible for this vari-
ability, while the cool disk is stable. Furthermore, they showed that in a ‘standard’
geometrically-thin cool disk, high frequency fluctuations can survive only if they
arise at small radii, as at larger radii, viscous damping will prevent them from prop-
agating inward. In the hard state, the power spectrum consists of broad band-limited
noise accompanied by Quasi Periodic Oscillations (QPOs). The low frequency break
in the noise power spectrum could be associated with the transition radius to the hot
flow at the inner edge of the cool disk, the QPO could be the Lense-Thirring pre-
cession of the hot flow, and the high frequency break may be associated with the
innermost radius of the hot flow (Stella & Vietri 1998, Churazov et al. 2001).

The Rossi X-ray Timing Explorer (RXTE) Proportional Counter Array (PCA) was
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sensitive in the > 2 keV band dominated by the power law emission. Most variability
studies until recently were done with RXTE, so the evolution of the variability below
2 keV remained unexplored. Recent work by Wilkinson & Uttley (2009) and Uttley
et al. (2011) using XMM-Newton showed that in the hard state of the BHBs SWIFT
J1753.5-0127, GX 339-4 and Cyg X-1 the disk contributes significantly to variability
in the soft band (< 2 keV) at Fourier frequencies below 1 Hz. Moreover, the disk
variations precede the correlated power law variations by a few tenths of a second.
These results cast doubt on the notion of a stable disk not contributing to the source
variability, implying that (at least in the hard state and at low frequencies) substan-
tial flux variability is contributed by the cool disk. This highlights the importance of
exploring the variability in the soft band. Like XMM-Newton, the Swift X-ray Tele-
scope (XRT) has a lower energy bound (0.3 keV) than the RXTE PCA, providing
another opportunity to explore the variability at lower energies dominated by the disk
emission. This directly addresses the question of the origin of the variability.

SWIFT J1753.5-0127 was discovered with the Swift Burst Alert Telescope on 2005
May 30 (Palmer et al. 2005) and has been in outburst since then. The source re-
mained in the hard state (Miller et al. 2006 and Cadolle Bel et al. 2007, Zhang et al.
2007, Ramadevi & Seetha 2007, Chiang et al. 2010, henceforth C07, Z07, RS07 and
Ch10, respectively) until June 2009 (MJD 55010) but then was in a softer state until
at least July 2010 (MJD 55404) (Soleri et al. 2013). During 2005-06, RXTE obser-
vations show white noise (frequency independent) at low (0.2–0.4 Hz) frequencies, a
QPO (∼0.7 Hz) and red noise (power decreases with frequency) at high (1.5–2 Hz)
frequencies, which is typical of the hard state (Z07, RS07). Spectral analyses with
XMM-Newton and RXTE suggested the presence of a cool accretion disk extending
down to near the ISCO that could be modelled with a disk black-body component
in addition to the power law (Miller et al. 2006, Reis et al. 2010, Ch10). This is
at variance with the picture in which the disk is truncated at larger radii in the hard
state. There are also arguments against the presence of a soft disk-like component
(see, e.g., Done et al. 2007 and Hiemstra et al. 2009), which, however, do not refute
the evidence for intrinsic disk variability found by Wilkinson & Uttley (2009).

In this work, we use the Swift XRT to study the energy-dependent behavior of the
variability of the BHB SWIFT J1753.5-0127. While some XRT power spectra of
BHBs were previously reported (e.g., Kennea et al. 2011, Curran et al. 2011), the
present work is the first study of the energy dependence extending below 2 keV of
all power spectral components in a BHB along an outburst. As a prerequisite to
this work, we study the instrumental effects on the Poisson-noise spectrum (see Ap-
pendix) and demonstrate that detailed variability studies are feasible with Swift XRT.
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In Section 4.2, we describe the observations and data analysis. In Section 4.3.1, we
discuss the evolution of the outburst using light curves and the hardness intensity
diagram. In Section 4.3.2, we first investigate the energy dependence of the variabil-
ity in a model-independent way, and then fit Lorentzians to the power spectra of all
observations to study the evolution of the components and their energy dependence.
We also study the energy dependence of the power spectra inside the 0.5–2 keV band.
Finally, in Section 4.3.3 we study the correlations between the variability parameters
and source intensity. In Section 4.4, we discuss the interpretation of our results, and
their model implications.

4.2 Observations and data analysis

We analysed all 66 observations taken in the Windowed Timing (WT) mode with the
X-Ray Telescope (XRT; Burrows et al. 2005) on board the Swift satellite between
July 1, 2005 and May 21, 2010. Observations lasted between 0.1 and 11.0 ksec, and
contained between 1 and 34 Good Time Intervals (GTIs) of 0.1–2.0 ksec. The CCD
was operated at a time resolution of 1.766 ms. We processed the raw data with the
task xrtpipeline v0.12.6 using standard quality cuts and only grade 0 events. The data
were extracted in two ways. In the first extraction, the count rates in 0.5–2, 2–10 and
0.5–1 keV energy bands were extracted using the method suggested by Evans et al.
(2007) for the light curves and hardness ratio. All the intensities reported throughout
the paper (and in the figures) are pile-up 1 and bad-column corrected2 and background
subtracted, unless otherwise stated.

For the second extraction, aimed at generating the power spectra, we first determined
the source region on the CCD. As there is no point-spread function for the WT mode,
we fitted a Lorentzian to obtain the source centroid. Reduced χ2 values were 0.5–3
(193 degrees of freedom), occasionally much higher due to bad pixels; in practice this
method always sufficed for our purpose. The Lorentzian full width at half maximum
(FWHM) is typically 5 pixels. A 61-pixel (144") source region was selected centered
on the centroid pixel, plus, contiguous with this and on the side of the image that is
larger, a background region of the same size (or smaller if the edge of the image was
reached). Count rates exceeding 150 c/s are at risk of pile-up (Evans et al. 2007).
To mitigate this, for each GTI the central pixel and, if necessary, additional pairs of
pixels symmetrically around it are removed until the count rate is below 150 c/s, basi-
cally censoring the piled-up data (Evans et al. 2007). This introduces artificial jumps
in count rate between GTIs; the power spectra are not affected by this, as they never

1Two or more photons registered as a single higher-energy photon is called pile-up
2Some of the CCD pixels are not used to collect data. Hence, the flux loss caused by this is corrected
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straddle GTIs.

Leahy-normalized (Leahy et al. 1983) fast Fourier-transform power spectra were cal-
culated of 28.93-s continuous intervals, giving 34.6-mHz as the lowest frequency bin.
For the WT mode which has a time resolution of 1.766 ms, the Nyquist frequency is
283.126 Hz. The power spectra were then averaged per Swift observation. We also
calculated power spectra averaged over multiple observations using longer (57.86-s)
continuous intervals. No background correction was applied prior to the generation
of the power spectra. To facilitate comparison with RXTE, two energy bands were
used: 2–10 keV (also covered by RXTE) and 0.5–2 keV (not covered by RXTE), and
occasionally also narrower bands below 2 keV.

The power spectra are affected by two processes: a) pile-up causes the Poisson level
to fall below the theoretical value of 2.0 (also reported in Chandra data, Tomsick
et al. 2004) and, b) the readout method in the WT mode causes a power drop off
at high frequencies (see the Appendix for details). Hence, we analysed the power
spectra in the frequency range <100 Hz only. The Poisson noise level is estimated
by fitting a constant in the 50-100 Hz frequency range, where no source variability
is observed and subtracted from the power spectrum. The resulting power spectrum
is expressed in source fractional rms normalization. In this normalization, the rms
amplitude is expressed as a fraction of the source count rate, instead of the total
count rate. To obtain this, each power (after subtracting the Poisson level) is multi-
plied by a factor (S + B)/S 2, where S and B are the source and background count
rates, respectively (van der Klis 1995). The fractional rms amplitude is the square
root of this ’rms normalized’ integral power. It should be noted that the intensities
used for renormalization are the ones obtained from the data used for generating the
power spectrum, i.e. with the piled-up data removed. The power spectrum of each
observation was fitted with several Lorentzians in the "νmax" representation (Belloni,
Psaltis, & van der Klis 2002b). The fit parameters were: the characteristic frequency
νmax ≡ ν0

√

1 + 1/(4Q2), the quality factor Q ≡ ν0/FWHM, and the integrated power
P, where ν0 is the centroid frequency and FWHM is the full width at half maximum
of the Lorentzian. When Q turned out negative, it was fixed to 0 (i.e., we fitted a
zero-centred Lorentzian); this did not significantly affect the other parameters. We
only report components with a single-trial significance P/σP− > 3.0, with σP− the
negative error on P calculated using ∆χ2 = 1.
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Figure 4.1: Light curve of the outburst during 2005-2010 (top) and corresponding hardness-intensity
diagram (bottom) in the energy bands indicated. Each point represents one observation.

4.3 Results

4.3.1 Light curves and color diagram

Figure 4.1 shows the light curve and hardness-intensity diagram (HID) of the 2005-
10 observations. Intensity is the count rate in the respective energy band, while hard-
ness (or “hard color”) is the 2–10/0.5–1 keV intensity ratio. The 2005 light curve
was fast-rise exponential-decay, consistent with the RXTE results (C07, Z07, RS07
and Ch10). The intensity peaked at 152 c/s and 59 c/s in the soft and hard band,
respectively. By MJD 53605 it had decayed to below 20 c/s per band, where it re-
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mained throughout 2006-08. From the peak of the outburst in 2005 until 2007, the
source gradually became harder, as can be seen in the HID, with the first observation
in 2007 (MJD 54248.7) the hardest; thereafter it gradually softened. When the source
was observed again in 2010, the intensity had increased to 100 c/s in the soft band
while in the hard band it was below 20 c/s. So, consistent with the report by Soleri
et al. 2013, the source was much softer, as can also be seen in the HID (hardness < 1),
with the observation on MJD 55337.2 the softest. We occasionally refer to the spec-
tral state in 2010 as soft without implying any particular canonical state viz. High
Soft State or Very High State.

4.3.2 Timing analysis

I] Model-independent analysis

We first investigate the energy dependence of the variability in a model-independent
way. We calculated the fractional rms amplitude from the power spectra by inte-
grating the power over the frequency ranges 0.035–0.4 Hz and 0.4–10 Hz (chosen
based on the frequencies of the power spectral components, see below) separately in
the hard and soft band. Suppression of the fractional rms in the CCD data affected
by pile-up has been reported earlier with Chandra data (Tomsick et al. 2004). We
observe similar changes of up to 1.1% rms (see the Appendix for details). The ampli-
tudes obtained are consistent within errors before and after removal of the piled-up
data and do not affect our conclusions. However, we remove the piled-up data from
our analysis as the energy of the piled-up photons cannot be estimated and this infor-
mation is necessary for our energy dependent study. Figure 4.2 shows the rms over
these two frequency ranges and energy bands as a function of intensity (corrected for
all artefacts) for individual observations up to MJD 53638, and for the average power
spectra of observations in MJD 53638-53640 and the years 2006, 2007 and 2008 (as
the rms is not well constrained in individual observations in the frequency ranges).
The 2010 data has very little variability (as expected in a soft state) which is poorly
constrained and hence not plotted.

At low intensity (<40 c/s), the <0.4 Hz variability is a bit weaker in the hard band
(18–24% rms) than in the soft band (20–30%), whereas the >0.4 Hz variability has
large error bars but is consistent with being equal in the two bands at 10–30%. This
is consistent with what Wilkinson & Uttley (2009) found in the 2006 XMM-Newton

data.

The XMM-Newton observation was taken when the source had decayed to low in-
tensity. Swift also covered the peak of the outburst. Hence, we now report on what
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Figure 4.2: Dependence of fractional rms amplitude on intensity in energy bands and frequency ranges
as indicated. The filled points represent the individual observations in 2005 and the empty points
represent the averages over MJD 53638-53640 (in 2005) and of 2006, 2007 and 2008 in the respective
energy bands.

happened in the peak of the outburst, i.e., at high intensity (>40 c/s): the <0.4 Hz
variability in the hard band is systematically slightly higher than in the soft band for
intensity >120 c/s (it is similar in both bands between 40 and 120 c/s). Going from
low to high intensity, the behavior swaps between the two energy bands. The >0.4 Hz
variability above 80 c/s is clearly stronger in the hard band (20–25%) than in the soft
band (12-18%). Both <0.4 Hz and (using also the information from XMM-Newton,
Wilkinson & Uttley 2009) >0.4 Hz the fractional rms spectrum (rms as a function of
energy) softens as the source decays, contrary to the overall source spectrum, which
gets harder. In terms of differences in fractional rms between the peak of the out-
burst and the decay, the <0.4 Hz variability increases as the source decays, but more
strongly in the soft band than in the hard band. The >0.4 Hz variability shows little
evidence of change (the error bars at low intensity are large), although in the soft band
there is some evidence for an increase in the rms as the source drops below 120 c/s.

II] Power-spectral fits

We now investigate how the energy dependence of the variability, and in particular the
extra variability >0.4 Hz we found in the hard band during the peak of the outburst,
translates into energy dependencies of the power-spectral components. We analyse
the power spectra of all observations in the hard and soft band. Figure 4.3, shows
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Figure 4.3: The rms normalized power spectra of an XRT observation (00030090015, MJD 53562.35)
in the peak of the outburst, in soft (0.5–2 keV, 90 c/s) and hard (2–10 keV, 37 c/s) bands. The best fit
model using three Lorentzians is shown in each frame.

representative power spectra of an observation in the peak of the outburst. Three
components are detected, which in individual observations during 2005 vary in char-
acteristic frequency over the ranges 0.07–0.3 Hz (at Q=0–2.1), 0.5–0.9 Hz (Q=1–11)
and 0.8–1.6 Hz (Q=0–0.8). Henceforth, we refer to them as the 0.1 Hz component,
the QPO and the 1 Hz component, respectively. Figure 4.4 shows the light curve, and
the evolution of frequency and amplitude of the components during 2005 in the hard
band. As a sanity check we compared our Swift XRT results in the hard band with
earlier RXTE results. Similar power spectra have also been observed with RXTE
(Figure 4 in Z07, RS07 and C07). As only the frequency evolution of the QPO was
presented in Z07, RS07, C07 and Ch10, we cannot check the other parameters, but
our QPO frequencies match well to the RXTE ones.

The RXTE PCA has a larger effective area than the Swift XRT, so not all compo-
nents observable with RXTE might be detected in individual Swift observations. To
investigate this, we averaged the power spectra over MJD 53552–53580 (hereafter
the “outburst-peak”) in the 0.5–10 keV band, for a total exposure of ∼14 ksec. One
additional component was detected, at 1.5 Hz, but its single-trial significance is only
2.5σ. This component is similar to one that can be seen in the power spectra plotted
in Z07, RS07 and C07 (Figure 4). We conclude that our Swift results in the 2-10 keV
band are consistent with RXTE, although at reduced sensitivity, exactly as expected.

We now look at the evolution of the power spectral components in 2005 in the soft
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Figure 4.4: Intensity, frequency and fractional rms amplitude of the components detected in the power
spectra in the hard band as a function of time in 2005. Each point represents one observation. Symbols
as indicated.
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Figure 4.5: Intensity, frequency and fractional rms amplitude of the components detected in the power
spectra in soft band as a function of time in 2005. Each point represents one observation. Symbols as
indicated.
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Figure 4.6: Intensity, frequency and fractional rms amplitude of the components detected in the power
spectra in the hard band as a function of time during 2006-08. Each point represents one observation.
Symbols as indicated.
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Figure 4.8: The rms normalized average power spectra for the years (top to bottom) 2006, 2007 and
2008 in hard and soft bands as indicated. The best fit model using one Lorentzian is shown in each
frame. The power at high frequencies seen in some of the spectra above is not significant.

band and compare it with the hard band. A representative power spectrum is shown
in Figure 4.3, left panel. Figure 4.5 shows the light curve, evolution of frequency and
the rms of these components with time. The most obvious difference between the
two energy bands is that in the outburst-peak, while in the soft band all components
vary over similar strength (5-18%), in the hard band the 1 Hz component is clearly
stronger (20-25%) than the other components.
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Figure 4.9: The rms normalized average power spectra of the outburst-peak (MJD 53552–53580) in
energy bands as indicated. The best fit model using three Lorentzians are shown. Corresponding
parameters are presented in Table 4.1.

Figures 4.6 and 4.7 show the evolution for 2006-08 in the hard and soft band, re-
spectively. The 0.1 Hz component is present, at similar frequency and amplitude in
both bands, but there is only a single detection of the QPO (in the hard band), and
the 1 Hz component is not detected. The 2006, 2007 and 2008 average power spectra
of both bands are shown in Figure 4.8. In 2010 there is no significant variability in
either band (< 3 %). This is consistent with the source being in a softer, less variable
state.
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Energy νmax Q rms (%) rms (%)
(keV) Hz 0.03-10 Hz

0.23 ± 0.07 0.08 ± 0.20 11.9 ± 1.4
0.5–1 – – – 13.0 ± 1.1

– – –
0.18 ± 0.02 0.30 ± 0.10 15.1 ± 1.0

1–1.5 0.67 ± 0.05 1.34 ± 0.79 8.8 ± 2.1 19.3 ± 1.3
1.56 ± 0.10 1.60 ± 0.72 8.7 ± 1.3
0.12 ± 0.03 0.45 ± 0.32 10.7 ± 2.2

1.5–2 0.72 ± 0.02 3.91 ± 1.83 8.9 ± 2.3 27.1 ± 1.3
1.07 ± 0.34 0.0 (fixed) 22.8 ± 1.5
0.18 ± 0.03 0.23 ± 0.15 13.0 ± 1.3

2–10 0.69 ± 0.01 1.97 ± 0.36 15.1 ± 1.5 27.2 ± 1.1
1.79 ±0.23 0.45 ± 0.20 19.1 ± 2.4
0.21 ± 0.02 0.08 ± 0.07 14.3 ± 0.5

0.5–2 0.69 ± 0.03 1.80 ± 0.70 6.3 ± 1.0 18.7 ± 1.0
1.6 ± 0.6 0.91 ± 0.25 9.5 ± 0.8

Table 4.1: Best fit parameters of the averaged power spectra in the peak of the outburst in different
energy bands shown in Figure 4.9. The rms (%) reported are the fractional rms amplitudes of: 4th
column - the individual components, and, 5th column- integrated over 0.03-10 Hz.

Earlier studies (e.g., Homan et al. 2001, in the BHB XTE J1550–564) have shown
that the QPOs are stronger at higher energies. We investigate if the different compo-
nents in the power spectrum have the same energy dependence based on the outburst-
peak data. First we calculated power spectra separately in the hard and soft band and
fitted these in two ways: with the νmax and Q of the respective components “tied”
(constrained to be the same) and only their integrated powers free, and with all the
parameters free. Both fits have a reduced χ2 of ∼1.03 (with 11560 and 11554 degrees
of freedom, respectively), and similar values within errors for tied and untied param-
eters, except for the Q of the 1 Hz component, which in the tied fit is 0.80±0.08,
and in the untied fit 1.19±0.15 in the soft, and 0.66±0.12 in the hard band. The rms
values of the QPO and the 1 Hz component are higher in the hard band than the soft
band (both by ∼9 %) in both tied and untied fits. This shows that the high frequency
components are stronger at higher energies. The harder 1 Hz component and QPO
cause the extra power >0.4 Hz reported above in Figure 4.2. The 1 Hz component
is also broader in the hard band and perhaps should be fitted independently. Hence,
we fitted the power spectra of all individual observations (discussed above) indepen-
dently in both bands with all parameters free.
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Figure 4.10: The fractional rms amplitudes of the power spectral components as a function of intensity
during 2005-08. The energy bands and symbols are as indicated.

Finally, to study the energy dependencies <2 keV, we calculated the outburst-peak
power spectra in the 0.5–1 keV, 1–1.5 keV and 1.5–2 keV bands. All the outburst-
peak power spectra are collected in Figure 4.9 and their best-fit parameters in Ta-
ble 4.1. The 0.1 Hz component is detected with similar strength (11-15% rms), fre-
quency and Q in all bands. The QPO is not constrained in the 0.5–1 keV band, it is
∼8% rms in both the 1–1.5 keV and 1.5–2 keV bands, and nearly twice that ampli-
tude again in the 2–10 keV band, indicating that this component is hard. The 1 Hz
component is not constrained in the 0.5–1 keV band, is detected at ∼9% in the 1–1.5
keV band and more than doubles in amplitude to ∼20% rms in the 1.5–2 keV and
2–10 keV bands. The low frequency component is strong in all bands, while the high
frequency components get stronger as we go to higher energies. The rms of the in-
dividual components for 2005-08 is shown in Figure 4.10 as a function of intensity.
For both the 0.1 Hz component (stars) and the QPO (diamonds) and in both energy
bands, rms is anti-correlated to intensity. As there are no detections of the 1 Hz com-
ponent (circles) at low intensities, its rms-intensity correlation is not clear. The 1 Hz
component stands out in the hard band as the strongest of all components in the peak.
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Figure 4.11: The correlation of QPO frequency with intensity during 2005-08. The energy bands are
indicated.

4.3.3 Correlations

We looked for correlations between power spectral parameters and intensity. The
hardness is inversely correlated with intensity (see Figure 4.1) and correlations of
hardness with power spectral parameters does not give additional information. Hence,
we show the correlations with intensity only. We first inspect the dependence of
the characteristic frequency of the components on intensity. The 0.1 Hz component
shows no correlation with intensity in either energy band at any time. As seen in
Figures. 4.4, 4.5, 4.6 and 4.7 (stars) the component is present during 2005-08 over
a wide range of intensities, but always at similar frequencies. The QPO frequency
as a function of intensity is plotted in Figure 4.11. In the hard band (circles) there
is some evidence of a positive correlation, as reported earlier by Z07 and RS07. In
the soft band (crosses) there are few detections, and the dependence of frequency
on intensity is not clear. The 1 Hz component also has very few detections, and no
clear correlation is seen. For each component, Q covered a wide range of values, as
reported in Section 4.3.2. We inspected the dependence of Q on frequency, intensity
and rms, but there were no clear correlations.
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4.4 Discussion

We report on the energy dependent variability of the first six years of the very long
and still ongoing outburst of the BHB SWIFT J1753.5-0127. We observe the Fast
Rise Exponential Decay type light curve also reported in earlier works (C07, RS07,
Z07 and Ch10). The HID does not resemble in either Swift or RXTE (Soleri et al.
2013) data to the typical "q"-shaped track followed by many other BHBs. The source
remained in hard states throughout the outburst (C07, RS07, Z07, Ch10), until a tran-
sition to a softer state occurred in 2009 (Soleri et al. 2013), leading to our softest
observations in 2010. As we performed very detailed power spectral studies with the
Swift XRT, we first examined the behavior of the Poisson level and find it to be af-
fected by instrumental effects (see the Appendix for details). We carefully compared
our results with the earlier RXTE results using the 2–10 keV band, and found them
to be consistent.

The "type-C" QPO (peaked low frequency components accompanied by strong broad-
band noise in the intermediate states, e.g. Casella et al. 2005), the break frequency,
νb and the hump frequency, νh, reported by Soleri et al. 2013 correspond to the QPO,
the 0.1 Hz and 1 Hz components, respectively, in our analyses. We report these com-
ponents, for the first time, in soft X-rays together with the harder band. The WK
correlation, which is a positive correlation between νb and νh (Wijnands & van der
Klis 1999) was reported by Soleri et al. 2013 between these components in SWIFT
J1753.5-0127. As there are very few simultaneous detections of these components in
our data, we do not see a clear WK correlation in either band and is hence not shown
here. The fractional amplitudes of all three components vary over similar range (5-18
%) in both bands, except the 1 Hz component in the hard band which is the strongest
(20-25 %) amongst all components in the peak of the outburst. In the decay, all the
components get stronger in both energy bands, with no detections of the 1 Hz com-
ponent. The analysis in soft sub-bands and hard band (see Figure 4.9 and Table 4.1)
in the peak of the outburst shows that the 0.1 Hz component displays a flat rms spec-
trum i.e. the fractional amplitudes do not vary with energy. The QPO and the 1 Hz
component cannot be constrained in the 0.5–1 keV band. These get stronger at higher
energies, with the QPO getting stronger above 2 keV while the 1 Hz component gets
stronger above 1.5 keV.

The main new finding of our work (Figure 4.2) is that in the peak of the outburst (for
>120 c/s) the variability is weaker in the soft band than in the hard band; the differ-
ence is most pronounced at high (>0.4 Hz) frequency but also seen at low (<0.4 Hz)
frequency. Previous work with XMM-Newton (Wilkinson & Uttley 2009) had shown
that in the decay, in 2006, the opposite was true: at low frequency the soft band was
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more variable than the hard band, while at higher frequencies both bands had similar
fractional variability amplitudes. Our 2005-2008 results in the decay are consistent
with this. Wilkinson & Uttley (2009) interpreted this extra soft-band variability in
terms of a stronger contribution of the soft disk emission to the variability at low fre-
quencies, which could be associated with accretion fluctuations intrinsic to the disk
at these frequencies. Combining our new results on the outburst-peak with these ear-
lier findings on the decay, we can say that in both frequency ranges the fractional
rms spectrum becomes softer as the source decays, while instead the overall source
spectrum becomes harder.

These findings can be understood in terms of a simple two-component representa-
tion (hot inner flow and cool disk) of the picture of Lyubarskii (1997) and Churazov
et al. (2001). The softer overall spectrum in the peak of the outburst is due to a rel-
atively stronger disk contribution. That the fractional rms spectrum gets harder at
all frequencies when the disk contribution increases can be explained if the observed
disk variability has a lower fractional rms than the hot flow: the increased disk flux
dilutes the variability at low energy. This would imply that while in the decay the
disk at low frequencies is more variable (in fractional rms) than the hot flow, in the
outburst-peak it is less variable. So, we may be seeing in this outburst-peak a tran-
sition to the less variable disk state that must also characterize the soft states. That
in our outburst-peak data the difference between low and high energy variability is
less at low frequency can be due to a residual contribution of intrinsic disk variability
at low frequency similar to that proposed by Wilkinson & Uttley (2009) and Uttley
et al. (2011).

It would be interesting to observe the variability behavior of this source when (if)
it makes a transition back to the hard states, to see if it exhibits behavior similar to
other BHBs during this transition, even if up to now it did not follow the usual "q"
path in the HID. With our results, we demonstrate that the power spectral studies
can be successfully performed with Swift XRT. The soft band provides very useful
insight into the energy dependence of the variability which is essential to understand
the contribution of the accretion disk. To understand better the role of the disk, vari-
ability studies of more BHBs with Swift XRT are required. We recommend caution
while dealing with the Poisson spectrum of the power spectra generated with Swift

XRT.
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Abstract

We present an energy dependent X-ray variability study of the 2010 outburst of the
black hole binary MAXI J1659-152 with the Swift X-ray Telescope (XRT). The broad
band noise components and the Quasi Periodic Oscillations (QPO) observed in the
power spectra show strong and varied energy dependence. Combining Swift XRT
data with data from the Rossi X-ray Timing Explorer (RXTE), we report, for the first
time, an rms spectrum (fractional rms amplitude as a function of energy) of these
components in the 0.5–30 keV energy range. We observe that the strength of the
low frequency component (< 0.1 Hz) decreases with energy, contrary to the higher
frequency components (> 0.1 Hz) whose strengths increase with energy. In the con-
text of the propagating fluctuations model, we suggest an origin of the low frequency
component in the accretion disk (which dominates emission below ∼ 2 keV) and the
higher frequency components in the hot flow (which dominates emission above ∼ 2
keV). As the properties of the QPO suggest it may have a different driving mech-
anism, we investigate the Lense Thirring precession of the hot flow as a candidate
model. We also report the evolution of the coherence of the QPO in the energy band
below 2 keV. While there are strong indications that the QPO is less coherent below
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2 keV, the coherence increases with intensity in a similar manner to that observed at
energies above 2 keV in these systems.

5.1 Introduction

Stellar-mass black hole X-ray binaries (BHB) are systems in which a black hole ac-
cretes matter from a companion star. The process is characterized by the formation
of an accretion flow around the black hole and outflows in the form of collimated
jets and disk winds. The accretion flow is believed to have two components: a hot
flow/corona (an optically thin medium where photons are Comptonized by hot elec-
trons) and/or the base of the jet, and an (optically thick) accretion disk. After decades
of studies of the energy spectra and variability of many BHBs, it is generally under-
stood that the interplay between these two components of the accretion flow gives
rise to different ‘states’ of the system in an outburst. Phenomenologically, the evo-
lution of the system through these states is understood quite well. We first discuss
the behavior of a BHB in outburst in terms of the different phenomena commonly
observed and then discuss the existing models developed to explain their origin. We
refer the reader to Homan & Belloni (2005), Remillard & McClintock (2006) and
van der Klis (2006) for detailed phenomenology and conventions and to Done et al.
(2007) for the discussion of models. Below we describe a typical outburst evolution.

The states can be broadly classified as hard and soft states. In the ‘low’ intensity
hard state (LHS), the energy spectrum is dominated by hard emission from the hot
flow (term we use to refer to the corona/the inner flow/base of the jet, without pref-
erence for any model) modelled by a power law (index of ∼ 1.6-1.7), and the power
spectrum is characterized by strong broad band noise (fractional rms amplitude up to
∼ 50 %). Steady compact jets are observed in this state (see, e.g., Fender et al. 2009).
The intensity increases until the source makes a transition to the intermediate state
(IMS), which can be divided into hard and soft IMS (HIMS and SIMS, respectively).
At roughly constant intensities, the energy spectrum softens as the contribution from
the disk increases and the power law component becomes softer (power law index of
∼ 2.4-2.5). The different IMSs are marked by radically different variability proper-
ties. In the HIMS (to where the transition is first made from the LHS), the broad band
variability is relatively weaker than the LHS (fractional rms amplitude up to ∼ 30 %)
and is accompanied by so called type-C Quasi Periodic Oscillations (QPOs, peaked
narrow components) in the power spectrum (see Wijnands et al. 1999; Remillard
et al. 2002; Casella et al. 2005, for QPO classification). The SIMS is characterized
by weak variability (few %) often accompanied by one of the two different types of
QPOs, type-A or type-B QPOs. Multiple transitions between the IMSs are often seen
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in BHBs before the source goes into the high soft state (HSS). Radio flaring is ob-
served (attributed to discrete ejection events of the jet material) during the hard to soft
state transition. The radio emission is much lower (or quenched) in the HSS (Fender
et al. 2009). The X-ray spectrum is the softest in the HSS, which is dominated by
disk emission fit with a blackbody component peaking at up to a few keV and which
has extremely weak variability in the power spectrum. At some point in time the
intensity decreases and eventually the source goes back to the LHS through the IMS.
It should be noted that not all sources show all these states.

Although there is a reasonably clear picture of the phenomenological behavior, some
major and important physical aspects of the accretion flow are not fully understood.
There is no agreement about the structure and origin of the hot flow, or on the disk
geometry (Done et al. 2007). Although there is progress in modelling, the origin of
variability remains incompletely understood. Most of the variability studies in the
past few years were performed with the Rossi X-ray Timing Explorer (RXTE) mis-
sion. The Proportional Counter Array (PCA) on board RXTE covered the energy
range 2-60 keV. The hot flow emission dominates this energy band in the hard state
during which most of the variability is observed. Hence, variability was attributed
to the hot flow and the disk was considered unimportant for variability studies. Re-
cently, Wilkinson & Uttley (2009) and Kalamkar et al. (2013b) using XMM-Newton

and Swift, respectively (which can access energies down to 0.3 keV) showed that the
disk contributes significantly to variability at energies < 2 keV on time scales longer
than a few seconds. This highlights the importance of access to the soft band for
variability studies.

The propagating fluctuations model (Lyubarskii 1997) has recently gained accep-
tance to explain the origin of variability. This model proposes that fluctuations of
mass accretion rate modulate the X-ray emission, giving rise to the observed vari-
ability. These fluctuations can arise and propagate throughout the flow and modulate
the X-ray emission produced in the inner regions. Churazov et al. (2001) showed
that as the fluctuations propagate to smaller radii on local viscous time scales, high
frequency fluctuations are suppressed due to viscous damping. This means that low
frequency fluctuations generated at large radii can propagate to smaller radii and
modulate the emission. Higher frequency fluctuations can only survive if generated
at smaller radii. As the emission from the inner regions dominates at higher ener-
gies, the amplitude of high frequency variability is stronger at high energies than at
low energies (Kotov et al. 2001). Further works (see e.g., Ingram & Done 2011, and
the references therein) associated different frequencies of the broad band noise in the
hard state power spectrum with different radii; the lower break frequency is associ-
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ated with the outer radius of the hot flow (truncation radius of the disk) and the upper
break frequency (which we will refer to as hump) is deeper in the hot flow. They also
associate the frequency of the type-C QPO with the Lense Thirring precession of the
hot flow (Stella & Vietri 1998; Fragile et al. 2007).

Most of these works associate the observed variability with the hot flow. Taking
into account the recent developments discussed above, we now know that variabil-
ity can also arise in the disk. Hence, the power spectra in the energy bands where
the hot flow and the disk emission dominate, are expected to be different along the
various states of the outburst and thus warrant further studies. Such a difference was
shown for the BHB SWIFT J1753.5–012 (henceforth J1753; Kalamkar et al. 2013b)
with Swift. However, J1753 is a peculiar source as it does not show a typical out-
burst progressing through different states. Similar investigation for sources which
show more typical outbursts is necessary, before the application of these models can
be generalized to all BHBs. Here, we report energy dependent variability studies
of the outburst of the BHB MAXI J1659–152 with Swift observations which cover
the 0.5-10 keV energy range. Section 5.1.1 introduces the source and discusses the
earlier reports. The Swift data used for this study along with the RXTE results from
Kalamkar et al. (2011) are discussed is Section 5.2. In Section 5.3, we present the
results of the variability analysis, the evolution and correlations of different power
spectral components in two sub-bands of XRT: 0.5-2 keV and 2-10 keV, along with
RXTE results in 2-60 keV from Kalamkar et al. (2011). We present our interpretation
and discuss the origin of variability in the context of the models discussed above in
Section 5.4.

5.1.1 Earlier reports on MAXI J1659–152

MAXI 1659-152 (henceforth J1659) was discovered on 2010 September 25 with the
Swift Burst Alert Telescope (BAT; Barthelmy et al. 2010) and identified as a new
Galactic X-ray transient (de Ugarte Postigo et al. 2010; Negoro et al. 2010). It was
soon identified as a stellar-mass black hole candidate as it exhibited a type-C QPO
in the RXTE observation (Kalamkar et al. 2010). Kuulkers et al. (2012) determined
an orbital period of 2.41 hr, making J1659 the shortest orbital period BHB. The ac-
cretion disk inclination is estimated to be 60-80 degrees and the companion star is
suggested to be an M5 dwarf star. The system has an estimated distance of about 8.6
kpc and a height of 2.4 kpc above the Galactic plane (Kuulkers et al. 2012; see also
Kennea et al. 2011; Yamaoka et al. 2012).

Several X-ray spectral and timing results with RXTE and Swift have been reported
earlier. Kalamkar et al. (2011) report the hardness-intensity diagram and variability
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properties with RXTE data based on which they identify the source to be a BHB.
With the same data, Muñoz-Darias et al. (2011) report correlated spectral and tim-
ing properties, including lags. Shaposhnikov et al. (2011) also report lags and the
energy distribution of variability with the RXTE data. Yamaoka et al. (2012) report
the correlations of variability properties with RXTE data and spectral properties with
RXTE data along with some Swift observations that were simultaneous. Kennea et al.
(2011) report the spectral evolution and broad band variability properties along with
the QPO using Swift observations. For a detailed account of the results of observa-
tions at other wavelengths, we refer the reader to (Section 1; Kuulkers et al. 2012)
and the references therein, and the results of Jonker et al. (2012).

Yu & Zhang (2013) report energy dependent variability studies with Swift and RXTE,
similar to our analysis. The main difference in our works is that we report the full
evolution of the parameters of all the components in the power spectra, their correla-
tions and energy dependence along the outburst. In addition to the discussion of the
origin of the broad band variability, where we both arrive at similar conclusions (see
Section 5.4), we also discuss the origin of the QPO.

5.2 Observations and data analysis

We analysed all 38 observations taken in Windowed Timing (WT) mode with the
X-Ray Telescope (XRT; Burrows et al. 2005) on board the Swift satellite between
September 25, 2010 (MJD 55464) and October 22, 2010 (MJD 55491). Observa-
tions lasted between 0.9 and 19.5 ks containing between 1 and 28 Good Time In-
tervals (GTIs) of 0.1-2.5 ks. The data were obtained in the WT mode data (in wt2
configuration), which has a time resolution of 1.766 ms. We processed the raw data
using the standard procedure discussed in Evans et al. (2007) and only grade 0 events.
Pile-up, bad pixel corrections and background corrections were applied to the light
curves. For comparison, we also use the results from the first 47 RXTE (Jahoda et al.
2006) observations taken between September 28, 2010 and October 22, 2010, the
same period as the XRT observations, in the 2–60 keV energy band as previously
presented in Kalamkar et al. (2011).

To generate the XRT power spectrum (after removal of pile-up affected data and
without background and bad pixel corrections), we use the procedure described by
Kalamkar et al. (2013b). As the first four observations consist of multiple long indi-
vidual GTIs (some a few hundred seconds long) we report their individual power
spectra. For the rest of the observations, we report the average power spectrum
per observation. Leahy-normalized (Leahy et al. 1983) fast Fourier-transform power
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Figure 5.1: Top panel - Light curve in the full energy band and two sub-bands as indicated; Bottom
panel - Evolution of the fractional rms amplitude integrated up to 10 Hz in the energy bands indicated.
Each point in the light curve represents one observation and is pile-up, bad pixel and background cor-
rected. See Section 5.2 for the details of the evaluation of the fractional rms amplitude.

spectra were generated using 115.74-s continuous intervals. The 1.766 ms time reso-
lution gives a Nyquist frequency of 283.126 Hz. To facilitate comparison with RXTE
which covers 2–60 keV (henceforth xte band), two energy bands were used: hard, 2–
10 keV (also covered by RXTE) and soft, 0.5–2 keV (not covered by RXTE). See
Kalamkar et al. (2011) for the details of RXTE power spectrum generation. Periods
of dipping activity in the X-ray light curve, reported by Kuulkers et al. (2011) were
not excluded from our analysis.

A drop-off in power above 100 Hz due to instrumental effects has been reported in the
XRT power spectra. We also observe this drop-off in our data on this source. Hence,
we analysed the power spectra in the frequency range <100 Hz only. The Poisson
level is estimated by fitting a constant between 50-100 Hz where no source variabil-
ity is observed, as the Poisson level deviates from the expected value of 2.0 (see the
Appendix for details). This estimated Poisson level is subtracted and the power spec-
tra are expressed in rms normalization (e.g., van der Klis 1995). The power spectra
are fitted with several Lorentzians in the “νmax" representation (Belloni, Psaltis, &
van der Klis 2002b). The characteristic frequency νmax ≡ ν0

√

1 + 1/(4Q2), the
quality factor Q≡ ν0/FWHM, and the (> 0 Hz) integrated power P, where ν0 is the
centroid frequency and FWHM is the full width at half maximum of the Lorentzian,
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Figure 5.2: Representative power spectrum (obs-id 00434928003, MJD 55466) in the 0.5-10 keV band.
The best fit model using multiple Lorentzians for each power spectrum is shown.

were the fit parameters. When Q turned out negative, it was fixed to 0 (i.e., we fitted
a zero-centred Lorentzian); this did not significantly affect the other parameters. We
only report components with a single-trial significance P/σP− > 3.0 (unless other-
wise stated), with σP− the negative error on P calculated using ∆χ2 = 1. All the errors
reported in this work, including the Figures, are 1σ errors.

5.3 Results

5.3.1 Light curve and variability evolution

Figure 5.1 (top panel) shows the light curve in the 0.5-10 keV energy band and the
two sub-bands: soft and hard. The light curve has been reported to be of the fast-rise
exponential decay type in Swift BAT (Kennea et al. 2011) and RXTE PCA observa-
tions (Yamaoka et al. 2012). As Swift began observing the source ∼ three days before
RXTE, we can report the early rise of the outburst. We observe that the source was
already in the HIMS during the first XRT observation, as there was strong broad band
noise (up to 30 % fractional rms amplitude) and a type-C QPO (also see Kalamkar
et al. 2011). The peak intensity was observed on MJD 55476.7. Transitions to the
SIMS (where a type-B QPO is detected) were observed twice with RXTE (Kalamkar
et al. 2011); the first excursion to the SIMS on MJD 55481.7 was not observed by
Swift, the second transition on MJD 55484.7 was covered by XRT observations but
these ended before the transition back to the HIMS on MJD 55501. As reported by
Kalamkar et al. (2011), the source did not make a transition to the HSS before return-
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ing to the hard states.

The evolution of the fractional rms amplitude (henceforth referred to as rms) inte-
grated up to 10 Hz in the soft and the hard bands is shown in the bottom panel of
Figure 5.1. It is consistent with the integrated rms reported in Kennea et al. (2011)
with Swift XRT. The integrated rms was 31.5 ± 1.1% in the hard band during the first
observation, consistent with what is expected in the HIMS, and 26 ± 1.1 % in the
soft band. It decays in both energy bands as the source evolves towards the SIMS.
The two excursions to the SIMS reported by RXTE were accompanied by a drop in
the integrated rms in the xte band (see Figure 1 in Kalamkar et al. 2011). The first
excursion on MJD 55481.7 was not covered by Swift, but after the second transition
at MJD 55484.7, the integrated rms was 10.0 ± 2.5 % in the hard band (7.1 ± 2.7 %
in the xte band). During the rest of the observations the rms stayed close to ∼ 10 %
in the hard band (between 3%-9% in the xte band till MJD 55491). The soft band
variability is poorly constrained from MJD 55476.1 - MJD 55489 and hence not re-
ported here. It should be noted that the integrated rms is higher in the hard band than
in the soft band for all XRT observations.

5.3.2 Power spectral evolution

Figure 5.2 shows a representative power spectrum of an XRT observation in the 0.5-
10 keV energy band. The different components, in the order of increasing frequency,
can be identified as: the low frequency noise (lfn), the ‘break’ component, the QPO
identified as the type-C QPO (which will be referred to as the QPO), and the broad
band noise (referred to as ‘hump’) underlying the QPO. The harmonic of the QPO is
also detected (not present in the power spectrum shown here). The power spectrum
is very similar to the ones exhibited by other BHBs in the HIMS (e.g., Homan &
Belloni 2005; Casella et al. 2005). The coherences Q are in the range of 0.0–1.2 for
the lfn, 0.1–0.2 for the break, 0.4–11.7 for the QPO and 0.0–1.93 (and once incidence
of a high Q at 5.7) for the hump. All the components are detected in the hard and the
soft bands, although not always simultaneously and not in every observation. Type-B
QPO has been reported in the xte band with RXTE (Kalamkar et al. 2011), but we do
not detect it in the XRT power spectra.

5.3.3 Evolution of the parameters and their energy dependent behavior

I] Frequency evolution

The evolution of the frequencies of all the components in the soft and the hard bands
with time, along with the xte band from Kalamkar et al. (2011) is shown in Figure 5.3.
The vertical grey lines mark the (end-time of the) first four observations for which we
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Figure 5.3: The frequency evolution of all power spectral components with time. The grey lines
indicate the end-time of first four XRT observations in which we report detections in individual GTIs.
The rest of the detections are per observation. Components are indicated by different symbols with
colors indicating the different energy bands.

report detections in the individual GTI. The rest of the detections are in each average
Swift and RXTE observation. For clarity, additional components detected only in the
xte band reported in Kalamkar et al. (2011) have been omitted in this Figure.

All the components, except the lfn, show increase in frequency as the outburst pro-
gresses. The QPO frequency evolution in the hard and soft band is consistent with the
reports of Kennea et al. (2011) and Yu & Zhang (2013) with Swift XRT, and with the
xte band in Kalamkar et al. (2011). The rise in the QPO and hump frequency is very
rapid during the first three days. The frequency of the QPO is lower than the hump
frequency as long as the hump is detected in the hard band (till MJD 55466.6), and
up to MJD 55472 in the xte band. After MJD 55472, the QPO frequency is higher
than the hump, which in the xte band is at around 3.7 Hz. The QPO and the hump
in both the soft and the hard band show a correlation with intensity (not shown here),
which also increases with time; this behavior is commonly seen in BHBs.

The break component has very few detections. It shows an increase in frequency
in the hard and xte band. A change in frequency is not clearly seen between the two
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detections in the soft band. The components shown in grey are detections in the soft
band that cannot be identified unambiguously; these could be the break, hump or lfn.
Lack of simultaneous detections of all components in the power spectra makes it dif-
ficult to identify them correctly.

The lfn component does not follow the same evolution as the rest of the compo-
nents. This component is seen consistently at low frequencies below 0.1 Hz across
changes in intensity and state transitions without a large increase (of over a decade)
in frequency like the rest of the components. There are more detections of this com-
ponent in the soft band compared to the hard and xte band. It was also detected in
the soft band at 0.050 ±0.008 Hz at MJD 55489.5, when the source was in the SIMS
(not shown in Figure 5.3).

II] Rms evolution

Figure 5.4 shows the rms evolution of the different components with time, XRT in-
tensity and the component frequency. In the top panel, the rms shows a general trend
of decrease in strength with time for most of the components in all three bands. The
hump is the strongest component. Unlike other components, it first shows an increase
in strength till MJD 55465.2, followed by a decay. This behavior closely follows the
15–150 keV BAT light curve that shows a sharp rise reaching the peak at MJD 55465,
which is much earlier than the XRT peak, followed by a decay (Kennea et al. 2011).
In the soft band, the hump does not follow the BAT light curve and shows a decay
similar to the rest of the components.

During the rise of the outburst, the rms of the QPO in the hard and soft band shows
a decay in amplitude with time, which is steeper than that of the hump. During the
first RXTE observation quasi-simultaneous with XRT, the QPO was stronger in the
xte band than the hard band, with no detection in the soft band. Overall, the QPO is
weakest and decays most rapidly in the softer bands. The break component shows
an rms decrease in the hard band, not much change in the soft band, and an initial
increase in strength followed by a decrease in the xte band. So, the break component
becomes stronger at higher energies, but much later in the outburst. The lfn shows a
decrease in rms, but the fall is not monotonic, particularly in the soft band. Its rms is
higher in the soft band than the hard for the simultaneous detections.

Figure 5.4 middle panel shows the rms dependence of all components in the soft
and hard band on XRT intensity. All the components (except hump in the hard band)
show an anti-correlation with intensity. The rms of the hump in the hard band shows
first a rise and then a decay, associated with its non-monotonic behavior versus time
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Figure 5.4: Evolution of fractional rms amplitude of the different components with time (top panel), and
its dependence on XRT intensity (middle panel) and frequency of the respective components (bottom
panel). In the top panel, the grey lines indicate the end-time of first four XRT observations in which we
report detections in individual GTIs. The rest of the detections are per observation. The components
are as indicated in the top panel with colors indicating the energy bands as shown in the bottom panel.
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in the rise of the outburst. This results in a weaker correlation with intensity in the
0.5-10 keV band than of the other components. The lfn shows a decrease, but with a
large scatter, indicating that the dependence on intensity is very weak.

Figure 5.4 bottom panel shows the relation between the rms of different components
and their corresponding frequencies. As the lfn does not show strong evolution in
frequency, it is omitted in this figure. The rms of the QPO shows an anti-correlation
with its frequency in all three bands. In the xte band, the anti-correlation becomes
steeper when the rms falls below ∼10 %. This happens close to the time around
which the hump frequency falls below the QPO frequency (Figure 5.3, MJD 55472)
seen in the xte band; there are no hump detections in the soft and hard band during
this period. Interestingly as seen by comparing top and bottom panels in Figure 5.4,
till this time the rms of the hump is flat, but then the frequency and rms of the hump
turn over and decrease in a correlated fashion in the xte band. So in the bottom panel
the xte band hump track has two branches: the flat branch and the correlated branch,
which meet at a ’turnover’ frequency. In the hard band for the hump, although the
shape of the track is somewhat reminiscent of that in the xte band, the evolution in
rms takes place much earlier in time and not chronologically. In this band the value
of the rms switches between the flat and correlated branches several times and there
is no turnover frequency. In the soft band the hump shows a linear anti-correlation.
If the unidentified detections in the soft band are the hump, then the track will have a
similar two branch shape traced chronologically like the xte band but earlier in time.
This degenerate behavior of the hump rms versus frequency and the shape of the
tracks followed in different energy bands has not been reported before for this source.

The break component in the xte band is the only component for which the rms shows
a positive correlation with frequency for all detections. In the hard band, the break
appears to have an anti-correlation. The behavior of the break component in the soft
band is unconstrained by our data.

III] Coherence of the QPO

Figure 5.5 shows the evolution of the coherence Q of the QPO in all three bands. We
report for the first time the evolution of the Q in the soft band. It increases during the
rise of the outburst, similar to the hard band. It should be noted that the fast rise in
the QPO frequency may also lead to the broadening of the component, resulting in a
lower than intrinsic Q. There has been no evidence of QPO frequency dependence on
the energy (Belloni et al. 1997). In our data, the rate of change of frequency during
the first three days is 5.4 ×10−6 Hz/s, in the hard as well as the soft bands. For a
typical GTI ∼ 1 ks long, contribution to the broadening of the QPO due to increase
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Figure 5.5: Evolution of the coherence Q of the QPO with time in all three bands. The grey lines
indicate the end-time of first four XRT observations in which we report detections in individual GTIs.
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in frequency is 0.0054 Hz (maximum of 0.0135 Hz for the longest GTI of 2.5 ks).
The total FWHM of the QPO are in the range of 0.13–0.87 Hz in the soft band and
0.027–0.25 Hz in the hard band. Hence, the increase in frequency contributes to the
broadening of the QPO, but by a small factor in most cases and importantly, by the
same magnitude in the hard and soft bands. It is interesting to note that the Q in the
soft band is lower than in the hard band for all simultaneous detections, sometimes
significantly so. The weighted mean Q value of only the simultaneous detections in
the hard and soft band are 5.07±0.29 and 1.23±0.07, respectively. Also, as shown
earlier, the QPO is weaker in the soft band than in the hard band. This indicates that
the QPO is broader as well as weaker in the soft band than in the hard band.

5.3.4 The rms spectrum and energy dependence of frequency

Figure 5.6 shows the dependence of the rms and frequency of the corresponding com-
ponents on energy for the first simultaneous observation with XRT and RXTE. This
is the first report of the rms spectrum, i.e., rms as a function of energy, down to 0.5
keV. In the rms spectrum (top panel), the lfn is the strongest in the 0.5–1 keV band,
where no other component is detected. The component is significantly detected till
20 keV with a decreasing rms; as the lfn cannot be constrained in the 20-30 keV
band, we integrate the rms up to 0.1 Hz, which is 2.8 %. Hence, the lfn has a soft
spectrum. The rest of the components show the opposite; the rms increases with
energy. The hump is the strongest component but is detected only in the 2-10 keV
bands. Although it shows strong indications of being harder (Section 5.3.3), it cannot
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Figure 5.6: The dependence of the fractional rms amplitude (top panel) and the corresponding fre-
quency (bottom panel) of each component on energy from the first simultaneous XRT and RXTE ob-
servation (MJD 55467). The vertical grey lines indicate the boundaries of the energy bands and the
points are plotted at the central energy bin. The detections below 2 keV are from the XRT data and
the detections above 2 keV are from the RXTE data, except for the break shown in the 2-10 keV range
which is from the XRT data.

be constrained above 10 keV in this observation. The break component is not con-
strained below 1 keV. Its amplitude increases till its detection up to 20 keV. The QPO,
which is the only narrow component in the power spectrum, is also not constrained
below 1 keV. The rms of the QPO increases till 15 keV and then shows (possibly) a
small decrease till 30 keV. Shaposhnikov et al. (2011) report the rms spectrum using
the same RXTE observation. Our results are consistent with a hard spectrum they ob-
serve for the QPO. The soft rms spectrum of the lfn and hard rms spectrum of other
higher frequency components is similar to that seen in J1753 (Kalamkar et al. 2013b)
up to 10 keV in the XRT data, and like in that source suggests these components have
different origin (Section 5.4).

Figure 5.6, bottom panel, shows the energy dependence of the (characteristic) fre-
quency of the components discussed above. It is interesting to note that the QPO,
the only narrow component, is the only component whose frequency does not show
dependence on energy. This was also reported by Belloni et al. (1997) in GS 1124-68
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and GX 339-4. The frequency of the rest of the components show a possible energy
dependence. The hump frequency does not show strong energy dependence with
only two detections (both have Q of 0.08). The break frequency (Q in the range of
0-0.18) shows an increase with energy till 15 keV, followed by a possible decrease. A
similar energy dependence of the break was reported earlier by Belloni et al. (1997)
in GX 339-4 and GS 1124-68 and in XTE J1650-500 (Kalemci et al. 2003). The lfn
frequency shows a possible energy dependence. It increases with energy, peaks in
2-5 keV, and falls till 15 keV and then shows an increase in the 15–20 keV band.

5.4 Discussion

We analysed all the Swift XRT observations of the black hole binary MAXI J1659-
152 during its outburst in 2010 and report the variability behavior. We report the
evolution of all variability components observed in the power spectra in the soft (0.5-
2 keV) band simultaneously with the hard (2-10 keV) band and their correlations. We
present these results and also a comparison with the RXTE results in the 2-60 keV
band from Kalamkar et al. (2011). The merit of this study is that variability is studied
over the full energy range 0.5-60 keV. This range contains emission from both com-
ponents of the accretion flow: the accretion disk which generally dominates below
∼ 2 keV and the hot flow which generally dominates above ∼ 2 keV. We present for
the first time the rms spectrum of different variability components in the 0.5-30 keV
energy range. We find that the frequency of some components varies with energy
(but not that of the type C QPO). We also report for the first time on the coherence of
the type-C QPO down to 0.5 keV and find evidence for lower Q at low energies.

The different variability components can be broadly separated into two categories:
a) components that evolve in frequency - the QPO, hump and the break, referred to
as the higher frequency components and, b) the component which does not evolve
much in frequency - lfn which stays below 0.1 Hz. The rms spectrum (Figure 5.6)
of these two categories also shows different behavior; the higher frequency compo-
nents are harder, i.e., amplitudes increase with energy, while the lfn is soft, i.e., the
amplitude decreases with energy. This suggests that the lfn and the higher frequency
components arise in different regions of the accretion flow and/or have different driv-
ing mechanisms. We investigate this in the context of the propagating fluctuations
model (Lyubarskii 1997), and the hot flow Lense-Thirring precession model (Fragile
et al. 2007; Ingram & Done 2011).
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5.4.1 Origin of the low frequency noise

In our analysis, we find that the lfn does not show strong evolution in frequency with
either time or intensity. Yu & Zhang (2013), from variability studies of J1659 with
XRT data, suggest that the lfn (which they refer to as the power law noise) orig-
inates in the disk. Their argument is based on the correlated emergence of thermal
disk component and lfn accompanied by the weakening of band limited noise (hump)
and the QPO in the soft band. We observe that the lfn rms is strongest in the 0.5-1
keV band and decreases with energy. If the lfn originated in the hot flow, then the rms

would be expected to a) increase with energy similar to higher frequency components
and, b) be weaker in the 0.5-1 keV band due to contamination from non modulated
photons from the disk. We see the exactly opposite energy dependence.

The lfn shows all the characteristics of a component arising in the thermal disk, pos-
sibly due to fluctuations (Lyubarskii 1997) arising in the disk. The lack of frequency
dependence on intensity can be naturally explained as the lfn is not associated with
a ‘moving’ radius in the accretion flow. As the source evolves towards the soft state,
the inner radius of the accretion disk is suggested to decrease (Kennea et al. 2011),
but if the fluctuations arise further out in the accretion disk than the truncation radius,
the frequency may stay stable. As the fluctuations can propagate to inner regions of
the accretion flow, the detection of this component at hard energies (up to 30 keV)
can be naturally explained. The drop in rms along the outburst could be due to the
fluctuations becoming inherently weaker as the source evolves to softer states, or di-
lution due to stronger unmodulated disk emission, or a combination of both factors.
It is not understood why and in what capacity, these factors play a role in decreasing
the strength of the component in the soft state.

5.4.2 Origin of higher frequency components

A. Origin of the broad components

The set of higher frequency components consists of the type-C QPO, the hump and
the break component. Similar to other BHBs, these components are detected in the
HIMS. We discuss here the behavior of the broad components viz. the hump and the
break. The break component has very few detections in all three bands. So any in-
terpretation should be taken with caution. The break frequency increases in the hard
and xte band, but not in the soft band. The break frequency has been associated with
the truncation radius of the disk (Ingram & Done 2011). As stated earlier, evolution
towards the soft state is thought to be associated with the motion of the accretion disk
towards the black hole leading to a decrease in the inner radius. As the disk radius
decreases, the frequency of the break increases. The frequency also shows energy
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dependence. In Figure 5.3, the first simultaneous detection in all three bands is at dif-
ferent frequencies. It has a higher frequency in the hard band than the soft band (as
also seen in the rms spectrum), but in the xte band the frequency is the lowest. This
could be a fitting artefact as possibly the hump, which is not detected with XRT in
this observation, subsumes it. We speculate this as there are more detections of break
in the xte band later when the rms of the hump is low, and also the break shows an
increase in rms over that period. The increase in peak frequency with photon energy
(Figure 5.6) can be attributed to the dependence of the emission profile of the energy
spectrum on the radius of the accretion disk.

Extending further the scenario of propagating fluctuations to smaller radii and more
inner regions of the accretion flow, we expect to observe higher frequency variability
which is harder in nature. This was also suggested by Ingram & Done (2011). The
hump is the strongest component in the hard and xte bands (see Figure 5.4), where
the emission from the hot flow dominates. Its rms follows the BAT light curve in
the 15-150 keV band more closely than the XRT light curve in the 0.5-10 keV band.
The frequency of this broad component is higher than the break at all times and the
QPO for most of the detections (also see below). All this suggests the origin of the
hump to be in the hot flow. This has also been suggested by Yu & Zhang (2013) in
J1659. In J1753, the hump was suggested to arise in the hot flow based on its hard
rms spectrum in the 0.5-10 keV band (Kalamkar et al. 2013b).

The frequency rms correlation of the hump shows a degenerate behavior; the rms

which is initially flat starts decreasing as the frequency decreases. Similar frequency
rms correlations have been studied in many BHBs (Pottschmidt et al. 2003; Axelsson
et al. 2006; Klein-Wolt & van der Klis 2008). They suggest that the emitting region
can act as a ‘filter’ to high frequency fluctuations (Psaltis & Norman 2000) and re-
duce their amplitude. The dampening effects can play a significant role in shaping
the power spectrum (Kotov et al. 2001). As the source evolves towards softer states,
the frequencies of most of the components in the power spectrum increase, mov-
ing through this ‘frequency’ filter. The suppression of variability at high frequencies
could effectively lead to what appears to be a ‘lower’ peak frequency in our fits. This
may explain the behavior in the xte band. This behavior however, cannot explain
what we see in the hard band, as the path traced in this correlation is not chornologi-
cal. It should be noted that this behavior, in some of the works mentioned here, have
associated this effect with state transitions while for J1659, we observe the turnover
during the HIMS.
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B. Origin of the QPO

The QPO (and its harmonic) is the only narrow component observed in the power
spectrum. Similar to other BHBs, it shows an increase in frequency and a decrease in
the rms as the source evolves towards soft states. The decrease in rms is steepest in
the soft band. There are more detections in the hard band than the soft band. It has a
hard rms spectrum as well. The model of propagating fluctuations naturally predicts
the origin of the broad components, but an additional mechanism would be required
to explain the high coherence of (only) the QPO. Also, it cannot explain why the
QPO frequency does not show energy dependence while the other broad components
do. All this indicates that a different mechanism is at play in generating the QPO.

The Lense-Thirring precession of the hot inner flow (Stella & Vietri 1998; Fragile
et al. 2007; Ingram et al. 2009) is a strong candidate model to explain the origin of
QPO (see van Straaten et al. 2003, Altamirano et al. 2012 for arguments against the
applicability of this model to some neutron star systems). The physical model (In-
gram & Done 2011) that was developed for the QPO can explain some properties
such as the frequency and coherence evolution. High QPO amplitudes at higher en-
ergies have been reported earlier in the rms spectra of many BHB (see e.g., Belloni
et al. 1997; Sobolewska & Życki 2006) which can also be explained by this model.
We extend the rms spectrum down to 0.5 keV, where we cannot constrain the QPO
below 1 keV. A drop in the amplitudes at low energies due to dilution from disk
emission was predicted by Ingram & Done (2012). This was also reported in J1753
(Kalamkar et al. 2013b). The coherence of the QPO increases in both the hard and
the soft band during the initial rise of the outburst. There are strong indications for
J1659 that the QPO is narrower in the hard band compared to the soft band. There is
no explanation in the model yet for a lower coherence in the soft band.

Dramatic changes in the power spectrum are observed during state transitions, which
happen close to the radio flaring behavior episodes, although a causal connection has
not been established (Fender et al. 2009). A drop in the fractional rms amplitude of
broad band variability is observed during state transitions. The radio flaring is associ-
ated with the discrete ejections of material, possibly the corona (see e.g., Rodriguez
& Prat 2008; Fender et al. 2009). One way to probe this is to trace the soft band
variability during these ejection events: the variable disk emission should remain ob-
servable during the state transitions, if the ejected material is the corona and does not
affect the disk. As part of the variable emission comes from the disk, the drop in
variability in the soft band should be less than in the hard band. For J1659, close to
the radio flaring behavior, (MJD 55477, van der Horst et al. 2010b), the hard band
variability is detected around 10 % during that period, but the soft band variability is
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poorly constrained (MJD 55476.1 - MJD 55489) and hence we cannot comment on
this. However, we would like to remark that monitoring of the soft X-ray variabil-
ity during radio flaring behavior of BHBs can provide constraints on the ejection of
corona scenario.

This work highlights the importance of BHB variability studies with Swift XRT as
it has access to soft and hard bands, simultaneously. We have strong indications for
variability arising in both the components of the accretion flow, In addition, there is
also evidence for two different mechanisms at play to generate variability. Although
other techniques (e.g., lag studies) are necessary to confirm these results, it can be
clearly seen that energy dependent variability study is a powerful method to probe
the dynamics of the accretion flow. More such studies and observations of more
BHBs with Swift can help resolve the long standing question of origin of variability.
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Abstract

We study the outbursts of the black hole binaries MAXI J1659–152, SWIFT J1753.5–
0127 and GX 339–4 with the Swift X-ray Telescope. The bandpass of Swift has access
to emission from both the components of the accretion flow: the accretion disk and
the corona/hot flow. This allows a correlated spectral and variability study, with
variability from both the components of the accretion flow. We present for the first
time, a combined study of the evolution of spectral parameters (disk temperature and
truncation radius) and timing parameters (frequency and strength) of all the frequency
components in the power spectrum in different spectral states. Comparison of the
correlations in different spectral states shows that the frequency and strength of the
timing components exhibit dependences on the disk temperature that are different in
the (low-)hard and the hard-intermediate states; most of these correlations that are
clearly observed in the hard-intermediate state (in MAXI J1659–152 and GX 339–4)
are not seen in the (low-)hard state (in GX 339–4 and SWIFT J1753.5–012). Also, the
responses of the individual frequency components to changes in the disk temperature
are markedly different from one component to the next. Hence, the spectral-timing
evolution cannot be explained by a single correlation that spans both these spectral
states. We discuss our findings in the context of the existing models proposed to
explain the origin of variability.
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6.1 Introduction

Accretion in black hole binaries (BHBs) can be studied by tracing the evolution of
their spectral and timing properties during outbursts. Decades of studies show ev-
idence of a two-component structure of the accretion flow: a geometrically thick
optically thin plasma (which we refer to as the hot flow), and, a geometrically thin
optically thick accretion disk. The interplay between these two components leads to
dramatic changes in the spectral and variability properties during an outburst. The
evolution of an outburst can be studied in terms of different spectral ‘states’. We first
outline the phenomenological behavior of a BHB in a typical outburst (see Belloni
et al. 2005; Homan & Belloni 2005; Remillard & McClintock 2006, for detailed re-
views), followed by a discussion of the current challenges.

The states can be broadly classified as hard and soft states, based on the spectral com-
ponent that dominates the emission. In the low-intensity hard state (LHS), the energy
spectra are dominated by hard emission (& 2 keV) modelled by a power-law (index
. 1.8) with a cut-off at few tens of keV. As the outburst progresses, the intensity
increases till the source reaches ‘intermediate’ states (IMSs), divided into hard IMS
(HIMS) and soft IMS (SIMS). The energy spectrum gradually ‘softens’ at somewhat
constant intensities due to increasing contribution from the soft component, which
is modelled by a black-body. Multiple transitions between the HIMS and SIMS are
observed before the source makes a transition to the softest state - the high intensity
soft state (HSS). The soft state energy spectra are dominated by the black-body com-
ponent (. 2 keV) and a softer and weaker power-law (index . 2.2). At some point,
the intensity decreases and the source goes through the IMS to the LHS during the
decline of the outburst.

The variability properties in different states are described as follows: the LHS has
strong (tens of percent fractional rms amplitude, henceforth rms) variability. The
power spectra are characterized by broad band noise components, often accompa-
nied by narrow peaked Quasi Periodic Oscillations of type-C (see below). The HIMS
and SIMS are marked by strongly different variability properties. The HIMS power
spectra show type-C QPOs and broad band noise (weaker than in the LHS), while
the SIMS power spectra have weaker variability and are often accompanied by ei-
ther type-A or type-B QPO. Type-C QPOs are stronger and span a larger range of
frequencies compared to the type-A/B QPOs. Type-C QPOs are observed in the
HIMS, while type-A/B QPOs are observed in the SIMS (see e.g., Wijnands et al.
1999; Casella et al. 2005). In the HSS, the variability is very weak (few percent rms).

The description above is that of a typical BHB outburst. It should be noted that
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not all sources exhibit all spectral states; e.g., some sources have hard outbursts with-
out transiting to the HSS. The intensity at which different states are observed varies
in different sources; e.g., a source may be the hardest (with properties similar to the
‘LHS’) during the peak of the outburst, i.e. at high intensities, while the soft states
are exhibited at relatively lower intensities.

The fundamental physical processes that give rise to the different spectral compo-
nents are understood relatively well. The soft emission modelled by the black-body
component is due to thermal emission from the disk. The hard emission is attributed
to Compton up-scattering of photons from the disk in an optically thin hot flow. How-
ever, the structure and geometry of the accretion flow are under strong debate; it is
unclear if the hard component emitting region is a corona, a hot flow (see e.g., Remil-
lard & McClintock 2006; Done et al. 2007) and/or the base of the jet (Markoff et al.
2001). It is also not established how ‘truncated’ the disk is during different stages
of the outburst. Earlier, the disk was believed to be far from the black hole (large
truncation radii) in the hard state, reaching close to or at the innermost stable circular
orbit (ISCO) in the soft state. Recent studies suggest that the disk is not truncated in
the hard state (see e.g., Done et al. 2007 and Reynolds & Miller 2013 for differing
arguments).

The origin of variability is somewhat less understood. For the broad band variabil-
ity, fluctuations in the mass accretion rate that propagate through different regions of
the accretion flow and modulate the emission, have been suggested to be a possible
mechanism (Lyubarskii 1997; Uttley et al. 2005). Ingram & Done (2011) associated
the frequencies of different variability components with different radii in the hot flow:
the lower break and upper break (hump component) frequencies of the broad band
noise have been associated with the outer truncation radius of the hot flow (truncation
radius of the disk) and the inner region of the hot flow, respectively. Recent studies
suggest that part of the broad band variability can also originate in the disk; with the
low frequency (few tens of seconds) fluctuations arising intrinsic to the disk (Wilkin-
son & Uttley 2009; Kalamkar et al. 2013b; Yu & Zhang 2013).

Many models have been proposed to explain the origin of the type-C QPO. The state-
of-the-art models require different mechanisms and geometry. One model associates
the QPO with the Lense-Thirring precession of the hot flow (Stella & Vietri 1998;
Fragile et al. 2007; Ingram & Done 2011). The changes in QPO properties (fre-
quency, strength and coherence) arise due to the motion of the outer edge of the hot
flow, which is the truncation radius of the disk. The other class of models require
a coronal geometry; in these models the QPO is associated with oscillations in the
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azimuthal magnetic field in the corona (see e.g., O’Neill et al. 2011). This model can
explain the QPO frequency evolution but the evolution of other properties is uncer-
tain. A unanimous picture has not emerged yet.

Detailed spectral studies have been performed using data from various X-ray mis-
sions such as EXOSAT, Ginga, Rossi X-ray Timing explorer, Swift and XMM-Newton.
Variability studies have been extensively performed with RXTE in the past few years.
Recent works on disk variability discussed above highlight the need and importance
of studying variability in the soft band, which can be accessed with XMM-Newton

and Swift. A study with a combined spectral and timing approach, which covers the
emission from both the components of the accretion flow, can help advance our un-
derstanding of these systems. Earlier efforts in this direction mostly report the QPO,
which has been suggested to originate in the hot flow. As variability also arises in
the disk, soft band variability studies are crucial. Swift, which provides such soft
band access, has observed the outburst evolution of many BHBs (see e.g., Reynolds
& Miller 2013).

We selected the BHBs MAXI J1659–152, SWIFT J1753.5–0127 and GX 339–4 for
our study as they show different behavioral patterns in their outbursts (see Section
6.2.1–6.2.3). We use a combined spectral and timing approach to study the corre-
lated evolution of the spectral components and all the timing components with Swift

data. We investigate the correlations of spectral and timing parameters in different
states and perform a comparative study of these correlations to examine changes
across states. In Section 6.2, we introduce the different systems and their earlier re-
ports in detail, and the observations we use in this work. In Section 6.3, the methods
employed to reduce and analyse the data are discussed. Section 6.4 discusses the
spectral and timing results, and their correlations are discussed in Section 6.5. We
discuss our findings and the implications in Section 6.6.

6.2 Observations

We study the outburst of the black hole X-ray binaries MAXI J1659–152, SWIFT
J1753.5–0127 and GX 339–4. We utilise the observations obtained with the X-ray
Telescope (XRT; Burrows et al. 2005) on board the Swift satellite (Gehrels et al. 2004)
taken in Windowed Timing (WT) mode (in wt2 configuration). Each observation
consists of one or more Good Time Intervals (GTIs, times during which XRT was
collecting data), which can last up to 2.5 ks. We introduce these sources and describe
their observations below.
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6.2.1 MAXI J1659–152

MAXI J1659–152 is a BHB suggested to have the shortest known orbital period (2.41
hours; Kuulkers et al. 2012). Various reports estimate a distance and the mass of the
black hole in the range of 4–8.6 kpc and 2.2–20 Solar masses, respectively. During
its (only) outburst in 2010, the X-ray spectral and timing behavior of the source ob-
served with RXTE and Swift was similar to that of other BHBs (see Kalamkar et al.
2011; Yamaoka et al. 2012; Muñoz-Darias et al. 2011; Kennea et al. 2011; Yu &
Zhang 2013; Kalamkar et al. 2013a; Kuulkers et al. 2012, for earlier reports).

We present the results of 38 observations obtained between September 25, 2010
(MJD 55464) and October 22, 2010 (MJD 55491). Timing studies of these obser-
vations have been reported by Kalamkar et al. (2013a). The source was in the LHS
when it was first observed with the Monitor of All-sky X-ray Image (MAXI; Mat-
suoka et al. 2009) on MJD 55460.5 (Kalamkar et al. 2011). The source had evolved
to the HIMS when Swift and RXTE started observing it on MJD 55464 and MJD
55467, respectively. Multiple state transitions to the SIMS have been reported (see
Kalamkar et al. 2011, 2013a). The XRT observations ended after the source made
the second transition to the SIMS. As noted by Kalamkar et al. (2011), the source did
not make a transition to the HSS before retuning to the HIMS.

6.2.2 SWIFT J1753.5–0127

SWIFT J1753.5–0127 (henceforth J1753) is the BHB with the second shortest orbital
period known (3.2 hours; Zurita et al. 2008), and is a quasi-persistent system. The
estimated distance and the black hole mass are between 4–8 kpc and 4–16 Solar
masses, respectively (Cadolle Bel et al. 2007; Zurita et al. 2008). It went into an
outburst in 2005 and has been active since then. Spectral and timing studies revealed
that the source remained in the (low) hard state during the peak and decay of the
outburst in 2005 (Cadolle Bel et al. 2007; Zhang et al. 2007; Ramadevi & Seetha
2007; Chiang et al. 2010). It made a transition to the HIMS after four years, but did
not make a transition to the SIMS or the HSS (Soleri et al. 2013). Hence, J1753 did
not show the typical evolution through the different states of an outburst seen in other
BHBs. Spectral analyses with XMM-Newton and RXTE suggested the presence of a
cool disk at or close to the ISCO in the hard state (Miller et al. 2006; Chiang et al.
2010). We present the results of only the 29 bright observations obtained in 2005
between July 1 and October 22 (MJD 53552–55337) during the hard state, where we
observe QPOs and broad band noise components. The spectral and timing evolution
of the source have been reported by Reynolds & Miller (2013) and Kalamkar et al.
(2013b), respectively.
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6.2.3 GX 339–4

GX 339–4 (henceforth GX-339) is a BHB located at a distance of > 6 kpc (Hynes
et al. 2004) with a mass function of 5.8 Solar masses and an orbital period of 1.75
days (Hynes et al. 2003). GX-339 underwent several outbursts and has been reported
to exhibit all canonical states observed in BHBs (see e.g., Zdziarski et al. 2004; Motta
et al. 2011) with the RXTE. We present the results of 24 observations of only the
outburst in 2010 from January 21 to June 5 (MJD 55217–55352), during which we
observe strong variability (QPOs and broad band noise) with Swift. The source was in
the LHS till MJD 55294 and in the HIMS from MJD 55296–55303 (Nandi et al. 2012;
Yan & Yu 2012; Debnath et al. 2010). The source then exhibited state transitions
between the HIMS and the SIMS (Motta et al. 2011), which were covered with XRT.
It was reported from the RXTE data that the source then made a transition to the HSS
and back to the LHS through HIMS, exhibiting a typical outburst (Dinçer et al. 2012;
Cadolle Bel et al. 2011).

6.3 Reduction & Analysis Procedure

6.3.1 Spectral Analysis

All observations were reprocessed using xrtpipeline and the latest Swift 

files. Source and background spectra in addition to the relevant response files and
exposure maps were created as outlined in Reynolds & Miller (2013), where we con-
sider valid events in the 0.5–10 keV energy range. Data reduction and analysis were
performed within the  6.13 environment containing  12.8.0 (Arnaud
1996). All spectra have their energy channels grouped into bins to contain a mini-
mum of 20 counts per bin. Errors are calculated via the error command and are
equivalent to the 90% confidence interval. We report the average energy spectrum
per observation, except for the observations of J1659 between MJD 55464–55466,
where the energy spectrum is reported for each GTI (see below).

We follow the procedure outlined in Reynolds & Miller (2013) to analyse the energy
spectra. Here we present the results of the model phabs(diskbb+comptt). The
comptonization model (comptt) rolls over at low energies and we fix the comptt
input seed photon temperature to that of the disk. Accounting for this is of the utmost
importance for detectors with a low energy cutoff such as Swift XRT.

Recently Miller et al. (2009) have shown that there is a lack of significant local ab-
sorption in LMXBs. Hence, the column density was fixed at a value consistent with
the literature. Absorption by intervening neutral hydrogen was modelled via phabs,
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where the abundances and cross-sections assumed are bcmc (Balucinska-Church &
McCammon 1992) and aspl (Asplund et al. 2009) respectively. For completeness,
fits were also carried out with the tbnew absorption model (Wilms et al. 2011) and
the results are found to be consistent with phabs at all times.

6.3.2 Timing Analysis

The observations were processed using the standard procedure of Evans et al. (2007).
We select only grade 0 events, as these are single pixel events1. To obtain the XRT
power spectrum (after removal of data affected by pile-up and without background or
bad pixel corrections), we use the procedure described by Kalamkar et al. (2013b).
Leahy normalized (Leahy et al. 1983) power spectra were generated of 115.74-s con-
tinuous intervals (or shorter if the Good Time Interval was short). The power spectra
were then averaged per GTI for the observations of J1659 between MJD 55464–
55466, as these were a few hundred seconds long, and per observation for the rest of
the data. As the time resolution of the WT mode is 1.766 ms, the Nyquist frequency
is 283.126 Hz.

We analyse the power spectra below 100 Hz. The Poisson level is estimated by
averaging the power between 50–100 Hz, where no source variability is observed
(we refer the reader to the Appendix for details). This estimated Poisson level is sub-
tracted from each power spectrum of the GTI/observation, and the power spectrum is
expressed in rms normalization (van der Klis 1989). The power spectra are fit with
several Lorentzians in the "νmax" representation (Belloni et al. 2002b). The fit param-
eters for each Lorentzian are: the characteristic frequency νmax ≡ ν0

√

1 + 1/(4Q2),
the coherence or the quality factor Q≡ ν0/FWHM, and the integrated power P, where
ν0 is the centroid frequency and FWHM is the full width at half maximum of the
Lorentzian. When the Q < 0.0 in the fit, it is fixed to 0.0; this did not affect the other
parameters significantly. All the components reported have a single trial significance
of P/σP− > 3.0, with σP− the negative error on P calculated using ∆χ2 = 1. The
errors on timing parameters reported here are calculated using ∆χ2 = 1. We study
the power spectra in two energy bands: 0.5–2 keV (soft) band and 2–10 keV (hard)
band.

1The incident photon may generate a charge cloud spread over multiple pixels. Events spread over
multiple pixels lead to drop-off in power at high frequencies in the power spectrum (Kalamkar et al.
2013b)
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Figure 6.1: Light curves of MAXI J1659–152, SWIFT J1753.5–012 and GX 339–4. The total un-
absorbed flux is in the 0.5–10 keV energy band. The vertical lines in the top left and bottom panels
indicate (the first) state transitions; multiple transitions between HIMS and SIMS are observed in both
cases, but are not shown here. SWIFT J1753.5–012 is observed in the hard state with no state transitions
in our data.
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Figure 6.2: Representative energy spectra of MAXI J1659–152 (MJD 55466, observation
00434928003), SWIFT J1753.5–012 (MJD 53562, observation 00030090015) and GX 339–4 (MJD
55289, observation 00030943013) and the residuals (in the respective bottom panels) in the 0.5–10 keV
energy band. The spectra are fit with the diskbb+comptt model. See Section 6.4.1 for details.
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6.4 Results

Figure 6.1 shows the light curve of the three sources. The different states in which
these sources were observed are indicated. In J1659, the intensity increases sharply
during the first few days reaching the peak on MJD 55478, followed by a decrease
with large scatter in the flux. The source was in the HIMS till MJD 55481, followed
by a state transition to the SIMS; transitions between the HIMS and the SIMS were
observed during the later part of the outburst (Kalamkar et al. 2011). In J1753, the
rise and decay of the outburst were observed. The source was reported to be in the
hard state during all these observations (Cadolle Bel et al. 2007; Ramadevi & Seetha
2007; Soleri et al. 2013). It should be noted that this is a hard state at ‘high’ intensity,
as it is observed during the peak of the outburst. GX-339 was observed in the LHS,
the HIMS and the SIMS with several transitions between the HIMS and the SIMS
(Motta et al. 2011). After the source entered the HIMS, the rise in flux became steep
(similar to what is observed in J1659), followed by a decrease in flux with scatter.

6.4.1 Spectral evolution

Figure 6.2 shows representative energy spectra of the three sources. The spectra are
in the HIMS for J1659, in the hard state for J1753 and in the LHS for GX-339. They
all show the presence of the soft disk component and hard power-law like emission in
these observations modelled with diskbb+comptt. The disk is significantly detected
in many observations in these three sources (see below).

Figure 6.3 shows the evolution of the disk temperature as a function of the total unab-
sorbed flux. In J1659, the disk is detected over the entire period of observations. The
temperature initially stays somewhat constant, followed by an increase in a correlated
fashion with the flux. The correlation spans the HIMS and the SIMS, although a large
scatter is seen at higher disk temperatures. In GX-339, the disk is not significantly
detected in the first observation (and hence not shown in Figure 6.3), but it is detected
in all subsequent observations. The temperature does not show a large change during
the LHS (as also reported by Cadolle Bel et al. 2011). The temperature begins to
increase after the source enters the HIMS, (flux > 1.7e-08 ergs/cm2/s). A scatter is
seen above a disk temperature of 0.5 keV, corresponding to the time when the source
exhibits transitions between the HIMS and the SIMS. In J1753, the disk is detected
during the rise, peak and decay of the outburst till MJD 53587 (see Figure 6.1). In
Figure 6.3, it appears that the temperature increases till the flux reaches its maximum,
followed by a decrease in temperature during the flux decay. However, as the errors
on the disk temperature are large, this cannot be said conclusively. Independent of
the large errors, we observe that both the disk temperature and the flux vary over a
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Figure 6.3: Evolution of the disk temperature as a function of the total unabsorbed flux in the 0.5-10
keV energy range. Note the different range of temperatures and fluxes spanned in both the panels. All
detections of the disk shown here are above 5 σ.

limited range in J1753; J1659 and GX-339 span a larger range of fluxes as well as
disk temperatures.

The important spectral parameters that characterise the spectral model are the disk
temperature (which in our model is equal to the input seed photon temperature) and
the plasma optical depth. As the XRT CCD is only sensitive to X-ray emission in
the energy range below 10 keV, we are unable to independently constrain the elec-
tron temperature, which requires detection of the spectral cut-off typically present at
energies in excess of 100 keV. For this reason, the electron temperature was fixed at
50 keV in all fits. This has the effect of producing power-law like high energy emis-
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Figure 6.4: Representative power spectra of MAXI J1659–152 (MJD 55466, observation
00434928003), SWIFT J1753.5–012 (MJD 53562, observation 00030090015) and GX 339–4 (MJD
55289, observation 00030943013) in the 0.5–10 keV energy band. The best-fit model using multiple
Lorentzians is shown. See Section 6.4.2 for the identification.

sion in the XRT bandpass. The optical depth and electron temperature are known
to be somewhat degenerate in the comptt model, hence, we are unable to uniquely
constrain the absolute value of the optical depth. For this reason, although we fit the
spectra with diskbb+comptt accounting for both the components of the accretion
flow, here we present the evolution of, and correlations with only the disk parameters
(temperature and radius). We emphasise that our choice of electron temperature does
not affect our measurement of the disk parameters.

6.4.2 Timing evolution

Figure 6.4 shows representative XRT power spectra from the sources in the 0.5–10
keV energy band, using the same observations as in Figure 6.2. The components in
each power spectrum are identified as follows: The power spectrum of J1659 (left
panel, HIMS) shows four components which, in the order of increasing frequency,
are the low frequency noise (lfn), the ‘break’ component, the QPO and the broad
band noise underlying the QPO, referred to as the ‘hump’, as identified in Kalamkar
et al. (2011) with the RXTE data and in Kalamkar et al. (2013a) with the Swift data.
The power spectrum of J1753 (middle panel) is of an observation from the peak of
the outburst, during which the source was in the ‘hard’ state. Except for the lfn (not
detected in any observation), the same components are detected in J1753 as described
for J1659, as identified in Kalamkar et al. (2013b). In GX-339 (right panel, LHS),
based on the frequency and rms evolution properties we observe (see below), we
identify the components as the lfn, the QPO (Motta et al. 2011), the hump and an
additional component seen around 3 Hz. A similar component was reported during
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Source lfn break QPO hump
type-C

J1659 HIMS, SIMS HIMS HIMS HIMS
J1753 – hard state hard state hard state

GX-339 LHS, HIMS – LHS, HIMS LHS, HIMS

Table 6.1: The table represents the detections of various variability components in the three sources in
different spectral states. See Section 6.4 for the discussion on spectral states and Section 6.4.2 for the
identification of the components.

the rise of the 2002/2003 outburst (Belloni et al. 2005). As we detect this component
only in GX-339, we do not study it further. The break is not detected during these
2010 XRT observations. The break was reported in very few observations during the
2002/2003 observations of GX-339 (Belloni et al. 2005).

All the components discussed above in the 0.5-10 keV band are detected in the hard
and soft bands, although not always simultaneously. Also as mentioned above, not
all components are seen in each source in each observation. The detections of the
various components in different spectral states in the three sources are shown in Ta-
ble 6.1. These components are typical of the LHS and the HIMS, and have been
reported in many BHBs (see, e.g., van der Klis 2006). Interestingly, we detect the
QPO and the hump components more often in the hard band, while the break and lfn
components are more often detected in the soft band. We detect type C QPO in all
the sources; type B and type A QPOs, typical of the SIMS, are not detected in any of
our sources.

Figure 6.5 shows the frequency evolution of the variability components as a func-
tion of the total unabsorbed flux. In BHBs, the component frequencies generally
correlate with flux. The QPO frequency is strongly correlated with flux in J1659 and
GX-339, but in our data the correlation is not clear in J1753. A strong correlation has
been reported in J1753 with the RXTE data (Zhang et al. 2007; Ramadevi & Seetha
2007) during the decay. The hump frequency also shows a strong correlation with
flux for J1659, but is not clearly seen in J1753 in our data. In GX-339, the hump
frequency does not exhibit a clear correlation with the flux during the observations at
low flux, which are in the LHS. It increases sharply only during the two detections
in the hard band which correspond to the HIMS; the frequency is higher in the hard
band than the soft band. Such an energy dependence of frequency has also been re-
ported in J1659 (Kalamkar et al. 2013a).

The break component in J1659 is detected much later than the rest of the components
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Figure 6.5: Evolution of the frequency of the different variability components as a function of the
total unabsorbed flux in the 0.5-10 keV energy range. The filled and open symbols show the frequency
in the 0.5–2 keV and 2–10 keV bands, respectively. The bottom panel indicates the coverage of the
observations; the components are not always detected. The break component in 339 and the lfn in
J1753 are not detected in any observation.

and shows only two detections. The frequency shows a clear energy dependence; the
frequency is higher in the hard band than the soft band and shows an increase with
flux only in the hard band (reported by Kalamkar et al. 2013a). Correlation of the fre-
quency with intensity has been reported from the RXTE data (Kalamkar et al. 2013a)
in the 2-60 keV range. In J1753 during the peak of the outburst, the break frequency
does not show a clear dependence on flux, but during the flux decay (below 1.5e-08
ergs/s/cm2) the frequency decreases. The break component is not detected in GX-339.
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The frequency of the lfn component varies in the range 0.01-0.1 Hz with no clear
flux dependence over a large range of fluxes in J1659 and GX-339, which in the case
of J1659 is across the HIMS and the SIMS (there is one detection of the lfn during
the SIMS) and during the LHS and the HIMS in GX-339. The lfn is not detected in
J1753.

6.5 Spectral–timing correlations

In this section, we discuss the correlations of the spectral and timing parameters.
Each source spans a different (but overlapping) range of fluxes and disk tempera-
tures; yet, the variability components are seen over very similar range of frequencies
in these sources. Strong variability is observed in the hard states, which becomes
weaker as the source evolves to the soft states i.e., as the disk temperature increases.
We study how the disk evolution affects the variability in the spectral states of these
sources, which exhibit different behavior along the outburst evolution.

6.5.1 Frequency vs. Disk temperature

Figure 6.6 shows how the frequencies of different components vary with the disk
temperature. In the canonical BHB outburst behavior, the frequencies of various
components increase along with the disk temperature as the source moves to softer
states. In our data, the QPO frequency is strongly correlated with the disk temperature
only in the case of J1659. The behavior of J1753 and GX-339 can be inferred with
additional information from earlier reports. In J1753, the QPO frequency has been
reported to decrease during the decay (Zhang et al. 2007; Ramadevi & Seetha 2007),
and we see a possible small decrease in disk temperature in our decay data (although
with large errors) suggesting a correlation. In GX-339, the disk temperature increases
during the HIMS. We have only one detection of the QPO in the HIMS in our data.
Motta et al. (2011) and Nandi et al. (2012) reported an increase in QPO frequency
during the HIMS, and hence the frequency and the disk temperature are probably
correlated. Interestingly, in the LHS we observe that the frequency increases but the
disk temperature does not change much (as seen in Figure 6.3). Hence the frequency-
disk temperature correlation is seen in the HIMS, but is not clearly seen in the LHS.
This indicates that the correlation has a strong dependence on the spectral state of the
source.

The hump frequency is strongly correlated with the disk temperature only in the
case of J1659; the correlation is not seen in J1753 or in GX-339. The break and
lfn frequency do not show a clear dependence on the disk temperature in any of the
sources (except the break component in J1659 which shows a correlation only in the
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Figure 6.6: Evolution of the frequency of the different variability components as a function of the disk
temperature. The filled and open symbols show the frequency in the 0.5–2 keV and 2–10 keV bands,
respectively.

hard band). This behavior of the lfn is similar to what is seen in Figure 6.5, where no
dependence of the frequency on the flux is observed.

6.5.2 Fractional rms amplitude vs. Disk temperature

We study the dependence of the rms of the various frequency components in the
power spectra on the disk temperature. It is commonly seen in BHBs that the rms

of these components decreases as the total flux increases (see, e.g., McClintock &
Remillard 2006). The disk temperature and the disk contribution to the flux increase
when the source evolves to softer states in a typical outburst. As it has been sug-
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Figure 6.7: Evolution of the fractional rms amplitude of the different variability components as a
function of the disk temperature. The filled and open symbols show the fractional rms amplitude in the
0.5–2 keV and 2–10 keV bands, respectively.

gested that different variability components have their origin in different regions of
the accretion flow: the disk and/or the hot flow (Wilkinson & Uttley 2009; Kalamkar
et al. 2013b), it is worth investigating if the increasing disk temperature has the same,
or different effects on the strength of the different components in different states.

Figure 6.7 shows the dependence of the rms of different power spectral components
on the disk temperature. The rms of the QPO decreases with increase in disk tem-
perature in J1659 (HIMS) and J1753 (hard state). The rms decreases more steeply in
the soft band compared to the hard band. In GX-339, we have only one detection of
the QPO (the detection with the lowest rms) in the HIMS and we infer the behavior
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during the HIMS from an earlier report. Nandi et al. (2012) reported that the QPO
rms decreases during the HIMS as the source evolves to the SIMS using the RXTE
data, during the period where we observe an increase in disk temperature. Hence, the
QPO rms and disk temperature are probably anti-correlated during the HIMS. How-
ever during the LHS, we do not observe the same anti-correlation; the rms decreases
as the source evolves to the HIMS, but not in an anti-correlated fashion with the disk
temperature as seen in Figure 6.7. As discussed in Section 6.4.1, the disk temperature
does not show large change during the LHS (there appears to be a slight decrease in
the disk temperature before it starts increasing in the HIMS).

The rms of the hump does not change much over a large range of disk tempera-
ture in J1659 (HIMS) and GX-339 (LHS, and one detection in the HIMS at similar
rms). In J1753, the rms is similar in all the hard state observations during which the
disk is detected. The component is stronger in the hard band than the soft band in
J1659 and J1753, more prominently so in J1753. For the break component in J1753
(hard state), we observe an increase in the rms during the decay (also reported in
Kalamkar et al. 2013b); as the disk is not significantly detected in these observations,
these data points are not present in Figure 6.7. In J1659 (HIMS), with the RXTE data
Kalamkar et al. (2013a) reported an increase in rms as the source evolves to softer
states, during which we observe an increase in disk temperature, indicating a positive
correlation. The lfn in GX-339 is strongly detected during the first observation (50 %
rms in the soft band and 41 % rms in the hard band) in the LHS when the disk is not
significantly detected (and hence not seen in the Figure). The rms decreases during
the rest of the observations in the LHS, falling to values close to the strength of lfn in
J1659 during the HIMS. The lfn strength stays fairly stable (with some scatter) across
a large range of disk temperature in J1659. The lfn is the only component detected in
the SIMS (the detection above 0.5 keV) in our data in J1659. Hence, the rms of the
hump, break and lfn do not show a clear correlation with the disk temperature, such
as that seen in the case of the QPO.

6.5.3 Inner disk radius evolution

The inner radius of the disk (truncation radius) can be estimated from the normaliza-
tion of the diskbb model, given as normalization = (rin[km]/d[10kpc])2cosθ, where
d is the distance to the source (in kpc) and θ is the inclination angle. As the distance,
the inclination angle and the BH mass are not precisely known for these sources,
there are uncertainties in the estimated radius. The radius is estimated as outlined
in Reynolds & Miller (2013), after taking into account factors such as spectral hard-
ening (Shimura & Takahara 1995) and the disk temperature not peaking at the inner
radius (Kubota et al. 1998). However, the trends in the changes in the radius are ex-
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Figure 6.8: Evolution of the truncation radius of the disk as a function of the total unabsorbed flux in
the 0.5-10 keV energy range. We assume a distance of 6 kpc and a black hole mass of 10 Solar masses.
The inclination angle has been set to 0◦.

pected to be robust.

Figure 6.8 shows the disk radius as a function of the total unabsorbed flux. The
sources show very different behavior. In J1659 the disk initially appears to stay at
similar radii, and then decreases i.e., the disk moves inwards, as the source evolves to
the soft state. In J1753, the disk radius does not show large changes (also see Chiang
et al. 2010), as compared to J1659, and shows a possible decrease at low intensity.
In GX-339, the radius stays at similar values (close to ∼ 100 km) in the LHS. During
the first observation in the HIMS (∼ 300 km), the radius increases by a large factor.
During the rest of the HIMS observations, the radius decreases initially and stays at
values lower than during the LHS (∼ 100 km).

The variation of the inner disk radius is often associated with the changes in the
frequency of the components in the power spectrum, and an anti-correlation between
the frequency and the radius is expected. Figure 6.9 shows the relation between the
truncation radius and the QPO frequency. In J1659 the QPO frequency increases
while the radii appear to stay at similar values initially (with large errors). The fur-
ther increase in the QPO frequency is accompanied by a decrease in the disk radius.
In J1753, the QPO frequency does not show a strong dependence on the radius; the
disk radius and the QPO frequency do not show strong changes in our data. In GX-
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Figure 6.9: Evolution of the truncation radius of the disk as a function of the frequency of the type C
QPO. We assume a distance of 6 kpc and a black hole mass of 10 Solar masses. The inclination angle
is not taken into account.

339, the QPO frequency increases at similar disk radii during the LHS. By the first
observation in the HIMS, the QPO frequency and the disk radius increase by a large
factor (from 0.4 Hz to 1.25 Hz and from 110 km to 285 km, respectively). The sharp
rise in the QPO frequency continues, as shown by Motta et al. (2011), but the radius
decreases during the rest of the observations in the HIMS. The decrease in radius
is sharp only between the first two HIMS observations (285 km to 92 km) and the
decrease is not that dramatic for the rest of the HIMS observations, as seen in Figure
6.8. Hence, it can be seen that in these sources the QPO frequency changes both in
association, and in the absence, of strong changes in the disk radius.

6.6 Discussion

BHBs are generally found in the hard states at the start of the outburst. As the outburst
progresses, most sources show increasing disk temperature and the X-ray variability
becomes weaker. These properties are common across sources despite differences in
their physical conditions such as the size (binary separation), orbital period, length
of the outburst or states displayed during outburst. Hence, it should be examined
what common physical process(es) drive(s) the spectral and temporal phenomena we
observe in these systems.
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In this work we study the outbursts of three BHBs MAXI J1659–152, SWIFT J1753.5–
0127 and GX 339–4. These systems are different in terms of their size (binary separa-
tion) and the states displayed during outburst. GX-339 has a long orbital period, but
the evolution along different states is similar to J1659. Both systems exhibit typical
outburst behavior, except that J1659 did not make a transition to the HSS. J1659 and
J1753 have short orbital periods, but their evolution along the outburst is dramatically
different. J1753 is a quasi persistent system, in outburst since 2005. It remained in the
hard state during the rise and decay of the outburst in 2005. It has been suggested that
the size of the system may not determine the number of states exhibited, as the same
source shows varied behavior in different outbursts (see e.g., Belloni et al. 2002a).
The size of the system and hence the size of the accretion flow may not be the main
factor driving the differences in the outbursts of these sources.

Our observations cover the LHS, HIMS and SIMS in GX-339, HIMS and SIMS
in J1659 and the hard state of J1753 (see Table 6.1). The disk temperature in J1659
and GX-339 spans a large range of values, but in J1753 the disk is cooler and spans
a small temperature range. The disk radii show a varied behavior in the different
spectral states, suggesting that the size of the disk varies by different factors in each
source. Irrespective of this, the variability components are observed at mostly similar
frequencies and amplitudes. We investigate the correlations of each temporal com-
ponent with the spectral properties within and across different spectral states.

We first discuss the behavior of the characteristics of the QPO, which shows stronger
correlations with spectral properties than the rest of the variability components. In
most BHBs, the QPO typically exhibits an increase in frequency and a decrease in
strength as the flux and disk temperature increase i.e., the disk contribution increases
(e.g., McClintock & Remillard 2006). In our data and from earlier reports, we ob-
serve similar behavior in J1659 and GX-339 during the HIMS. In GX-339, which is
observed also in the LHS, the QPO shows a behavior different than in the HIMS; the
frequency increases and the strength decreases, but not in correlation with the disk
temperature. In the LHS, the disk temperature does not show a gradual increase as
seen in the HIMS. J1753 is observed in the hard state with most observations during
the decay of the outburst. The QPO frequency decreases and the amplitude increases,
as the disk temperature possibly also decreases. Hence, the pattern is similar to the
other sources in the HIMS, but traced during the decay of the outburst rather than
during the rise.

In the context of the models for the origin of the QPO, we consider our results in
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the framework of the Lense-Thirring precession model (Ingram & Done 2011). The
model predicts that the frequency increases and the rms decreases, as the disk moves
to smaller radii and the source evolves to softer states. In the case of J1659 and
GX-339 in the HIMS, the behavior of the frequency and rms discussed above is as
predicted by the model. The rms of the QPO is weaker in the soft band than the
hard band, as expected as the QPO is suggested to originate in the hot flow. A lower
rms in the soft band has been attributed to increased contribution (of non-modulated
photons) from the disk in the soft band (Ingram & Done 2012). During the LHS in
GX-339, a weaker dependence of the frequency and the rms on the increasing disk
temperature is observed than in the HIMS.

The QPO frequency evolution is predicted by the model to be tied to the changes
in the disk truncation radius. The predicted anti-correlation of the frequency with the
truncation radius is seen during the HIMS in J1659 but is not clearly seen in GX-339
and J1753 (however, see Chiang et al. 2010). Changes in the frequency of the QPO
are observed with or without changes in the disk radius. This might indicate that the
behavior of the QPO can only be partly explained by the Lense-Thirring precession
model, but could also signify that the inner disk radius is not reliably measured by
our spectral model.

The hump component, which is the broad band noise underlying the QPO, gener-
ally exhibits behavior similar to the QPO. The correlation of the frequency with the
flux and the disk temperature seen in J1659 is typical of the HIMS. During the LHS
in GX-339 and in the hard state in J1753, the hump frequency does not exhibit a clear
correlation with the flux or the disk temperature, at variance with what we observe
in the HIMS. The rms is weaker in the soft band than the hard band, with the differ-
ence being more pronounced in J1753. In the hard band, the rms does not decrease
with increasing disk temperature and is at similar values over a broad range of disk
temperatures in the three sources. This shows that the rise in disk contribution does
not strongly affect the strength of this component at harder energies in the hard states.

The origin of the hump component has been suggested to be in the hot inner flow
(Ingram & Done 2011) in the context of the propagating fluctuations model. It was
shown in J1659 (HIMS, Kalamkar et al. 2013a) and in J1753 (hard state, Kalamkar
et al. 2013b), that the component is not detected below 1 keV and the strength in-
creases with energy. This could explain why the increased disk emission does not
show an observable effect in the hard band. The drop in rms in the soft band could
be due to dilution from the disk emission as suggested by Kalamkar et al. (2013b) in
J1753. The different behavior of the frequency during the LHS and HIMS cannot be
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understood.

The break component is observed in J1659 (HIMS) and J1753 (hard state), but not
detected in GX-339 in our data. As the break frequency has been associated with the
viscous time scale at the truncation radius of the disk (Ingram & Done 2011) in the
context of the propagating fluctuations model, it is expected to increase in frequency
and decrease in amplitude as the source evolves to the soft state (disk becomes hotter
and moves inwards). The break component frequency has been reported to increase
in J1659 during the rise (in the 2-60 keV band; Kalamkar et al. 2013a), where we
observe that the disk temperature increases and its radius decreases, as predicted by
the model. In J1753 the frequency decreases during the decay when the disk is not
detected significantly during that period, although there are indications of a possible
decrease in the disk temperature from earlier observations. The disk radius does not
show large changes during the outburst peak, but a possible decrease during the de-
cay. This is in accordance with the model prediction.

In the model, the break component arises at the truncation radius, and hence the
increasing disk emission should strongly affect the rms in the soft band. In J1659,
there are only two detections in the hard and the soft bands (see Figure 6.7). The rms

is at similar values in the respective bands (but with a higher rms in the hard band)
at similar disk temperatures. It increases during the evolution to the soft state in the
2-60 keV band in the RXTE data, as reported by Kalamkar et al. (2013a). These
higher rms at higher disk temperatures in J1659 cannot be understood in the context
of this model. In J1753, the disk temperature (possibly) decreases as the flux decays
(and the disk is not significantly detected at low fluxes). The rms in the hard and the
soft bands increases during the flux decay, but is similar in both the energy bands in
our data. The suggestive anti-correlation of the rms and disk temperature in J1753 is
in accordance with the model prediction.

The lfn is detected in J1659 during the HIMS and the SIMS and in GX-339 dur-
ing the LHS and the HIMS. It is observed at similar frequencies across all spectral
states in both sources. The component has been suggested to arise intrinsically due
to fluctuations in the disk (in J1659, Yu & Zhang 2013; Kalamkar et al. 2013a). The
lack of frequency dependence can be understood if the component arises due to fluc-
tuations in the disk at a radius larger than the disk truncation radius i.e., it is not
associated with a ‘moving’ disk radius (Kalamkar et al. 2013a). As the fluctuations
propagate to smaller radii and modulate the emission, the strength of this component
is expected to be sensitive to the changes in the size of the accretion disk and the
disk temperature (particularly in the soft band). In GX-339, the rms drops during the
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LHS and reaches values similar to HIMS in J1659 as the disk temperature increases.
During the HIMS in J1659, when the disk temperature strongly increases, the rms

is observed at similar strengths (with some scatter) over a large range of disk tem-
peratures. Also, there are more detections in the soft band than the hard band, with
stronger rms in the soft band. It can be clearly seen that the strength of the lfn in the
LHS and the HIMS is different. However, it is unclear why the fluctuations giving
rise to this component are affected by increasing disk contribution differently in the
LHS and the HIMS.

If the lfn component has its origin intrinsic to the disk, it could play an important
role in determining if the disk is truncated in the hard state. In GX-339, it is detected
in the LHS even when the disk is not detected significantly. If the lfn in GX-339
observed in the LHS also arises in the disk (even if the disk contribution is not statis-
tically significant in the energy spectrum), this would provide support to the earlier
suggestions (e.g. Reis et al. 2010; Reynolds & Miller 2013) that the disk may not be
truncated far from the black-hole in the LHS.

6.7 Summary

This work highlights the importance of correlated spectral and timing studies in the
Swift bandpass of 0.5-10 keV. The disk temperature, its radius and the effects of disk
emission on the different variability components, arising in both the components of
the accretion flow, can be studied simultaneously. We conclude that the evolution of
the spectral and timing components is complex and cannot be fully explained by any
single correlation; there are marked differences in the correlations in different spectral
states within a source and amongst different sources. The spectral-timing correlations
in J1659 and GX-339 are similar during the HIMS, but different in GX-339 during
the LHS and the hard state of J1753. The changes in the disk temperature, its contri-
bution to emission and possibly the size of the disk itself do not affect the different
variability components in the same manner. By extension, the driving mechanisms
to generate variability also do not seem to be strongly affected by changes in the disk
emission. Taking into account the uncertainties associated with spectral parameters,
more accurate estimates are necessary to understand the nature of the correlations ob-
served in the hard state. Similar studies with XMM-Newton, which has the sensitivity
to observe these sources at lower fluxes than Swift, has a strong potential to resolve
these issues.
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7
Appendix

The XRT is a grazing incidence Wolter 1 telescope which focuses the incoming 0.3–
10 keV X-rays onto a CCD of 600×602 pixels (23.6 ×23.68 sq.arc-min). For a good
time resolution (1.766 ms) and to mitigate pile-up in bright sources, the CCD is op-
erated in the WT mode. In this mode, in wt2 configuration, only the central 200
columns of the CCD are read out. 10 pixels are binned along columns and hence the
spatial information is lost in this dimension (Burrows et al. 2005).

The arrival of photons follows a Poisson distribution. In a Leahy normalized power
spectrum, we expect the Poisson noise level at 2.0 (Leahy et al. 1983). However, in
the case of pile-up the events are no longer independent, so this does not hold true any
more. Pile-up occurs when multiple X-ray photons incident on a 3 × 3 pixel region
are read out as a single event of higher energy (Romano et al. 2006). The effects of
pile-up on the Poisson noise spectrum have not been systematically studied yet for
Swift XRT CCD in the WT mode. We examined the effects on the Poisson noise level
of pile-up, which for the XRT CCD is expected to appreciably affect the data above
150 counts/sec.

Power spectra were obtained using the same method as discussed in Chapter 4, sec-
tion 4.2. We used observations of SWIFT J1753.5-0127 covering count rates up to
210 c/s. Over the frequency range 50–100 Hz, where no variability is observed with
Swift, we fit a constant to measure the Poisson level. Figure. 7.1 shows the Poisson
level as a function of count rate. It can be clearly seen that Poisson level decreases as
the count rate increases. For the observations with count rates above 150 c/s, when
the piled-up data is included in the power spectra, the Poisson level goes down to
1.86. If we remove the piled-up data and then generate the power spectrum in the
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Figure 7.1: The Poisson noise level measured between 50–100 Hz in Leahy-normalized power spectra
in the 0.5-10 keV band as a function of intensity. The intensity on X-axis is corrected for pile-up and
bad column and background subtracted. As pile-up affects the data above 150 c/s, the circles above 150
c/s are observations where the Poisson level is measured in the power spectra generated after removing
the piled up data, while the filled squares are same observations where the Poisson level is measured in
the power spectra generated without the removal of the piled up data. It can be seen that the Poisson
level improves after the removal of the piled up data.

same observations, the Poisson level improves and is above 1.90. However, it is
worth noting that the Poisson level is already less than 2.0 below the nominal pile-up
threshold of 150 c/s. So, even at much lower count rates, fixing the Poisson level at
2.0 is not good practice. This should be taken into account when fitting Swift XRT
power spectra. We also investigated if there was any dependence of the Poisson level
on photon energy, but no obvious dependence was found.

Suppression of the fractional rms amplitude in the data affected by pile up has been
reported earlier in Chandra CCD data (Tomsick et al. 2004). The amplitude drop due
to pile-up observed by them was about 1%. They also report the effects of pile-up
on the Poisson level and that the pile-up does not affect the shape of the power spec-
trum, consistent with what we observe. To inspect the effects on the rms amplitudes,
we calculate the amplitudes in the 0.5-10 keV energy band up to 10 Hz in the ob-
servations with intensity above 150 c/s. We calculate this for two power spectra per
observation: one generated including the data affected by pile-up and one excluding
the pile-up affected data (same method discussed in Chapter 4 Section 4.2). We also
observe a difference in the amplitudes of up to 1.1 % rms.

While inspecting the power spectra we also observed a power drop-off at frequencies
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Figure 7.2: Leahy normalized power spectra of two sources (as indicated) in the 0.5–10 keV band
over the full frequency range and at higher frequency. Horizontal lines at power level 2.0 indicate the
expected Poisson level in the absence of instrumental effects.

above 100 Hz. Figure 7.2 shows the power spectra of observations of the sources
SWIFT J1753.5-0127 and MAXI J1659.5-152 (another BHB) over the full frequency
range and at higher frequency in the 0.5-10 keV band. The constant line at value 2
shows the expected Poisson level in an ideal case. A significant power drop-off is
seen above 100 Hz, more clearly in the case of MAXI J1659.5-152. The drop-off
is energy dependent and becomes stronger as the energy increases. This can be ex-
plained in terms of the size of the event formed by the interaction of the X-ray photon
on the CCD pixels. Soft photons form predominantly single pixel events, while the
hard photons form multiple pixel events and are hence susceptible to splitting at the
10 row boundaries during the read out in WT mode1. As it is not possible to identify
and eliminate these events, in our analysis we put a cut-off at 100 Hz for all power
spectra 2.

1See http : //www.swi f t.ac.uk/analysis/xrt/digest_cal.php#pow for details. It has also been
noted that this readout method causes a slight increase in the noise level below 100 Hz, which can be
seen in the simulated WT power spectra on this webpage.

2This appendix has been published as an appendix to chapter 4
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Samenvatting

Sterrenkunde is de wetenschappelijke discipline die zich bezig houdt met objecten
zoals planeten, sterren en melkwegstelsels in het universum. Deze objecten kunnen
worden bestudeerd door het licht (de elektromagnetische straling) te observeren dat
ze uitzenden. De elektromagnetische straling kan van verschillende types zijn, die
worden gekenmerkt door verschillende frequenties. De atmosfeer van de aarde laat
maar een deel van deze straling door tot het oppervlak, zoals wordt weergegeven in
Figuur A. Verscheidene detectoren, die gevoelig zijn voor verschillende types stra-
ling, worden gebruikt om hemellichamen te observeren; sommige detectoren worden
aan boord van satellieten geplaatst om de straling te observeren die de atmosfeer niet
kan binnendringen.

Verreweg de meeste met het blote oog zichtbare hemellichamen zijn sterren. Een ster
is een bol van heet gas met een hoge dichtheid, die zijn eigen licht produceert door
middel van kernfusie (een nucleaire reactie waarbij atoomkernen worden gecombi-
neerd om nieuwe atoomkernen te vormen) van het gas. Wanneer een ster uiteindelijk
geen ’brandstof’ meer heeft (hij kan geen kernen meer combineren), dan bereikt hij
het einde van zijn levenscyclus. Het kan miljarden jaren duren voordat een ster dit
stadium bereikt. Op dit punt laat de zwaartekracht (die eerder werd tegengehouden
door gasdruk) de ster ineen storten tot een object van zeer hoge dichtheid. In dit
proefschrift gaat het over twee typen van zulke extreem dichte en compacte objecten:
neutronensterren en zwarte gaten. Neutronensterren bestaan, zoals de naam aangeeft,
voornamelijk uit neutronen en hebben een kleine afmeting: stel je de zon voor (een
bol met een diameter van 1,4 miljoen km en 330000 keer de massa van de aarde)
samengebald in een bol met een diameter van maar een paar km! De zwaartekracht
op deze objecten is extreem: op een neutronenster zou je meer dan een miljard keer
zoveel wegen als op aarde. Zwarte gaten zijn nog vreemder, aangezien ze niet alleen
zwaarder, maar ook kleiner zijn dan de neutronensterren. Hun zwaartekracht is zo
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Figuur A: De mate van doorlatendheid van de aardatmosfeer voor electromagnetische straling, als
functie van golflengte. De verschillende types straling zijn radiostraling (bv. van een radiostation),
microgolfstraling (die het eten kookt), infraroodstraling (die we associëren met warmte), zichtbaar licht
(dat we kunnen zien met onze ogen, bv., de kleuren van de regenboog), ultraviolet licht (de schadelijke
straling van de zon die wordt tegengehouden door de ozonlaag), Röntgenstraling (bv., de Röntgenfoto
die de botten in ons lichaam weergeeft) and gammastraling. Bron: NASA/IPAC

sterk dat zelfs het licht er niet van kan ontsnappen (vandaar de naam)! Deze objecten
zijn interessant om te bestuderen, aangezien ze zorgen voor extreme omstandighe-
den, die niet in aardse laboratoria kunnen worden opgewekt.

Als er een zonachtige ster om een compact object heen draait, dan kan het compacte
object de buitenste lagen van de ster afstropen. Dit afgestroopte materiaal spirali-
seert naar binnen toe, vormt een schijf rondom het compacte object (accretieschijf
genaamd) en valt uiteindelijk op de neutronenster of in het zwarte gat. Tijdens dit
proces wordt de binnenvallende materie zeer heet (een paar miljoen graden) en geeft
het straling af, voornamelijk in het Röntgen regime, en daarom worden deze syste-
men Röntgendubbelsterren genoemd. Figuur B geeft een artist’s impression van een
Röntgendubbelster. In dit proefschrift bestudeer ik de accretieverschijnselen in Rönt-
gendubbelsterren die zijn geobserveerd met de Röntgensatellieten genaamd de Rossi
X-ray Timing Explorer (RXTE, die kan observeren bij golflengtes van 0,6 tot 0,02
nanometer) en Swift (die kan observeren bij golflengtes van 4 tot 0,12 nanometer).
De detectors aan boord van deze satellieten geven informatie over de ’energie’ en de
aankomsttijden van de Röntgenfotonen.

Het bestuderen van straling die afkomstig is van de binnenvallende materie is een
actief onderzoeksgebied. De hoeveelheid straling die ontvangen wordt door een de-
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Figuur B: Grafische illustratie van een Röntgendubbelster (Bron: R. Hynes).

tector wordt doorgaans uitgedrukt als intensiteit (helderheid), en varieert op verschei-
dene tijdschalen. Deze variabiliteit kan worden gemeten in termen van de verschil-
lende frequenties waarin de intensiteit verandert en de sterkte op elke frequentie. De
tijdschaal van de beweging van het binnenvallende materiaal dicht bij het compac-
te object is zeer kort: het duurt minder dan een milliseconde om één keer rond het
compacte object te gaan. Het bestuderen van snelle variabiliteit in Röntgenstraling
is een uitstekende manier om het gedrag te onderzoeken van materie onder extreme
omstandigheden in de nabijheid van een compact object.

Röntgen variabiliteit wordt gezien van elke Röntgendubbelster, maar het mechanisme
dat de variabiliteit veroorzaakt wordt niet volledig begrepen. Er zijn ook veel uitda-
gingen in het begrijpen van de structuur en geometrie van de accretiestroom: die is
complexer dan een simpele accretieschijf. Onderzoek doet vermoeden dat de accre-
terende materie een hete binnenste gasstroom vormt (waarvan de grootte en structuur
onduidelijk is) die voorkomt in combinatie met de accretieschijf. Het doel van dit
proefschrift is om deze onopgeloste kwesties te onderzoeken.

In Hoofdstuk 1 bestudeer ik de Röntgenvariabiliteit in een neutronenstersysteem met
waarnemingen van de RXTE satelliet. In dit systeem wordt variabiliteit gezien op
tijdschalen van de orde van secondes tot millisecondes. Ik onderzoek hoe de resul-
taten van deze studie passen bij de huidige ideëen, modellen, die zijn voorgedragen
om de oorsprong van de snelle (milliseconde) variabiliteit te verklaren. In het tweede
hoofdstuk bestudeer ik de variabiliteit van een Röntgendubbelster met data van de
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RXTE satelliet over een periode van een paar weken. Op basis van de ontwikkeling
van de variabiliteit van de bron wordt geopperd dat het dubbelsysteem een zwart gat
bevat.

Het derde hoofdstuk vormt een overgang in het proefschrift, aangezien ik hier ge-
gevens gebruik van de Swift satelliet. Vergeleken met RXTE kan Swift een extra
gebied aan emissie observeren (het golflengtegebied van 4 tot 0,6 nanometer), wat
ons in staat stelt om meer emissie van de accretieschijf te zien. Dit is de eerste keer
dat zo een gedetailleerde variabiliteitsstudie is gedaan met Swift. Ik beschrijf hoe
optimaal rekening te houden met instrumentele effecten bij variabiliteits-studies met
de detectoren aan boord van Swift. De resultaten ondersteunen het idee dat de vari-
abiliteit, naast van de hete gasstroom (zoals voorheen doorgaans werd geloofd), ook
afkomstig is van de accretieschijf. Na met succes te hebben aangetoond dat de de-
tector aan boord van Swift gebruikt kan worden voor het bestuderen van variabiliteit,
pas ik dezelfde methodologie toe op de bron die werd bestudeerd in hoofdstuk 2 (met
RXTE), en kom ik tot dezelfde conclusie dat een deel van de variabiliteit afkomstig
is van de accretieschijf. Ik onderzoek verschillende modellen die zijn voorgesteld om
de oorsprong van de variabiliteit te verklaren.

Om het totaalbeeld te krijgen, is het noodzakelijk om niet alleen de variabiliteit van
de emissie te bestuderen, maar ook de energieverdeling van de emissie (energie spec-
trum). De ’spectrale’ studies kunnen ons informatie geven over de eigenschappen
van de accretiestroom, bv. hoe heet de schijf is, enz. In het vijfde hoofdstuk heb ik
een studie gedaan naar zowel de spectrale als de variabiliteitseigenschappen van drie
bronnen (waaronder de bronnen die in hoofdstukken 3 en 4 werden bestudeerd). De
spectrale eigenschappen zoals de temperatuur van de schijf en de variabiliteitseigen-
schappen zoals de frequentie en de sterkte van de variabiliteit evolueren voornamelijk
in een gecorreleerde manier. De correlaties hangen af van welke de dominante emis-
siecomponent is: de accretieschijf of de hete gasstroom, hetgeen een hulpmiddel
geeft om de structuur van de accretiestroom te bestuderen.
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Astronomy is the scientific study of objects such as planets, stars and galaxies in the
universe. These objects can be studied by observing the light (electromagnetic radia-
tion) they emit. The electromagnetic radiation can be of different types characterized
by different frequencies. The Earth’s atmosphere allows only part of this radiation to
reach the surface, as shown in Figure A. Various detectors sensitive to the different
types of radiation are used to observe the celestial objects; some detectors are sent on
board satellites to observe the radiation that cannot penetrate the atmosphere.

The celestial objects that can be seen with the naked eye are stars and planets. A
star is a globe of hot and dense gas producing its own light from nuclear fusion (a
nuclear reaction where atomic nuclei combine to form new atomic nucleus) of the
gas. When the star eventually runs out of ‘fuel’ for nuclear fusion (it cannot combine
nuclei any more), it reaches the end of its life cycle. It can take up to billions of years
for a star to reach this stage. At this stage, the inward pull of gravity (which was
earlier supported by gas pressure) collapses the star into a very dense object. These
extremely dense and compact objects can be of two types: neutron stars and black
holes. Neutron stars, as the name suggests, consist mostly of neutrons and are small
in size: imagine the sun (which is a sphere with a diameter of 1.4 million km and 3.3
× 10 5 times the mass of the Earth) packed in a sphere with diameter of only few km!
The gravity on these objects is extreme: compared to Earth, you would weigh more
than a billion times as much on a neutron star. Black holes are even more exotic as
they are not only more massive, but also smaller than the neutron stars. Their gravity
is so strong that even light cannot escape from them (and hence their name)! These
objects are interesting to study as they provide extreme environments, which cannot
be generated in the laboratories on Earth.

If a sun-like star is in orbit with a compact object, the compact object can strip the
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Figure A: The degree of opacity of Earth’s atmosphere to electromagnetic radiation shown as a function
of wavelength. The different types of radiation are the radio (e.g., from the radio station), microwave
(which cooks the food), infrared (which we associate with heat), visible (which we can see with our
eyes, e.g., colours of the rainbow), ultraviolet (the harmful radiation from sun that is blocked by the
ozone layer), X-rays (e.g., the X-ray that shows the bones in our body) and gamma rays. Image credit:
NASA/IPAC

star of its outer layers. This stripped matter spirals inwards, forming a disc around
the compact object (called accretion disc) and eventually falls on to the neutron star
or in the black hole. During this process, the accreting matter becomes extremely hot
(few million degrees) and emits radiation which is mostly in the X-ray region, and
hence these systems are called X-ray binaries. Figure B shows an artistic impression
of an X-ray binary. In this thesis, I study the accretion phenomena in X-ray binaries
which were observed using the X-ray satellites called Rossi X-ray Timing Explorer
(RXTE, which can observe in the 0.6-0.02 nanometre wavelength range) and Swift

(which can observe in the 4-0.12 nanometre wavelength range). The detectors on
board these satellites provide information on the ‘energy’ and the arrival times of the
X-ray photons.

The study of radiation from the accreting matter is an active area of research. The
amount of radiation received by a detector is generally expressed in terms of intensity
(brightness) and it changes on various time scales. This variability can be measured
in terms of different frequencies at which the intensity changes and the strength at
each frequency. The time scale of the motion of the in-falling matter very close to the
compact object is extremely short: it takes less than a millisecond to complete one
orbit around the compact object. Study of fast variability provides an excellent probe
to investigate the behaviour of matter under extreme conditions in the vicinity of a
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Figure B: Graphic illustration of an X-ray binary (Image courtesy- R. Hynes).

compact object.

X-ray variability is ubiquitously observed in X-ray binaries, but the mechanism that
causes this variability is incompletely understood. There are also many challenges in
understanding the structure and geometry of the accretion flow: it is more complex
than a simple accretion disc. Studies suggest that the accreting matter forms a hot
inner gas flow (size and structure of which is unclear), along with the accretion disc.
The aim of this thesis is to investigate these unsolved issues.

In Chapter 1, I study the X-ray variability in a neutron star system with observations
from the RXTE satellite. In this system, variability on time scales of the order of
seconds to milliseconds is observed. I investigate how the results of this study fit in
the current ideas, called models, proposed to understand the origin of fast (millisec-
ond) variability. In the second chapter, I study the variability of an X-ray binary with
data from the RXTE satellite over period of a few weeks. Based on the variability
evolution of the source, the binary system is suggested to host a black hole.

The third chapter forms a transition in the thesis, as I use data from the Swift satellite.
Compared to RXTE, Swift can observe an additional range of emission (the 4-0.6
nanometre wavelength range) allowing us to see more emission from the accretion
disc. This is the first time that such a detailed variability study was performed using
Swift. I provide an optimal solution to take the instrumental effects into account, in
order to study variability with the detectors on board Swift. The results strongly sup-
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port the idea that the variability also originates in the accretion disc, in addition to
the hot gas flow (as was mostly believed to be the case earlier). After successfully
demonstrating the utility of the detector on board Swift for variability study, I apply
the same methodology to the source studied in chapter 2 (with RXTE), arriving at the
same conclusion that part of the variability originates in the accretion disc. I investi-
gate different models proposed to explain the origin of variability.

To get the complete picture, it is necessary to study not only the variability of the
emission, but also the energy distribution of the emission (energy spectrum). The
‘spectral’ studies can give us information on the characteristics of the accretion flow
e.g., how hot the disc is, etc. In the fifth chapter, I performed a study of both the
spectral and variability properties in three sources (incorporating sources studied in
chapters 3 and 4). The spectral properties such as the temperature of the disk and the
variability properties such as the frequency and strength of variability mostly evolve
in a correlated fashion. The correlations depend on which is the dominant emission
component: the accretion disc/hot gas flow, providing a tool to study the structure of
the accretion flow.
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Theories crumble, but good observations

never fade.

Harlow Shapey
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