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Correlated Studies of Spectral and Timing
Aspects of X-ray Binaries

Abstract

X-ray Binaries (XRBs) are a class of binaries which emit in X-rays. They consist
of a compact object, which could be a White Dwarf, Neutron Star or a Black Hole,
in orbit with a normal companion star. Black Hole Binaries (BHBs) are XRBs in
which the compact object is a Black Hole. BHBs are studied in pursuit of a better
understanding of physics in extreme gravity. The physical processes behind the
origin of X-ray radiation has been the subject of many studies. Although direct
imaging of the sources is next to impossible, spectral and temporal analysis of
BHBs can help us ‘see’ the nature and geometry of the sources.

Transient BHBs are interesting systems which remain in quiescence for a long
period of time but show occasional flaring activity, recurring at different timescales.
These flares or ‘outbursts’ are often accompanied by changes in both spectral and
temporal properties. Over the last few decades, the sources have been found to
undergo various phases or ‘states’ in a specific order during an outburst, which
are classified as canonical outbursts. In the present studies, we focus on different
sources which do not conform to the accepted picture of the canonical outbursts.
We perform a comparative study on the nature of the outbursts and attempt to
understand the physical processes which drive them.

We begin with a brief introduction to different topics like types of X-ray bi-
naries, radiation processes, the evolution of an outburst and the various states
associated with them, and so on in Chapter 1. The instruments used to obtain
data from these sources and the reduction methods are detailed in Chapter 2.
For instruments with a large Field of View (FOV), like Large Area X-ray Propor-
tional Counter (LAXPC) onboard AstroSat, contamination from other sources in
the FOV is a challenging issue to be dealt with, while performing spectral analysis.
A complete section is dedicated to the method followed to minimize the effects of
contamination in such cases in the second half of Chapter 2.

We study three such BHB sources in this work - 4U1630-472, MAXI J0637-
430 and Swift J1753.5-0127 in subsequent chapters. 4U 1630-472 is a recurrent
X-ray binary, which exhibits two different types of outbursts, called ‘mini’ and
‘super’-outbursts. We focus on the 2016 and 2018 ‘mini’-outbursts of the source
in Chapter 3. The primary instrument used for analysis is the Indian multi-
wavelength astronomy satellite AstroSat. The source was initially known to re-
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main in the disc-dominant state throughout the outburst. The initial transition
from a low/hard state to an intermediate state is observed for the first time using
AstroSat during its 2016 outburst. The transition occurred within a span of ∼ 11
hrs, which was not caught by any pointed instrument previously. The Hardness
Intensity Diagram (HID) seems to follow a ‘c’- shaped profile instead of the gener-
ally accepted ‘q’ shaped profile observed for BHBs. We also attempt to establish
a link between ‘mini’-outbursts and the ‘super’-outbursts, by comparing the HIDs
of the ‘mini’-outbursts in 1998 and 1999, and the HID of the ‘super’-outburst of
2002-2004. The spectra are fit using both phenomenological and physical models.
Classification into states is performed based on the phenomenological modelling.
We also fit the spectra using a two component flow model and comment on the
accretion parameters. Mass estimation of the compact object is also obtained
from three different methods.

MAXI J0637-430 is a relatively new transient source discovered on 2 November
2019, which seems to share some of its properties with the BHB 4U 1630-472.
Apparently, this source also remained in the soft state for the most part of the
outburst. Similar to 4U 1630-472, no Quasi periodic Oscillations (QPOs) are
observed in the Power Density Spectra (PDS). As with the source 4U 1630-472,
we perform spectral fits using phenomenological and physical models and try to
divide the outburst into different states. We also obtain mass estimates using
different methods. We try to establish a possible link between the two sources
by studying the individual HID patterns. Finally, we comment on the underlying
physical mechanisms which could possibly drive the two sources. This is presented
in Chapter 4.

In Chapter 5, we move on to the source Swift J1753.5-0127, which remained
in the hard state for most of the outburst. This is diametrically opposite to the
two sources studied in previous chapters. Prominent QPOs are observed in the
PDS and the duration of the outburst is much longer than that observed for the
other two sources. Here, we adopt a different approach and try to comment on
the accretion geometry using Frequency Resolved Spectroscopy (FRS). We find
that the comparison of the QPO and time-averaged spectra hint at the presence
of a stable disc even in the low/hard state of the source.

In Chapter 6, we present a summary of our results and comment on the future
studies based on the obtained results. The recommendations based on this work
are listed in Chapter 7.
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Chapter 1
Introduction

Sometimes you get to what you
thought was the end and you
find its a whole new beginning.

Anne Tyler, Ladder of Years

Gazing up at the night sky and pondering over the mysteries of the universe has
been one of mankind’s oldest hobbies. The shiny bright points of light, staring
solemnly down towards the Earth, forming numerous beautiful patterns in the sky,
have always captivated our interest. Although unsure of the physical processes
behind them, cultures all over the world shared equal interest in observing these
bright objects, cataloguing them and meticulously charting their paths across the
magnificent night sky. In India, the oldest records of sophisticated astronomical
data is found in the Rig Veda which dates back to at least 2000 BCE. Things
became more interesting when astronomy was expanded to include the whole
range of electromagnetic waves, from low energy radio to high energy gamma
rays, aided by multiple observatories and instruments, both in space and on the
ground. Some stars were found to be sources of highly energetic X-rays, prompting
the birth of a new branch of astronomy called X-ray astronomy. Digging into the
physical origin of these radiations gave rise to theories suggesting that stars were
not the permanent beacons of light that they were assumed to be. Rather, it would
seem that the stars in the sky were at different stages in their lives, characterized
by the emission of radiation in different wavelengths, each unique to the physical
process underlying their origin. In this introductory chapter, we will cover the
various stages in the life cycle of a star, with our primary focus on the objects
capable of giving rise to high energy. Next, we move on to the radiation processes
capable of generating such a huge amount of energy. Following sections deal with
specifics and more details on the production of energy when compact objects are
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considered. We then narrow down our discussion to the object(s) of interest in
this study and finish with a description of the motivation for this work.

1.1 Beyond the death of a star

Famous American author Jack Kornfield says in Buddha’s Little Instruction Book,
that “Everything that has a beginning, has an ending”. Although the author
meant it in a philosophical sense in that context, the statement holds true even
in the literal sense. It can also be said of stars - they are born and hence, need to
die. A star is born from a gas cloud and passes through about 7 stages1 before
turning into an extremely dense object with strong gravitational pull. These end
objects are called compact objects. These are stars in which there is no fuel left to
burn and hence cannot rely on thermal pressure against the gravitational pressure.
They are White Dwarfs (WD), Neutron Stars (NS) and Black Holes (BH). WD
and NS are supported by pressure of degenerate electrons and degenerate neutrons
respectively. When a star completely collapses on itself to form a singularity, it
becomes a BH. The final stage a star can reach, and the time it takes to do so,
is governed by the initial mass of the star. Stars like our sun end up as White
Dwarfs, while the more massive stars can turn into Neutron Stars or Black Holes.
Compact objects are of a much smaller size when compared to normal stars of
similar masses. A 1 M⊙ WD has a radius similar to that of Earth. However, the
density of WD lies between 107 – 109 kg/m3, which is roughly more than 200,000
times the density of the Earth. A NS has a higher density approximately equal
to 1017 kg/m3 and a radius of the order of tens of kilometres (Shapiro et al.,
1976). Compact objects in general, and black holes in particular, are tough to
detect directly and hence, indirect methods are relied upon. The super-massive
black holes at the centre of a galaxy can be detected only by the motion of objects
closer to it. One would assume that the task of identifying compact objects in
the night sky is rather tedious and long-winded one. Fortunately, most of the
stars seem to be formed in pairs or systems, rather than in isolation. In fact,
multiple companions have been proposed for our own sun, with the latest one
being HD186302 (Adibekyan, V. et al., 2018). So now, instead of sifting through
data related to millions of stars, one could just study the interaction in the star
system, either binaries or multiple-star systems, to arrive at the nature of the
object. These interactions are more pronounced when one of the objects involved
in the system is a compact object. Such systems which consist of a normal star and
a compact object are called X-ray binaries (XRBs) - so named (unimaginatively)
as they emit mostly in X-rays. XRBs can be classified into two subclasses based
on the mass of the companion star, which is also a deciding factor in determining

1https://imagine.gsfc.nasa.gov/educators/lifecycles/stars.html
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the physical processes in play.
Before diving into the different classes of XRBs, it is necessary to provide a

short outline of the physical process which gives rise to X-rays. Consider a binary
system formed with two stars of varied masses. The more massive star burns up
its hydrogen faster and turns into a compact object, while the less massive one
continues to be in the main sequence stage. In such a case, the compact object
begins to accrete matter from the companion star. The accreted matter possesses
angular momentum, courtesy of the rotation of the companion star, and hence
cannot fall into the compact object directly. This infall flattens into a disc in
a direction perpendicular to the compact object’s rotation axis. This is called
an accretion disc. As the accreted material falls or spirals inwards, gravitational
potential energy is converted into radiation released as X-rays. For the matter
to fall into the accretor, it needs to lose its angular momentum. This is achieved
due to viscosity and turbulence. X-rays can be generated by other means as well.
However, our primary focus will be the emission of X-rays by accretion process.
In the following sections, we define different types of XRBs and their accretion
process.

1.1.1 High Mass X-ray Binaries

XRBs in which the mass of the companion star is ≥ 10 M⊙ are typically clas-
sified as High Mass XRBs (HMXBs). The companion is generally an O or B
type star whose optical/UV luminosity is likely to be dominant (Conti, 1978;
Petterson, 1978). Matter is ejected from the OB companion star through stellar
winds, which can then be captured by the black hole in a sufficiently closer orbit,
enough to power the X-ray source. Figure 1.1 shows the schematic diagram of a
HMXB in the left panel. The accretion occurs via capture of the ejected stellar
wind material by the compact object. This happens through spherical accretion
or Bondi-Hoyle accretion (Bondi and Hoyle, 1944). The critical gravitational po-
tential lobe around the system is also shown. Supplementary mass accretion can
also occur by transfer of mass via the inner Lagrangian point. The difference in
the mode of energy supply is discernible in the luminosity emitted by the source.
A constant X-ray radiation, with luminosity in the range 1035 – 1037 erg s–1, is
observed when the accretion is through stellar wind, whereas, accretion via Roche
Lobe overflow can generate a luminosity > 1038 erg s–1 (Lewin and Livingston,
1995). HMXBs are mostly clustered in the spiral arms of our Galaxy. Cyg X-1 is
a well-known example of a HMXB. The X-ray luminosity of Cyg X-1 is (2–5.5) ×
1037 erg s–1 (Sunyaev and Truemper, 1979; Meyer-Hofmeister et al., 2020, etc).
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Figure 1.1: Schematic diagram of HMXB and LMXB systems is shown in a and b panels of the figure
respectively. The inner Lagrangian point is shown in both cases through which mass is transferred. In HMXBs,

mass is also transferred through stellar winds. Image courtesy : Moret et al. (2003).

1.1.2 Low Mass X-ray Binaries

If the mass of the companion star is close to the solar mass, we call it a Low Mass
XRB (LMXB). The companion star is type A or later and even white dwarfs
in some evolved cases. The X-rays from the system and the companion star
dominates the optical light and hence, they appear as faint blue stars (Bradt
and McClintock, 1983, and references therein). The stellar wind is not strong
enough to power the X-ray radiation. As seen from panel (b) of Figure 1.1, mass
transfer occurs only through Roche lobe overflow. The Roche lobe radius is a
function of the orbital separation and masses of the two stars. Mass transfer
is triggered when the envelope of the companion star expands and fills its Roche
lobe or when the binary separation between the two objects shrinks due to angular
momentum losses. This matter forms an accretion disc around the compact object,
as mentioned earlier, due to conservation of angular momentum. The heating of
the accretion disc gives out X-ray radiation. The population of LMXBs is mostly
concentrated in the Galactic bulge. LMXBs, specifically those with a black hole
as compact object, form the focus of our studies and so their various properties
will be discussed in detail later on. GRS 1915+105 is a very well-known member
of this class (Castro-Tirado et al., 1996).

1.1.3 Intermediate Mass X-ray Binaries

The above classification only accounts for those systems, whose companion stars
have masses less than 1.5M⊙ or greater than 10 M⊙. Astronomers have been
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puzzled for years about the population of stars lying between these two ranges.
These are termed as Intermediate mass XRB (IMXB). However, recent studies
have shown that IMXBs are just LMXBs in earlier stages of evolution. It is
possible that the companion in the IMXB transferred most of its mass and evolved
into an LMXB (King and Ritter, 1999; Podsiadlowski and Rappaport, 2000; Kolb
et al., 2000). Hence, they are generally studied together with LMXBs.

In this work, we focus only on a few LMXBs. Specifically, we focus on those
which contain a black hole. These are called Black Hole Binaries (BHB). Before
moving onto their nature and evolution, it is necessary to brush up on a few
fundamentals of radiation processes which occur in space. In the next section,
we talk about different types of radiation and the processes which give rise to
them. This topic is exceptionally vast and has huge tomes dedicated to it in itself
(Rybicki and Lightman, 1986; Knoll, 1989, etc.). Here, we will merely summarize
the basics and focus primarily on those which we are likely to encounter in the
study of LMXBs.

1.2 A brief introduction to Radiation processes

Any discussion on X-ray binaries and accretion is incomplete without the inclusion
of terms like thermal and non-thermal radiation, the state of the matter involved,
and the effect of the interaction of radiation with matter. Basically, we need to
equip ourselves with the knowledge of how a particular interaction between matter
and radiation is likely to effect the visible entities i.e, intensity, spectrum and so
on. To do so, the starting point is always the radiative transfer equation given by,

dIν
ds = –ανIν + jν (1.1)

where dIν
ds gives the variation of specific intensity (Iν) along a ray, ds is a differ-

ential element along the length of the ray, αν and jν are coefficients related to
absorption and emission respectively. The intensity in an emitting and absorbing
medium can be obtained by solving equation 1.1. As we navigate across different
physical processes, we only need to find the physical forms of these coefficients
corresponding to each of them.

Another useful way of writing the equation is obtained if we consider τν instead
of s, where τν is the optical depth. This is measured along the path of the travelling
ray. It is defined as:

dτν = αν ds (1.2)

τν(s) =
∫ s

s0
αν(s′) ds′ (1.3)
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A medium is optically thick or opaque when τν > 1 and optically thin or
transparent if τν < 1. This quantifies the interaction a photon has while traversing
a medium. Therefore, the transfer equation can now be written as,

dIν
dτν

= –Iν + Sν (1.4)

where Sν is the source function defined as ratio of emission to absorption coeffi-
cient.

Below, we discuss a few of the emission processes in detail.

1.2.1 Black Body Radiation

Black body radiation is emitted when all the photons are in thermal equilibrium
with each other. Photons can be treated as perfect Bose-Einstein gas as the in-
teractions between them are negligible. Also, they travel with the speed of light
and therefore have zero rest mass. The law for intensity of radiation emitted at
different frequencies ν, was first derived by Planck. This also marks the first ap-
pearance of the Planck constant h, in thermal radiation. The intensity of radiation
is given by,

Iν = Bν(T) = 2hν3/c2

exp(hν/kT) – 1 (1.5)

Equation 1.5 expresses the Planck law. The derivation for the same is presented in
Rybicki and Lightman (1986) (Section 1.5), which we do not reproduce here. At
lower frequencies, equation 1.5 reduces to the Rayleigh-Jeans law and applies in the
radio region in the electromagnetic spectrum. At larger frequencies (hν >> kT),
we obtain the Wien law. This states that the brightness of the blackbody decreases
rapidly with frequency when the maximum is reached. The peak frequency of the
blackbody law shifts linearly with temperature and is represented as,

λmaxT = 0.290 cm deg (1.6)

called Wien displacement law. Another important result that can be derived from
equation 1.5 is the Stefan-Boltzmann law, which gives the energy flux (F) leaving
the surface of the body as

F = σT4 (1.7)
where F is in units of erg cm–2 s–1 and σ is the Stefan-Boltzmann constant. This
implies that the thermal radiation from the surface of an opaque body rises very
quickly with temperature. It is clear from the above that all bodies, irrespective of
their composition, emit the same continuum, provided that they are at the same
temperature. Hence, the continuum radiation of a star can only provide infor-
mation about the temperature of the surface and not details of the composition.
This can be done only by looking at lines in the spectrum.
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Another term that needs to be introduced in this context is the effective tem-
perature (Teff). Total amount of flux, integrated over all frequencies, radiated at
a source is obtained. This is equated to the flux of the blackbody at temperature
Teff.

F =
∫

cos θ Iν dν dΩ = σT4
eff (1.8)

In XRBs, and black holes in particular, the source of continuum radiation is the
accretion disc. This can effectively be defined as blackbody radiation emitted
from different radii of the thermal disc. The flux produced by an accretion disc at
a certain inclination is derived in Mitsuda et al. (1984); Makishima et al. (1986)
and the local temperature at a radius r is derived as,

T(r) =
(

3GMṀ
8πσr3

)4
(1.9)

where G is the gravitational constant and Ṁ is the mass accretion rate.

1.2.2 Bremsstrahlung

Bremsstrahlung, which originates from the German words bremsen and Strahlung
meaning ‘to brake’ and ‘radiation’ respectively, quite literally means ‘braking ra-
diation’ i.e., radiation emitted due to deceleration of a charged particle in the
Coulomb field of another charge. This is also termed as a free-free emission as
radiation is generated by particles which are free before and after the emission of
a photon. Bremsstrahlung due to collision of like particles like electron-electron
and proton-proton is not considered, as the dipole moment, proportional to the
centre of mass, is simply a constant of motion. Therefore, two different particles
need to be considered. In electron-ion bremsstrahlung, electrons are considered
as primary radiators since ions are comparatively more massive.

In X-ray astronomy, we deal with temperatures above 105 K, where the plasma
is likely to be ionized. In such cases, an electron travelling through plasma is
accelerated. As the acceleration is non-uniform, it emits photons with a range of
wavelengths i.e., continuum spectra.

We assume that the electron moves rapidly such that the deviation from its path
in a straight line is negligible. This is called the small-angle scattering regime.
In this regime, we first obtain the emission from a single collision. This can be
extended to find the total spectrum for a medium with ion density ni, electron
density ne and for a fixed electron speed v. The total emission per unit time per
unit volume per unit frequency range is then,

dW
dω dV dt = neni2πv

∫ ∞

bmin

dW(b)
dω

b db (1.10)
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where bmin is some minimum value of impact parameter. The value of bmin can be
estimated in two cases. The first is when the straight line approximation becomes
invalid and the second is when the quantum nature is considered and uncertainty
principle plays an important role. In either case, equation 1.10 can be written as,

dW
dω dV dt = 16πe6

3
√

3 c3m2v
neniZ2gff(v, ω) (1.11)

where gff is the Gaunt factor which is a function of energy of electron and frequency
of emission.

When matter in thermal equilibrium is considered, one needs to apply the above
equation to the thermal bremsstrahlung case. This is obtained by averaging the
single-speed expression obtained in equation 1.11 over a thermal distribution of
speeds. This gives,

dW
dVdtdν

= 25πe6

3mc3

(
2π

3km

)1/2
T–1/2Z2nenie–hν/kTḡff (1.12)

Therefore, in CGS units, the emission is obtained as,

εff
ν ≡ dW

dVdtdν
= constant × Z2neniT–1/2e–hν/kTḡff (1.13)

ḡff is the velocity averaged Gaunt factor. The factor e–hν/kT comes from the
lower-limit cutoff in the velocity integration due to photon discreteness (i.e., pho-
ton cannot be created below a certain value of velocity) and Maxwellian shape of
velocity distribution. The equations 1.12 and 1.13 also show that bremsstrahlung
gives a flat spectrum in a log-log plot upto the cutoff of hν ∼ kT only for optically
thin sources. Similar to the above process, to obtain formulae for non-thermal
bremsstrahlung, the actual distribution of velocities needs to be known and equa-
tion 1.11 must be averaged over that distribution. In optically thick medium, the
spectrum is constrained to be not more effective than a black body spectrum.
This is thermal bremsstrahlung self-absorption. The spectrum turns over at low
frequency with a power-law dependence identical to the drop-off in intensity at
low frequency seen in the Rayleigh-Jeans part of the blackbody spectrum. Galaxy
clusters are a prominent source of X-ray Bremsstrahlung radiation.

1.2.3 Synchrotron radiation

Synchrotron radiation, also known as magneto-bremsstrahlung radiation, is the
emission of relativistic electrons gyrating in a magnetic field. Radio emission from
the Galaxy, supernova remnants and extragalactic radio sources can be attributed
to this process. It is also responsible for non-thermal optical and X-ray emission
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from Crab nebula and continuum emission of quasars. The usage of the term ‘non-
thermal’ is one that will be encountered multiple times in the discussion on high
energy astrophysics. However, it could be a misnomer, as the origin of all processes
is ‘thermal’ in some sense. It is generally meant to convey that the continuum
emission cannot be described by black body radiation or thermal bremsstrahlung
i.e., the velocity distribution of the particles involved is not Maxwellian.

For non-relativistic electrons, the radiation is known as cyclotron radiation and
is at the gyration frequency ω = eB/mec. It becomes synchrotron radiation, when
relativistic particles are considered, as mentioned above.

Consider a particle of charge q and mass m, moving in a magnetic field B̄.
Larmor’s formula can be extended to relativistic particles to obtain the total
power in rest frame. We then find the components of acceleration in direction
parallel and perpendicular to the velocity and obtain the following formula,

P = 4
3σTcβ2γ2UB (1.14)

where σT = 8π2
0/3 is Thomson cross section and UB is the magnetic energy density

B2/8π. In case of relativistic particles, radiation is beamed in the direction of
motion of the particle. Therefore, before calculating the synchrotron spectrum,
we need to consider the beaming effects. The observer sees a pulse of radiation
emitted in a smaller time interval than the gyration period. The spectrum will
thus be spread over a broader region than of the order of ωB/2π. As Longair
himself puts it in Longair (2011), ”I am not aware of any particularly simple
way of deriving [synchrotron spectrum]”, we will not go into the details of the
derivation. The derivations are available in Longair (2011); Rybicki and Lightman
(1986). Here we just summarize the steps as done in Longair (2011). First, we
obtain the energy emitted per unit bandwidth for an arbitrarily moving electron,
then select a suitable set of coordinates to compute the field components radiated
by the electron spiralling in a magnetic field and finally work out the algebra to
obtain the spectral distribution of field components. The power per unit frequency
emitted by each electron is given by,

P(ω) =
√

3
2π

q3B sin α
mc2 F

(
ω
ωc

)
(1.15)

where α is the angle between the field and the velocity called pitch angle, F is a
dimensionless function and ωc is the critical frequency ω = 3

2γ3ωBsin α to which
the spectrum extends before falling away.

Often the electrons emitting the synchrotron radiation have a power-law distri-
bution of energies, i.e., N(E)dE ∝ E–p dE or N(γ)dγ ∝ γ–p dγ. Then the spectrum
is given by an integral over the electron energy distribution,

P(ω) ∝
∫

dγ γ–pF
(

ω
ωc

)
(1.16)
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Changing the variable from γ to x ≡ ω
ωc , the integral becomes a dimensionless

integral over x. We find,
P(ω) ∝ ω–(p–1)/2 (1.17)

One of the distinguishing features of synchrotron radiation is that it is strongly
polarized. For particles with powerlaw distribution of energies, the degree of
polarization is given by,

Π = p + 1
p + 7

3
(1.18)

This is used to map out the the magnetic fields of spiral galaxies. Synchrotron
emission has also been used to explain the spectra from X-ray binaries like Cygnus
X-1 and GX 339-4 (Wardziński et al., 2002; Malzac, 2012).

1.2.4 Compton and Inverse Compton scattering

Scattering is a common emission process which depends entirely on the amount
of radiation falling on the medium. Electron scattering is the most important
mechanism of this type. Compton scattering causes the exchange of momentum
between a photon and a charged particle. For low energy photons, hν << mc2,
scattering of radiation from free charged particles reduces to Thomson scatter-
ing. However, here as we deal with high energy photons, Compton and inverse
Compton scattering play an extremely important role. For Thomson scattering,
the energy of the incident and scattered photon are equal and the Thomson cross-
section is given by σT = 8π

3 r2
0, where r0 is the classical electron radius. This is

when the scattering is elastic or coherent.
When quantum effects are taken into consideration, kinematic effects also should

be taken into account, as the photon now possesses a momentum of hν/c along
with energy hν. The scattering cannot be considered elastic due to the recoil of
the charge. Using the expressions for conservation of momentum and energy, we
obtain the energy of the scattered photon (εl) as,

εl = ε
1 + ε

mc2 (1 – cos θ)
(1.19)

which in terms of wavelength is given by,

λl – λ = λc(1 – cos θ) (1.20)

where λc, the Compton wavelength, is defined as λc = h/mc. For λ >> λc, the
scattering is approximately elastic and there is no change in photon energy.

The differential cross-section for unpolarized radiation is given by Klein-Nishina
formula as,

dσ
dΩ

=
r2
0
2

ε2
l
ε

(
ε
εl

+ εl
ε

– sin2θ
)

(1.21)
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Therefore, the cross-section reduces from the classical value as the photon energy
becomes large. The total cross-section can be given as,

σ = σT
3
4

[
1 + x

x3

(
2x(1 + x)

1 + 2x – ln(1 + 2x)
)

+ 1
2xln(1 + 2x) – 1 + 3x

(1 + 2x)2

]
(1.22)

where x ≡ hν/mc2. In the non-relativistic regime, it reduces to

σ ≈ σT
(
1 – 2x + ...

)
, x << 1 (Thomson) (1.23a)

σ = 3
8σTx–1

(
ln 2x + 1

2

)
, x >> 1 (Extreme KN) (1.23b)

When the moving electron has sufficient kinetic energy compared to the photon,
the net energy may be transferred from the electron to the photon. This is called
inverse Compton scattering. Before moving on to the mathematical aspects of the
process, let us first place it in an astrophysical context. If a plasma is embedded in
a radiation field of temperature Trad, the energy between photons and electrons is
continuously transferred via scattering. If the temperature of the electrons, Te, is
greater than Trad, the electrons cool by transferring energy to the photons through
inverse Compton scattering. In the alternate scenario, wherein Te << Trad,
the photons cool down by Compton scattering. In astrophysical phenomena, we
mainly deal with inverse Compton scattering, which is the mechanism for the
origin of high energy photons. We also encounter a term called Comptonisation in
this context, which will be used frequently throughout this work. Comptonisation
refers to multiple Compton scatterings by thermal electrons which results in the
distortion of the energy spectrum.

The complete mathematical treatment for obtaining the spectrum for Comp-
tonisation is detailed in Rybicki and Lightman (1986). One needs to first obtain
the evolution of the photon phase space density due to scattering from multiple
electrons using Boltzmann equation. For simplicity, we consider the case where
electrons are non-relativistic, wherein the Boltzmann equation can be approxi-
mated to the Fokker-Planck equation. The Fokker-Planck equation for photons
scattering off a non-relativistic, thermal distribution of electrons was first derived
by Kompaneets (1957) and is known as Kompaneets equation. This is given by,

∂n
∂tc

=
(

kT
mc2

)
1
x2

∂
∂x[x4(n′ + n + n2)] (1.24)

where tc ≡ (neσTc)t is the time measured in units of mean time between scatter-
ings and n is the photon phase space density. Detailed analysis of the Compton
spectra requires a solution of equation 1.24.The condition at which the scattering
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process affects the total photon energy is obtained using the Compton y parame-
ter, which is defined as,

y ≡
(
average fractional energy change per scattering

)
×
(
mean number of scatterings

)
(1.25)

In general, when y ≥ 1, the total photon energy and spectrum will be altered,
whereas the total energy remains almost same when y << 1. Approximate analy-
sis for both cases i.e., modified black body (y << 1) and saturated Comptonisation
(y >> 1) are sufficient. However, a detailed treatment with equation 1.24 is re-
quired for intermediate cases (i.e., unsaturated Comptonisation). In the present
studies, we have used Comptonisation models where a soft photon input is consid-
ered. This particular case corresponds to the media where inverse Comptonisation
is important, but not saturated to the Wien spectrum for most photons (y ∼ 1).
Considering a steady-state solution, equation 1.24 can be modified as,

0 =
(

kT
mc2

)
1
x2

∂
∂x[x4(n′ + n)] + Q(x) – n

Max(τes, τ2es)
(1.26)

Here, Q(x) is the photon source. Also, since photons scatter multiple times, it
can be approximated that the the probability for a photon to escape per Comp-
ton scattering time is equal to the inverse of the mean number of scatterings,
Max(τes, τ2

es). Assume that Q(x) is non zero only for x < xs, where xs << 1 as
the source seed photons are ‘soft’. For x >> 1, an approximate solution is n ∝ e–x,
that is, the spectrum falls off exponentially at photon energies much above the
electron temperature. On the other hand for xs << x << 1, we get the power-law
solution n ∝ xm, where,

m = –3
2 ±

√
9
4 + 4

y (1.27)

Here, y is the Compton y-parameter, given by y = 4kT
mc2 Max(τes, τ2

es) for non-
relativistic thermal distribution of electrons. A high-energy cutoff is incorporated
in the models of Comptonisation used for the present analysis related to the
temperature of the thermal electrons in an optically thin medium close to the
compact object (see for eg., Belloni et al., 2006). Current models incorporate
the presence of a ‘hybrid’ plasma, which contains both thermal and non-thermal
components. The optical depth of thermal electrons is 1, while those of non-
thermal electrons is << 1 (Ghisellini et al., 1993).

1.2.5 Fluorescence

Another phenomenon that needs to be introduced is fluorescence. Originally
coined by Sir George Stokes to explain the observation of anomalous colours under
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different illuminations, fluorescence means the emission of light by a substance
that has absorbed electromagnetic radiation. When an X-ray photon interacts
with matter, the energy is transferred completely to a bound electron in the inner
shell. The electron is knocked out, creating a vacancy. This results in an electron
jumping from a higher orbit to fill its place, giving out an X-ray with energy cor-
responding to the difference in energy between the two bound shells. On an X-ray
spectrum, these emission lines appear as sharp peaks. However, the line shape is
also determined by multiple physical effects like Doppler broadening and Natural
broadening.

In dealing with X-ray binaries, we observe that the line profile mostly observed
is the Fe Kα line, which forms when an electron in the L shell (n = 2) drops
into the vacancy in the K-shell (n = 1). This line is observed at 6.4 keV. The
line emission observed, apart from being a signature of reflection from the disc,
can also be used to comment on the spin of the compact object, based on its
broadening and skewness (Reynolds, 2014). Most of the time, the profile observed
is a combination of both Doppler and Lorentz profiles. The centre is dominated
by the Doppler profile, while the ‘wings’ are dominated by Lorentz profile.

1.3 Accretion - tapping into the power source

Accretion, as a power source, made sense only after it was realized that gravity
is the only source strong enough to power many luminous objects. For a body of
mass M and radius R, the gravitational potential energy released by the accretion
of mass m onto its surface is,

∆Eacc = GMm/R (1.28)

where G is the gravitation constant. The more compact the object, the greater is
the energy generated. The efficiency depends on the parameter called compactness
defined as M/R. Therefore, accretion as a mechanism, is more efficient for neu-
tron stars (R ∼ 10 km) and black holes (R = 2GM/c2). At constant compactness,
luminosity of an accreting object system depends on the accretion rate (Ṁ). The
maximum luminosity an object can emit is called its Eddington luminosity. This
happens when the outward pressure of radiation just about balances the gravi-
tational attraction when the accretion flow is steady and spherically symmetric.
The expression for Eddington Luminosity is given by,

L = 4πGMmpc/σT = 1.3 × 1038 erg s–1 (1.29)

and accretion luminosity is given by L = GMṀ/R. In case of a black hole, the
radius does not refer to a surface, but only to a region close to the horizon of no
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escape. The uncertainty is parametrized by a dimensionless quantity η, which is
the efficiency.

Lacc = 2ηGMṀ/R = ηṀc2 (1.30)
where R = 2GM/c2 is called the Schwarzschild radius. η can lie between 0 and
1. We have already mentioned in Section 1.1 that accreted material cannot fall
directly on the compact object due to angular momentum conservation. This
leads to the formation of accretion discs, where gravitational potential energy is
extracted and converted into radiation. We have also briefly touched upon the two
mechanisms of accretion i.e. Roche lobe overflow and wind accretion, seen mostly
in LMXBs and HMXBs respectively. A schematic representation of the same is
presented in Figure 1.1. We discuss these processes in detail in the following
sections.

1.3.1 Stellar Wind Accretion

In binary systems where the companion stars are O or B type stars (i.e., HMXBs),
it so happens, that the star ejects material out during a certain stage in its
evolution. This matter is accreted onto the compact object through the stellar
winds. Wind accretion is one of the most popular applications of the Bondi-
Hoyle-Lyttleton analysis. The stellar winds have mass loss rates (Ṁ) of 10–6 –10–5

M⊙ yr–1 and they are highly supersonic. The wind particles that flow close to
the compact object, such that their kinetic energy is less than the gravitational
potential energy, are accreted in a cylindrical region with radius,

racc ∼ 2GM/v2
rel (1.31)

where vrel is the relative velocity of the wind. The fraction of stellar wind captured
by the compact object is given by comparing the mass flux into the accretion
cylinder of radius racc with the total mass loss rate –Ṁw of the star as,

Ṁ
–Ṁw

= 1
4

(
M
Mc

)2(Rc
a

)2
(1.32)

where Mc and Rc are mass and radius of the normal companion star. For typical
parameters of X-ray binaries, the accretion rate comes out to be 10–4 – 10–3 of
the mass-loss rate –Ṁw. This seems to be too small for the accreting system to
be luminous enough to be detected. However, the mass loss rates of the stars
are themselves high enough to make the sources observable. There is still some
difficulty in reconciling the theory with the observations when it comes to stellar
winds. For instance, the flow pattern assumed by Bondi-Hoyle-Lyttleton signifi-
cantly differs when the orbital velocity is comparable to the wind speed (Theuns
and Jorissen, 1993). In the present studies, we focus only on LMXBs, which follow
the more efficient and significantly well-studied accretion process of Roche Lobe
Overflow.
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1.3.2 Roche Lobe Overflow

In the Roche approach, we consider the orbit of a test particle in the gravitational
potential of two massive bodies orbiting each other. Two primary assumptions
considered in astronomy are that

1. the test particle does not perturb the orbits of these bodies as they are
massive and

2. the orbits are circular and the masses can be considered as point masses.

The stars then execute Kepler orbits about each other in a plane. A schematic
representation is shown the right panel of Figure 1.1. We consider a binary system
with masses M1 = m1M⊙ and M2 = m2M⊙. Then, following Keplers laws, we
have,

4π2a3 = GMP2 (1.33)
where a is the binary separation and is a function of the mass ratio q = M2/M1
and P2/3. The angular velocity of the binary ω is given as,

ω =
[

GM
a3

]1/2
(1.34)

Using Euler equation and accounting for the centrifugal and coriolis force, the
Roche potential is obtained as,

ϕR(r) = – GM1
|r – r1| – GM2

|r – r2| – 1
2(ω × r)2 (1.35)

where r1 and r2 are position vectors of the centres of the two stars and ϕR is the
set of equipotential surfaces. A particular equipotential surface intersects itself
at the inner Lagrangian point L1, which acts as a saddle between the two valleys
representing the two bodies. The region bound by this surface is called a Roche
Lobe. Mass transfer is therefore easier through this pass L1. Initially, we consider
the stars in the binary to be smaller than their respective Roche lobes. Suppose
that one of the stars swells up during its evolutionary track such that the surface
of the star lies on its Roche lobe and matter is close to L1. A small perturbation
of the material will then push matter through L1 to the other star. The star from
which matter is transferred is referred to as secondary and the one onto which
matter is accreted is called primary. This is the accretion process followed mostly
in LMXBs.
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1.4 Outbursts - Where and How?

So far we have

• familiarized ourselves with different radiation processes likely to occur in
systems containing black holes

• studied accretion as a source of power generated in BHBs through stellar
wind and Roche lobe Overflow.

In the following sections, we use the above concepts and try to interweave them
neatly into the story of outbursts. However, any introductory chapter on study
of X-ray sources would be incomplete without the mention of Sco X-1, the first
extra-solar X-ray source to be discovered (Giacconi et al., 1962). On 18 June
1962, Riccardo Giacconi and team, launched a small X-ray detector aboard an
Aerobee rocket. Sco X-1 owns the distinction of being the only point source to be
detected in X-rays in the mere 350 seconds that the rocket remained above Earth’s
atmosphere. This event, almost as significant as the discovery of moons around
Jupiter by Galileo, encouraged astronomers to launch a flurry of X-ray detectors
aboard balloons, rockets and satellites. Thanks to this much needed shot in the
arm for X-ray astronomy, extra-solar X-ray observations increased significantly,
which in turn facilitated the discovery of X-ray outbursts. Outbursts, as the
name suggests, is a sudden flare-up in intensity. Some sources show an increase in
brightness for a short duration and then fade into the darkness, only to repeat the
cycle after some time. These sources are called Transients. This phenomena was
observed only when rocket flights could be used on a regular basis to view the X-
ray sky. A source was detected at a location in May 1967, which wasn’t seen earlier
in 1965. When it disappeared again in September 1967, the first transient X-ray
source - Cen X-2, had been identified (Harries et al., 1967; Chodil et al., 1968).
Cen X-4 was discovered soon afterwards in 1969 (Evans et al., 1970). Within
a span of 5 years, many such sources were reported, prompting the emergence
of a new class called X-ray transients. Hundreds of such X-ray transients are
now known belonging to different categories. In Figure 1.2, we show lightcurves
of three transient sources GRS 1915+105, GX 339-4 and 4U 1630-472 obtained
using Monitor of All-Sky X-ray Imaging (MAXI) in the 2 – 20 keV range. These
three lightcurves are just an example to show the range of the variability seen in
XRBs. GRS 1915+105 was referred to as a quasi-persistent source for more than
2 decades as it was always in outburst, until it went inexplicably quiet in mid-2018
(see Belloni et al., 2000; Klein-Wolt et al., 2002; Negoro et al., 2019; Athulya et al.,
2022). GX 339-4 is a BHB that goes into regular outbursts once in approximately
2 – 3 years (Tetarenko et al., 2016). 4U 1630-472 is a unique source that shows
two different types of outbursts - one lasting for almost two years and the other
for around 100-150 days (Abe et al., 2005; Capitanio et al., 2015; Baby et al.,
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Figure 1.2: MAXI lightcurves of three transient sources from MJD 55000 to 59710. Its spans a duration of 13
years, from mid 2009 to 2022. The lightcurves of GRS 1915+105, GX 339‐4 and 4U 1630‐472 are shown in the
top, middle and bottom panels respectively in the energy range 2 – 20 keV. GRS 1915+105 remained active till
around MJD 58300 and then went into quiescence. GX 339‐4 is known to undergo outbursts approximately
once every few years. These outbursts last from anywhere between 200 and 400 days. The third panel shows
the lightcurve of 4U 1630‐472. It undergoes two different types of outbursts spaced approximately 600 days
and 2 years respectively. Details will be discussed in Chapter 3. The last panel shows the lightcurve of the
persistent source LMC X‐1 for comparison. The lightcurve remains more or less stable although variations in

intensity are occasionally reported.

2020). We will be introduced to this source in much more detail in Chapter 3. The
lightcurve of the persistent source LMC X-1 (Mark et al., 1969) is also shown in the
fourth panel for comparison. An interesting point about the sources is not just the
duration of the outbursts or their periodicity, but also their brightness. It is clear
from Figure 1.2 that of the 3 sources shown here, GRS 1915+105 is the brightest
at the peak of the outbursts, followed by GX 339-4 and 4U 1630-472, in that
order. Different sources exhibit multiple outbursts varying in intensity, recurrence
time and duration. In spite of all these differences, it is important to note that
the physical mechanisms underlying these outbursts can be encompassed by a
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few simple theories. In the following sections, we look at the standard accretion
disc and the instabilities which could trigger these outbursts. We then proceed to
follow the outburst as it passes through various states, introducing other alternate
theories and modifications to the standard disc theory, incorporated to explain the
observations in each case.

1.4.1 Steady state Accretion disc

The structure of accretion flow is basically governed by the heating or cooling
processes assumed to be important while balancing against gravitational heating.
Shakura and Sunyaev, in 1973, assumed that viscous stresses convert gravita-
tional potential energy to heat, which is then radiated locally at a given radius
(Shakura and Sunyaev, 1973). At a given radius of r = R/Rg (Rg is gravitational
radius GM/c2), the disc emits at the temperature of T(r) ∝ r–3/4. The resulting
spectrum is given by a combination of blackbody spectra. This implies that more
luminosity is generated at smaller radii as the gravity is stronger. So the tem-
perature increases inwards. This solution is consistent with a geometrically thin
disc and only breaks down at luminosities close to Eddington luminosity. This
implies that the spectrum is more or less independent of the details of the viscosity
mechanism. Therefore, disc spectra can be predicted using phenomenological de-
scriptions of stresses like the Shakura-Sunyaev (SS) α prescription, in which shear
stresses are directly proportional to total pressure i.e., trϕ = αPtot. Magneto-
rotational instability has been proposed as one of the candidates for the physical
origin of the stress (see Balbus, 2005). However, the details related to it need not
be delved into for our current discussion. What needs to be addressed however,
is that the SS solution assumes that mass accretion rate is constant with radius,
which may not be true in some cases. There are two major instabilities which are
seen in SS discs - one related to hydrogen ionization, seen at lower luminosities
and the other due to radiation pressure which occurs at higher luminosities.

1.4.2 Hydrogen Ionization instability

Ionization instability was first used to explain the lightcurve profiles in dwarf
novae in Meyer and Meyer-Hofmeister (1984). This same mechanism could be
linked to X-ray novae (Lasota, 2001). Initially, the accretion disc is cool and
faint and the hydrogen is mostly neutral. At low accretion rates, the standard
SS disc is thermally and viscously unstable for a narrow range of temperature
(104–5 K) associated with hydrogen ionization. The instability occurs due to
the high sensitivity of opacity to the plasma temperature. As a result, a small
increase in temperature produces huge increase in opacity as the high energy
photons ionize some of the hydrogen in the disc. The energy of these photons
stays in the disc, thus increasing its temperature. This results in more hydrogen
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atoms being ionized, subsequently trapping larger amount of energy in the disc
and further increasing the temperature. This cycle continues till H is completely
ionized. The thermal instability then results in viscous instability, as the increased
temperature implies an increased mass accretion rate. This is more than the input
mass accretion rate and so the material in the disc is eaten away at the radius.
This results in a decrease of pressure and by extension, a decrease in temperature,
until the hydrogen can recombine. The thermal instability is triggered again,
albeit, with the cooling running away this time, till it reaches below 104 K. The
output mass accretion is relatively lower and the disc begins to build up again.
This local instability is transferred to the next annulus in the disc, eventually
resulting in a limit cycle behaviour between the standard disc with larger mass
transfer rate from the companion, so the whole disc is being eaten away on the
viscous timescale, to a quiescent disc where hydrogen is neutral. However, in NS
and BHB systems, one also needs to take the luminous inner disc into account,
which means that irradiation is also important (van Paradijs, 1996), keeping the
temperature of the outer disc high enough to prevent recombination of H. This
results in the exponential decay as seen in lightcurves of BHBs, if the whole disc is
irradiated. Ionization instability leads to eruptions that last for months in XRBs
and long-term activity cycles in AGN lasting for millions of years (Siemiginowska
et al., 1996).

1.4.3 Radiation pressure instability

Radiation pressure instability occurs at higher mass accretion rates at small radii,
as the disc goes from gas pressure dominated to radiation pressure dominated.
Here, a small increase in temperature causes a large increase in pressure, which in
turn increases heating, as stresses are proportional to total pressure. This large
increase in temperature is not balanced by a corresponding decrease in opacity
and hence leads to runaway heating. The SS disc equations do not allow for a
stable solution at high temperature and predict complete disruption of the disc.
However, inclusion of radial advection gives an additional cooling process along
with the energy losses through radiation (Abramowicz et al., 1988). This allows for
a thermal-viscous limit cycle as the one described above for H ionization instability.

SS stress prescription becomes radiation pressure unstable at luminosity ≥ 0.06
LEdd to produce limit cycles. Most of the gravitational energy is released in the
inner disc and hence should significantly affect the lightcurve. However, observa-
tional evidence suggests that the BHBs show a stable disc spectra upto 0.7 LEdd.
This may suggest that the classic SS prescription is incorrect. Only stress pre-
scriptions with heating proportional to gas pressure are stable everywhere (Stella
and Rosner, 1984). However, lightcurve of GRS 1915+105 (a sample of which is
shown in Figure 1.2) exhibits some signatures of limit cycle in its lightcurve. Thus

19



it seems that the effective stress scales slower with temperature than predicted
by radiation pressure, but faster than predicted by gas pressure alone. There-
fore, the heating may be proportional to geometric mean of gas and total pressure
(Merloni, 2003). This, coupled with effects of advection from neighbouring annuli
mean that this stress prescription can be stable upto 0.4 L/LEdd (Merloni and
Nayakshin, 2006).

1.5 Photons as storytellers

The theories discussed above and those yet to be mentioned in this chapter can
only be confirmed using observations. The data obtained from the observations
are photons of different energies from different sources. These little packets of
energy, traversing across space and time, are the key to unlocking the mysteries
of the universe. The method of collection of data, and the instruments used are
presented in detail in Chapter 2. Two final products are obtained by analysing
data from the instruments. The first is the number of photons collected over time,
called a lightcurve and the second is the photons collected across individual energy
channels, called energy spectrum.

1.5.1 Light curves and Power Density Spectra

Light curves of four different sources are shown in Figure 1.2. As seen from the
figure, a lightcurve shows the variation of intensity (or flux) of the source with
time. A rise in intensity of the source relative to the base level, marks the be-
ginning of an outburst. The changes in the intensity and the patterns formed
in the lightcurve are generally studied under the heading of temporal properties.
These variations and patterns are clearly visible when the change occurs over
timescales of hours or days. However, rapid variations are seen in some sources,
along with the emergence of periodic or quasi-periodic features. To study these
features, we obtain the Fourier transformation of the lightcurves. This is called
a Power Density Spectrum (PDS). A PDS is essentially the modulus squared of
the Fourier transform of the light curve (van Paradijs, 1996). The characteri-
zation of flux in the frequency domain is useful while studying fast fluctuations
in accreting sources and to clearly identify periodic and aperiodic variabilities in
the source. Figure 1.3 shows a sample PDS from the X-ray transient GX 339-4
(Motta et al., 2011). The sharp, narrow features seen in the PDS are called Quasi-
periodic Oscillations (QPOs), which is an example for an aperiodic variability.
QPOs are seen at both low (< 40 Hz) and high frequencies (> 60 Hz) called Low
Frequency QPOs (LFQPO) and High Frequency QPOs (HFQPO) respectively
(Belloni, 2010). QPOs are studied by fitting the Poisson noise subtracted PDS
with different models. This is usually a combination of powerlaw (if necessary)
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and Lorentzian functions. The Lorentzian function is given by,

L(ν) =
a2

0
π/2 + arctan(ν0/∆)

∆
∆2 + (ν – ν0)2 (1.36)

where ν is Fourier frequency, ν0 is Lorentzian peak frequency (QPO centroid
frequency), ∆ is the half width at half maximum (HWHM) and a2

0 is the integral
of L(ν) from ν = 0 to ν = ∞. The power spectrum can be normalized such that
the integral over all positive frequencies gives the fractional root mean square
(rms) deviation of the corresponding time series (Belloni and Hasinger, 1990).
The rms qualifies the variability of a time series in a given Fourier frequency
range. To quantify a particular feature as prominent, the quality factor is used,
which is defined as Q = ν0/2∆. Generally, a Q value greater than 3 suggests that
the peaked feature in the PDS can be classified as a genuine QPO.

Initially, LFQPOs were considered to be one single phenomenon with varying
frequencies. However, it was found that LFQPOs display varying properties, based
on which they are again divided into types (Wijnands and van der Klis, 1999;
Remillard et al., 2002; Casella et al., 2005; Remillard and McClintock, 2006).
Three types of QPOs are reported in BHBs called Type A, B and C respectively
as shown in the panels from top to bottom in Figure 1.3. Type-C QPOs are
characterized by high amplitudes reaching upto 20% and narrow peaks in the PDS
with Q ≥ 8. A number of harmonics are also detected along with the fundamental
peak. Sometimes, the presence of a sub-harmonic is also observed. Type-B QPOs
are observed to have moderately high amplitudes with rms upto 5% and manifest
as narrow peaks of Q ≥ 6. A weak second harmonic is seen sometimes along
with a sub-harmonic. In cases where sub-harmonic and fundamental QPO have
comparable amplitudes, we observe the so-called ‘cathedral’ QPOs (Casella et al.,
2004). Type-A QPOs are the weakest of the three with rms lying within a few
percent. Also, this QPO feature is broader with Q ≤ 3. Therefore, there are only
a total of ∼ 10 significant detections of the same in the entire RXTE archive.
Sub-harmonics and harmonics are not detected in this case. Different types of
QPOs are unique to different states of the source during an outburst (this will be
discussed in Section 1.6). HFQPOs are also seen in the PDS along with LFQPOs,
which allows for some interesting results. HFQPOs are very rarely detected in the
PDS of BH systems. The first detection was in 1997, when a ∼ 67 Hz QPO was
observed from GRS 1915+105 (Morgan et al., 1997; Sreehari et al., 2020). Since
then, HFQPOs have been detected only in a handful of other sources (Belloni et al.,
2012). HFQPOs are observed as single or double peaks, although simultaneous
detection of double peaks (called lower and upper HFQPOs) is seen only in a few
sources like GRO J1655-40 and H1743-322 (Strohmayer, 2001; Remillard et al.,
2002; Remillard and McClintock, 2006). The frequencies of the simultaneous
QPOs in both these cases is close to 3:2. This resulted in a few models being
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Figure 1.3: PDS of BHB GX 339‐4 exhibiting different types of QPOs is shown (Motta, 2016). The PDS exhibit
harmonics and subharmonics in type B and C QPOs along with the fundamental frequency. These features are

clearly seen in type B and C QPOs shown in second and third panels respectively.

proposed which attributed the origin of these QPOs to resonance (Abramowicz
and Kluźniak, 2001). HFQPOs are mostly seen in high flux states.

1.5.2 Energy Spectra

The distribution of photons over different energy channels gives the energy spectra.
Energy spectra from BHBs can extend from 0.1 keV to hundreds of keV in X-ray
energy range. Spectra are fitted with multiple models in XSPEC (Arnaud, 1996),
to determine the physical origin of the spectral features. Based on the varying
levels of contribution from different components, we determine the state of the
source. While dealing with energy spectra, we also need to consider the absorption
by interstellar medium in the line of sight of the source. Also, one should select
data from particular instrument based on our energy range of interest, as different
instruments are built to have better responses at certain energy ranges. This can
be evaluated using the response matrix and other related files provided by the
corresponding instrument team. Details of instruments used are mentioned in
Chapter 2.
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1.6 Spectral and temporal evolution

Armed with the above information, we now proceed to track the changes in the
spectrum from the beginning to the end of the outburst and link it to the physi-
cal changes in the accretion disc in this section. We now know that an outburst
entails changes in the accretion rate and the geometry of the disc. These changes
take place in stages called ‘states’. The periods where the source is not in outburst
is called quiescence. During an outburst, the source undergoes four states - each
associated with its own unique spectral and temporal properties. The evolution
of the spectra holds clues as to the physical evolution of the source throughout
its outburst. The spectra obtained from the source consists of two main compo-
nents - a soft component below ∼ 10 KeV and a non-thermal tail extending to
500 keV and beyond as revealed by extensive studies of the spectra of Cyg X-1
(Gierliński et al., 1999; McConnell et al., 2000). The soft component is attributed
to an optically thick accretion disc which is approximated using a multi-colour
disc blackbody model (Mitsuda et al., 1984), which is a representation of the
standard SS disc. However, the tail of the spectrum cannot be explained using
only this model. The higher energy emission suggests that at least some part of
the accretion power is dissipated in an optically thin material, so that the energy
does not thermalize to the disc temperature. This is referred to as ‘corona’. The
physical properties of the corona and the theories associated with it will be sum-
marized in later sections. However, the notable point here is that the contribution
from these two components (disc and corona) waxes and wanes as the outburst
progresses, affecting the overall luminosity from the source. The division into
states is primarily based on the varying contributions to the spectra from these
two components.

For a clearer understanding, we follow the pattern followed by the source in the
Hardness-Intensity Diagram (HID). A HID is the plot between the ratio of flux in
harder to softer energy band and the total flux. The source generally traces out
a distinct ‘q’- shaped pattern in the HID (Deviations will be discussed in Section
1.8). A typical HID for a BHB is shown in Figure 1.4. The different states are
marked on the HID along with the jet line. In the following subsections we look
at the spectral and temporal features of the source in each of these states while
traversing from A to E in the HID shown in Figure 1.4.

1.6.1 Low/Hard State (LHS)

Starting from the bottom right corner of the plot in Figure 1.4, the region between
the points A and B is the hard state. The source is said to be in the hard state
when the spectrum peaks in the higher energy range (∼ 100 keV). The source
is generally less luminous in the state, hence prompting the name Low/Hard
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Figure 1.4: A typical HID of a BHB tracing out a ‘q’‐shaped pattern. The different states are also marked.
Intermediate states are associated by appearance of jets as represented by the jet lines (Kylafis et al., 2012)

.

State. However, this naming is more conventional rather than accurate, as some
sources are found to be bright even in the LHS (see Miller et al., 2015; Xu et al.,
2018a,b, etc.). The spectra are broadly fit with the phenomenological power law
model characterized by a photon index Γ, where photon spectrum is given by
N(E) ∝ E–Γ. This powerlaw may have a break or cut-off at higher energies and
extends upto hundreds of keV. This component is the primary contributor to the
total flux. The powerlaw model is replaced by Comptonisation models, which
also provide good fits to the spectra. This implies that the hard component in
the spectra could be due to the Compton upscattering of soft photons by the hot
electrons in the corona. In the ‘pure’ or canonical hard state, one does not need
to include a disc component. However, it is seen that in some cases, addition of
a non-dominant thermal disc component is required for best fits. The spectrum
is hard with Γ < 2. Strong Band Limited Noise (BLN) components are seen in
the PDS, with typical rms values of ∼ 30%. Type C LFQPOs are also observed
in this state.

Figure 1.5 shows the schematic representation of the possible accretion geometry
in the hard and soft state in the top and bottom panels respectively. The dark
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Figure 1.5: Schematic view of accretion in hard (top) and soft (bottom) state (Liu and Taam, 2009). In the hard
state, the inner disc is evaporated and replaced by a corona, which is a source for the hard photons. The disc
moves closer to the compact object in the soft state and the corona becomes weaker. Soft photons from the

disc are clearly detected at this stage.

grey slab in the figure is the disc while the corona is the puffed up region shown
in lighter grey. Different coronal models will be discussed later. Hard photons
originate close to the compact object. Spectral properties in the hard state suggest
that contribution from the disc is minimum as the soft photons detected are very
less. This leads to an increase in the hardness ratio. The truncated disc model,
where the disc is far away from the compact object, is shown in the top panel of
Figure 1.5. The corona is strong and there is little overlap between corona and
the disc. So, there are very few disc photons illuminating the coronal flow. This is
further confirmed by multi-wavelength observations (IR-optical-UV-X-ray), which
show that the disc has a very low maximum temperature, of the order of a few
tens of eV, and a truncation radius of 100 – 300 Rg (see Esin et al., 2001, for
eg.). However, exceptions exist, where the spectra can only be explained by the
existence of a disc extending close to the ISCO (Ramadevi and Seetha, 2007;
Miller et al., 2015; Baby and Ramadevi, 2022). Various other explanations are
also put forward to explain the soft component seen in the LHS. These will be
discussed later in Section 1.8 and subsequent chapters.

1.6.2 Hard Intermediate State (HIMS)

The source then moves from the right (B) to the top horizontal branch of the HID
in Figure 1.4. This is called the HIMS. Here, the thermal disc component appears
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or becomes more prominent. The powerlaw index increases from 2 to 2.5 – 3.0.
Signature of the Fe Kα line, along with other reflection features also appear in
the spectra in a few cases. The PDS shows band limited noise and strong Type-
C QPOs. The fractional rms is lower than LHS (10 – 20%). The characteristic
frequencies of the QPOs are higher than in the LHS. The source spends less time
in the HIMS ranging for just a few days.

Jet Line

Sometimes, the transition from the HIMS to the next state is marked by the
appearance of X-ray jets (Fender et al., 2004; Belloni et al., 2005). This is marked
as a jet line in Figure 1.4. This transition period is associated mostly with changes
in PDS and a slight softening of the spectrum. However, there are some cases
where the time of transition does not match with the crossing of the jets (Fender
et al., 2009).

1.6.3 Soft Intermediate State (SIMS)

As the source reaches the Soft Intermediate State (SIMS), the spectral properties
remain largely similar, although there are drastic changes seen in the temporal
properties. The most striking feature is the low level of variability where the
fractional rms can be as low as a few percent. QPOs of Type A or B are seen in
the PDS.

1.6.4 High/Soft State (HSS)

The source then moves from the horizontal branch to the left of the plot towards
the soft state, which is the most thermal dominant state. Here, the disc contri-
bution accounts for the maximum flux from the source. The coronal component
is weak or non-existent. The disc moves inwards towards the black hole as shown
in the bottom panel of the figure 1.5. The disc component is fit simply with the
diskbb model (Mitsuda et al., 1984; Makishima et al., 1986). The local temper-
ature is defined as T(r) = Tin.(r/rin)–3/4. The bolometric luminosity Ldisc is
related to the maximum disc temperature Tin and apparent inner disc radius rin
as Ldisc = 4πr2

inσT4
in. Obtaining the true radius from the apparent radius requires

several corrections to be taken into account. They are
• Stress-free inner boundary condition :- The inner boundary condition is

ignored in this model. The temperature drops to zero at the Innermost
Stable Circular Orbit (ISCO). ISCO is the last marginally stable circular
orbit, at which a test particle can orbit about the compact object. Therefore,
the peak temperature is lower than the one obtained by this model as it
comes from larger radii (Gierliński et al., 1999; Kubota et al., 2001).
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• Colour temperature correction :- Spectral hardening due to incomplete ther-
malization of escaping radiation is not taken into account (Shimura and
Takahara, 1995).

• Relativistic corrections :- Inclination dependence is ignored (Cunningham,
1975).

The standard disc theory is still found applicable as the rin remains constant in
the soft state even as Ldisc changes significantly. A simple manifestation of this
fact is that the sources follow the relation L ∝ T4 over factors of 10 – 50 change
in luminosity. This confirms that gravity is consistent with the implications of
General Relativity (GR). Assuming the correctness of GR theory, this also gives
a way of obtaining the spin of the black hole, provided, we place some conditional
restrictions on the values of distance, mass and inclination.

After HSS, the source continues to decrease in luminosity as it goes from SIMS
to HIMS and back to LHS (from D → E → A), thus completing the ‘q’ shaped
profile seen in Figure 1.4. To summarize, it can be said that primary contribution
to the radiation from the black hole binary comes from an optically thick, geo-
metrically thin disc and the Compton upscattering of photons by a geometrically
thick corona. Reflection features are obtained by the upscattered photons reflect-
ing off the disc. As the source moves from one state to the next, the contribution
from these components varies.

Until now, we have only described the spectral and temporal markers for dif-
ferent states, without delving deeply into the underlying physical processes. We
have also brushed upon the rudimentary concept of the standard disc theory in
Section 1.4.1. However, many other solutions and models are proposed to explain
both spectral and temporal properties seen in different states. In the following
sections, we present a brief overview of some of the models proposed to explain
the evolution of the source during an outburst.

1.7 Accretion models - a brief overview

We have already studied the states of a BHB in outburst in the context of the
standard accretion disc theory. Here, we summarize the available accretion models
used to explain the observational characteristics of BHBs. The generally accepted
theory is that the radiation power from the BHBs comes from accretion of gas
onto the compact object, enabled by viscosity, converting gravitational potential
energy to heat. So far, we have only discussed the evolution of state exclusively
in the context of the standard thin disc solution of the accretion flow (Shakura
and Sunyaev, 1973). The existence of an optically thin corona was briefly men-
tioned. However, apart from the standard thin disc solution, three other so-
lutions exist, which are applied to BHBs. The optically thin two-temperature
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disc (Shapiro et al., 1976), slim disc (Begelman, 1978; Abramowicz et al., 1988)
and the advection dominated accretion flow (ADAF) (Rees et al., 1982; Narayan
and Yi, 1995). Apart from these, ADIOS (Adiabatic Inflow-Outflow Solution),
CDAF (Convection-dominated accretion flow) and LHAF (Luminous Hot Accre-
tion Flow) are other solutions of accretion flows, which are different variants
of ADAF. The application of these accretion models depends on the luminos-
ity and spectra of the source. Luminosity is related to the accretion rate Ṁ as
Ṁ = L/ηc2, where η is the radiation efficiency mentioned earlier. We know,
L/LEdd = (η/0.1)ṁ where ṁ = Ṁ/ṀEdd and ṀEdd = LEdd/0.1c2. Broadly, the
various accretion models can be applied at different limits of the Eddington-scaled
accretion rate ṁ.

If

ṁ


≤ 0.3 thin disc model
> 0.3 slim disc model
∼ (0.1 – 0.3)α2 ADAF

(Abramowicz et al., 1988; Narayan and Yi, 1995).
It is clear that a complete understanding of the accretion geometry requires

a combination of all three models at different accretion rates. However, in our
studies, we have not found evidence for the existence of a slim disc and opt for
a standard disc assumption. Therefore, in the following sections, we focus on
different coronal models available. The coronal models can be categorized into
three different types. The first is where the corona is considered to be a hot flow
between the inner edge of the disc and the BH. The second is when one assumes
a ‘lamp-post’ geometry and the third is the ‘sandwich’ model, where the corona
is the atmosphere flanking the inner parts of the accretion disc. Here we present
examples of the three models along with a few models proposed for the origin of
QPOs corresponding to two of them.

1.7.1 Truncated disc/hot inner flow

There is a significant difference between the spectra seen in the LHS and HSS,
which cannot be explained by the application of a single accretion flow solution.
As described in Section 1.6, the presence of two different stable flows can be
inferred. One is the hot, optically thin, geometrically thick flow which exists
at low accretion rates or luminosities called a corona, and the other is the cool,
optically thick, geometrically thin disc. These are put together as the truncated
disc/corona model, which can explain the observed spectra in different states. The
optically thick disc is replaced by the corona at low luminosities, probably through
disc evaporation (Meyer and Meyer-Hofmeister, 1994; Mayer and Pringle, 2007).
A schematic representation of the same is presented in Figure 1.6. The brown slab
represents the disc while the blue matter shows the corona. The evolution of the
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Figure 1.6: The changes in the accretion flow with the evolution of state is shown in the figure. Contributions
from the disc and the hot inner flow vary as the source moves from LHS to HSS or from low accretion rate to

high accretion rate from the bottom to top panel (Done et al., 2007).

disc from LHS to HSS is seen from the bottom to the top panel. The luminosity
and accretion rate increase in the upward direction. At low luminosities, the
photons available to for Compton cooling of the hot electrons in the corona are very
few. Hence, it is not very efficient compared to heating from collisions of protons.
This produces a hard thermal Comptonised spectra with parameters similar to
those seen in the spectra during LHS. As the mass accretion rate increases, the
optically thin flow becomes optically thick and evolves into an SS disc. Therefore,
the efficiency of Compton cooling increases due to the availability of photons and
results in a softer Comptonised spectra, which gives the soft tail in the observed
spectra. The disc moves inwards as the source moves from LHS to HSS.

The inner flow is popularly identified as ADAF (Esin et al., 1997; Narayan
and McClintock, 2008). It was first predicted by Ichimaru (1977), although the
astrophysical applications were explained by Narayan and collaborators. ADAF is
formed when most of the energy gained by the gas is advected into the black hole.
This happens at low accretion rates where particle collisions are few to trigger
photon generation. This unradiated heat puffs up the disc and forms an optically
thin, geometrically thick structure. Therefore, ADAF is geometrically extended
and radiatively inefficient. As the accretion rate increases, the disc truncation
radius moves inwards. When the gas supply rate is more than the evaporation
rate, Compton cooling rate increases and the disc extends to ISCO.
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Relativistic Precession Model

Within the framework of the disc and a hot inner flow geometry, multiple models
are again proposed to explain the origin of different types of QPOs. The Rela-
tivistic Precession Model (RPM) (Stella and Vietri, 1998; Stella et al., 1999) is
one such model. This assumes the disc/inner hot flow geometry. The LFQPO
fundamental frequency is associated with the Lense-Thirring precession frequency
at a particular radius, most likely to be the disc truncation radius. The lower and
upper HFQPOs correspond to the periastron precession and orbital motion. It is
postulated that bright clumps of matter are spread all along a particular radius
of the elliptical orbits that are slightly tilted with respect to the Black hole equa-
torial plane, allowing for both periastron precession and Lense-Thirring effect.
Relativistic Doppler boosting can then modulate the flux (Bakala et al., 2014).
As the disc moves inwards, the frequencies associated with it increase, resulting in
the observed QPO evolution. Multiple modifications have been applied to these
models to explain the evolution of QPOs in different states and sources like the
precessing inner flow model (Ingram et al., 2009). The origin of type-B QPOs is
associated with the relativistic precession of the jet (Kylafis et al., 2020) while
type-C QPOs seem to originate from the precessing inner flow (Ingram et al.,
2009; Axelsson et al., 2014).

1.7.2 Disc/lamp-post corona

In some cases, a jet ejection is observed during the transition from HIMS to SIMS
(Figure 1.4). It is postulated that a steady jet exists during the hard state, which
is later ejected and gets quenched in the soft state (Fender et al., 2004). The
second type of coronal model assumes that the corona actually forms the base of
the jet (Markoff et al., 2001, 2005) or an aborted jet (Ghisellini et al., 2004). It
is also referred to as the light-bending model (Miniutti and Fabian, 2004). This
corresponds to the lamp-post geometry, where, the corona, either compact or
extended, is at a certain height from the accretion disc. Models currently in use
assume a point like source above the black hole spin axis. The disc is illuminated
by the corona. The photon trajectories close to the black hole are strongly affected
by gravity. In the standard picture, the disc emissivity varies as r–3, where r is the
disc radius (Shakura and Sunyaev, 1973; Novikov and Thorne, 1973). However,
steeper emissivity profiles have been observed (Miniutti and Fabian, 2004; Miller,
2007), which can be explained using a lamp-post model as light bending effects will
focus light on the inner regions of the accretion disc. Thus for small r, emissivity
profile falls off steeply, and conforms to the r–3 dependence at larger radii (Miniutti
and Fabian, 2004). Recent studies with reverberation lags also suggest a corona
which contracts in the hard state and expands vertically in the intermediate state
(Kara et al., 2019; Wang et al., 2021). This disc-corona-jet geometry is presented
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in Wang et al. (2021), where the steady jet is observed when the source emits at
luminosity more than 4% of LEdd. This is shown in Figure 1.7.

Figure 1.7: The disc‐corona‐jet system evolution is shown in the hard to soft state. The steady makes an
appearance in the bright hard state along with a contracting corona. The bright hard state corresponds to the
top right part of the plot in the HID shown in Figure 1.4. The corona expands in the intermediate state along

with the ejection of the jet. Only a hot disc is left in the HSS. (Wang et al., 2021)

1.7.3 Two Component Advective Flow Model

The Two Component Advective Flow Model (TCAF) was proposed by Chakrabarti
and Titarchuk (1995a). It consists of an optically thick, Keplerian disc flanked
by optically thin, sub-Keplerian halo. Matter flows through the disc, towards the
standing shock, which is close to the centrifugal barrier. The post-shock region
puffs up and forms a torus close to the black hole. A schematic representation of
the model is presented in Figure 1.8. The inner, puffed up post-shock region is
referred to as Centrifugal Pressure Supported Boundary Layer (CENBOL). The
contribution from the sub-Keplerian component increases during the hard state,
along with an increase in the size of CENBOL. During the soft state, Keplerian
component is dominant, with minimal contribution from the sub-Keplerian flow
and a decrease in CENBOL size. This provides an explanation for the observed
state transitions.

Propagating oscillatory shock

Propagating Oscilltory Shock model follows the TCAF geometry described above.
There is a sharp change of density from the sub-Keplerian halo flanking the disc
and the inner halo close to the black hole. The pre-shock and post-shock halo
or corona are separated by a shock location at a particular radius. The shock
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Figure 1.8: Schematic diagram of accretion flow around a black hole following the two component advective
flow model. The Keplerian, optically thick is sandwiched between a sub‐Keplerian halo. The post‐shock halo is

the source of hot electrons that Comptonize the soft photons from the Keplerian disc (Chakrabarti and
Titarchuk, 1995a).

location can oscillate about the mean radius if either the cooling timescale of the
halo matches the infall timescale (Molteni et al., 1996) or the Rankine-Hugoniot
condition for a stable shock is not satisfied (Ryu et al., 1997). This accounts for
the variation in the centroid frequency of the QPOs.

1.8 Deviations from the norm

The above definitions and categorizations are based on the generally observed
characteristics of BHBs. Sometimes, it so happens, that a few sources stray com-
pletely off the established path and exhibit some peculiar characteristics. These
exceptions are not few and far between, but are rather prevalent across multiple
sources and states. Here, we expand on several of them, relevant to this work.

1.8.1 Relation between luminosity and temperature in soft state

As mentioned earlier, simple models of constant radius and constant colour tem-
perature correction disc predict the relation L ∝ T4, which is seemingly followed
by most of the BHBs in the disc dominated states. However, some deviations are
seen at higher luminosities, where the spectra seem to follow the relation L ∝ T2

rather than L ∝ T4 (Kubota and Makishima, 2004). This could possibly be due
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to the following reasons; either the assumption that the colour temperature cor-
rection is constant and/or inner disc radius is constant is false, and/or the disc
temperature structure is different than the one considered in the standard disc
structure, i.e., it does not follow T(r) ∝ r–3/4.

At higher luminosities and higher temperatures close to 1 keV, metals become
completely ionized and the opacity is very low. This can give an increase in the
colour correction factor (fcol) (Davis et al., 2006). This depends on the optical
depth of the disc and therefore on α. The models with α ∼ 0.01 seem to match
the bend seen in one such source, XTE J1550-564 (Davis et al., 2006). However,
the rapid rise requires α ∼ 0.1 (Lasota, 2001), which does not match with the
observed bend. Also, several other sources with the same temperature-luminosity
range seem to have a different bend than the one seen for the source XTE J1550-
564 and a few do not seem to show the bend at all.

Another possible cause for deviation from the standard relation is the optically
thick advection. At larger luminosities, the energy released close to the disc is
swept along with the flow to smaller radii and does not have time to escape to
the photosphere. Therefore the luminosity of the hottest parts of the disc, close
to the compact object, is suppressed. For a disc temperature distribution which
follows T(r) ∝ r–p, p goes from 3/4 in the standard regime to 1/2 in this case
(Kubota et al., 2001; Kubota and Makishima, 2004; Abe et al., 2005). However,
this effect should be global and applicable to all BHBs, which does not seem to be
the case for other sources at similar luminosity and temperatures (Gierliński and
Done, 2004). Alternatively, it is also possible that the difference here is that the
sources in which this effect is observed are at higher inclinations (≥ 70◦), which
is true for GRO J1655-40, XTE J1550-564 and probably 4U 1630-472 (Tomsick
et al., 1998). As a result of the high inclination, the geometrically thick part of
the disc could start self-shielding its inner regions, or the equatorial disc wind
becomes optically thick, so that the luminosity observed is only a fraction of the
intrinsic luminosity (Done et al., 2007).

1.8.2 Lack of apparent state transitions

The HID presented in Figure 1.4 is a typical example of the HID observed for
BHBs. However, there are a few sources, which do not conform to this general
picture. That is to say that the sources do not trace out the ‘q’ shaped pattern in
the HID. More often than not, this is also accompanied by lack of state transitions
in the source during an outburst. Sources which show lack of state transitions are
those which remain either in the soft or the hard state for most of the duration of
the outburst i.e., they are mostly disc dominant in some cases, or, the radiation
is dominated by the powerlaw component in the rest (Tanaka and Lewin, 1995;
Remillard and McClintock, 2006). The data points of the HID remain bunched
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up either on the left of the plot (in case of disc-dominant) or right of the plot
(for powerlaw dominant), with quick and faintly detectable transitions to hard
or soft state respectively. Moreover, it has also been observed that a few sources
which were classified as ‘Soft X-ray transients (SXTs)’ based on the observations
of the initial few outbursts, were later found to remain in the LHS in subsequent
outbursts (Brocksopp et al., 2004).

The standard truncated disc/hot inner flow model is insufficient to explain this
anomaly. In the absence of transition to a hard state, it is difficult to explain
the transition to quiescence without the introduction of an advection dominated
accretion flow. Additional elements like existence of disc winds and disc irradiation
have to be included to explain the high luminosities (see Hameury, 2020, for a
review). Similarly, the absence of soft state in the so-called ‘Low Hard X-ray
Transients’ is also difficult to explain in the context of the generally accepted
models. One possible explanation is that these sources have low peak luminosities
and low orbital periods, resulting in lower mass accreted onto the disc (Meyer and
Meyer-Hofmeister, 1984).

1.9 Motivation for the present work

In the present work, we look at multiple BHB sources like 4U 1630-47, MAXI
J0637-430 and Swift J1753.5-0127. The first two sources are classified as soft
sources i.e., the source remains disc-dominant throughout the outburst. The third
source was previously classified as a Low Hard X-ray Transient. However, from
the time the source was detected in 2007, it was found to remain in outburst for
almost ∼ 12 years, with the source undergoing transitions to intermediate states.

From the discussion on the various models to explain the geometry of BHBs,
it is clear that there is no consensus on the model which describes the physics
behind the transitions. All these models and their variations are independently
applied to different outbursts in different sources in an attempt to understand
the accretion geometry. These studies are largely done on sources which undergo
the canonical outburst i.e., which show a complete evolution from LHS to HSS
and back to LHS, through intermediate states. Here, we perform spectral and
temporal analysis of the sources which stray away from the conventional path. We
attempt to constrain the accretion geometry in such sources based on the spectral
and temporal properties. Also, as detailed in Section 1.8, certain sources show
some deviations from the expected trends. We attempt to explain the deviations
observed in the selected sources in the context of the existing models. We also
attempt to obtain mass estimates of the black hole in 4U 1630-472 and MAXI
J0637-430 using different methods. These methods are detailed in the relevant
chapters. We use frequency-resolved spectroscopy to study the QPO evolution
of Swift J1753.5-0127, which exhibits type-C QPOs, in order to constrain the
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accretion geometry.
Chapter 2 contains a description of the instruments and methodology used to

perform the analysis. The results of the analysis performed on the data obtained
from the 2016 and 2018 outbursts of 4U1630-472, 2019 outburst of MAXI J0637-
430 and the decay phase of the ∼ 12 year-long outburst of Swift J1753.5-017
are presented in Chapters 3, 4 and 5 respectively. The material presented in
Chapters 3, 4 and 5 are already published in Baby et al. (2020, 2021) and Baby
and Ramadevi (2022) respectively. Finally, in Chapter 6, we present the summary
of the current work and hint at the possible avenues of exploration in the future.
In Chapter 7, we list out the recommendations based on this work.
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Chapter 2
The journey of data - from

observatories to end products

When one thinks of data collection in astronomy, the ancient image of an as-
tronomer peering at the night sky through a telescope and jotting down numbers
in a dainty little notebook comes to mind. However, modern astronomy has sig-
nificantly evolved with the advancement in technology. Data is now collected at
observatories (ground and space) and uploaded onto public servers, which can
then be used by any eager researcher sitting in front of a computer, in the comfort
of his/her own home/office. The instruments used to collect the data are uniquely
designed based on the complexity of the field. Study of X-ray binaries necessitates
the need for specialized equipment in the form of detectors, which can provide good
spectral and temporal resolution. Observations from various instruments are used
in the present study, based on relevance and data availability. Rossi X-ray Timing
Explorer (RXTE)1 (Bradt et al., 1993), with three instruments onboard, provides
broadband X-ray energy spectrum, excellent timing resolution in a particular en-
ergy band and near-continuous monitoring of different sources. Details regarding
the individual instruments are given in Section 2.1. We use Proportional Counter
Array (PCA) to obtain energy spectrum and lightcurve with good resolution in
the 2 – 30 keV energy band. High Energy X-ray Timing Experiment (HEXTE)
gives X-ray spectrum in the energy band 20 – 150 keV, with moderate spectral
resolution. The All Sky Monitor (ASM) is used to generate lightcurves to track
the evolution of the source. In the post RXTE era, AstroSat2 (Agrawal, 2006)
has emerged as a worthy successor for RXTE, providing data with good spectral
and temporal resolution in UV and X-rays, using four pointed instruments and a
sky monitor. Here we focus on the Soft X-ray Telescope (SXT) and Large Area X-
ray Proportional Counter (LAXPC) onboard AstroSat to study the X-ray sources

1https://heasarc.gsfc.nasa.gov/docs/xte
2https://www.issdc.gov.in/astro.html
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in the 0.3 – 80 keV energy range. Data from Neutron Star Interior Composition
Explorer (NICER)3 (Gendreau et al., 2016) and Neil Gehrels Swift Observatory
(Swift)4 (Burrows et al., 2005; Barthelmy et al., 2005) are also used to study the
soft spectra. Lightcurves are generated using Monitor of All Sky X-ray Imaging
(MAXI)5 (Matsuoka et al., 2009) to keep track of long-term variations in the
source.

In Section 2.1, we provide an overview of all the instruments used. Table
2.1 gives a summary of the specifications of different instruments. The detector
type, energy or wavelength range of operation, the Field of View (FOV) and
the energy, timing and angular resolution are listed, wherever applicable. Data
reduction techniques are detailed in Section 2.2. Sections 2.3 and 2.4 describe
the methods used for spectral and temporal analysis. Contamination from nearby
sources is a problem which hounds observations from all large area detectors, like
those onboard RXTE and AstroSat. The contamination issue was encountered
during the study of the source 4U 1630-472, while it had to be ruled out for the
newly discovered source MAXI J0637-430. In Section 2.6, we discuss ways to
tackle this issue in LAXPC onboard AstroSat, using a walk-through example of
contamination from the source IGR J16320-4752 in the observation of 4U 1630-
472.

2.1 Collecting the data

The first step is the collection of data from different sources. A brief summary of
different missions serving this particular need is given in Table 2.1. Here, we also
elaborate a little more on the specifications and capabilities of these instruments.

We primarily use data from India’s first multi-wavelength satellite AstroSat
(Agrawal, 2006; Singh et al., 2014) for most of this work. AstroSat was successfully
launched on 28 September 2015 and has been aiding new and exciting discoveries
in the field of astronomy ever since. It consists of four co-aligned instruments
used for pointed observations of a source of interest. A Scanning Sky Monitor
(SSM) (Seetha et al., 2006; Ramadevi et al., 2017) is also included, which scans
the sky periodically, keeping an eye out for outbursts in known sources or random
bright events leading to the discovery of new, hitherto unknown ones. Of the four
co-aligned instruments, the Soft X-ray Telescope (SXT) (Singh et al., 2014, 2017),
Large Area X-ray Proportional Counter (LAXPC) (Yadav et al., 2016; Antia et al.,
2017) and Cadmium Zinc Telluride Imager (CZTI) (Vadawale et al., 2016) observe

3https://www.nasa.gov/nicer
4https://www.swift.psu.edu
5http://maxi.riken.jp/top/index.html
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Figure 2.1: A schematic representation of AstroSat. AstroSat has five onboard instruments. SXT and LAXPC, the
pointed X‐ray instruments, are primarily used on our studies. UVIT and CZTI generate images in the UV and
X‐ray band respectively. SSM is a scanning monitor, which operates in the 2 – 12 keV energy band.

Image credit :https://www.issdc.gov.in/astro.html

the source purely in X-rays. The Ultra-Violet Imaging Telescope (UVIT) (Tandon
et al., 2017) looks at the source in UV.

Our analysis pertains to the X-ray band of the electromagnetic spectrum.
Therefore, only two of the five instruments - SXT and LAXPC onboard AstroSat,
are used primarily in our studies. SXT is a focusing telescope with X-ray CCD
imaging camera which operates in two modes - Photon Counting (PC) and Fast
Windowed (FW) mode. With an energy resolution of 90 eV at 1.5 keV and a total
effective area of 90 cm2, SXT provides moderate energy resolution to study the
soft X-ray spectra in the 0.3 – 8 keV range. LAXPC consists of 3 proportional
counters LAXPC10, LAXPC20 and LAXPC30. LAXPC30 was switched off on
8 March 2018 due to significant gain changes. A gain adjustment was also made
to LAXPC10 in the last week of March 2018 (Antia et al., 2021). Therefore, we
limit our analysis to data from LAXPC20 for all the sources. LAXPC operates
in the energy range 3 – 80 keV and has an effective area > 2000 cm2 at 5 – 30
keV. With the timing resolution of 10 µs, LAXPC is ideally suited for detailed
spectro-temporal studies of BHB sources. However, the large FOV of the LAXPC
(1◦× 1◦) makes the data susceptible to contamination from nearby sources. This
will be discussed at length in Section 2.6.
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The Neutron Star Interior Composition Explorer (NICER) onboard the Inter-
national Space Station (ISS) is another instrument utilized for its high sensitivity
in the soft X-ray region. It was launched aboard a SpaceX Falcon 9 rocket on 3
June 2017. NICER’s X-ray timing (XTI) instrument consists of an aligned col-
lection of 56 concentrator optics (XRC) and silicon drift detector (SDD) pairs.
It operates in the 0.2 – 12 keV range with spectral resolution of a few percent
and an unprecedented timing resolution of 100 ns. Although the primary science
motivation of the instrument is to study neutron stars, it can be used to study the
BHBs in soft state as well. Moreover, the spectra are found to be free from pile-up
effects even for Crab or Crab-like sources, which makes it an ideal instrument to
study BHBs in bright, soft states. Hence, we use the data from this instrument
to study the soft state of the new BHB MAXI J0637-430.

Figure 2.2: A view of NICER X‐ray timing instrument without the protective blanketing.
Image credit : https://www.nasa.gov/content/about-nicer

The Rossi X-ray timing Explorer (RXTE) provided X-ray astronomers with a
wealth of data for over 16 years of its operational lifetime. The spacecraft carried
2 pointed instruments, named the Proportional Counter Array (PCA) and High
Energy X-ray Timing Experiment (HEXTE). An All Sky Monitor (ASM) was
also included, which scanned 80% of the sky in every orbit. PCA operated in
the 2-60 keV range with an energy resolution < 18% at 6 keV and a temporal
resolution of 1 µs. It consisted of 5 proportional counters with a total effective
area of 6500 cm2. Meanwhile, HEXTE operated in the 15 – 250 keV range with
the energy resolution of 15% at 60 keV and sampling time of 8 µs. It consisted
of 2 clusters (A and B), each with an effective area of 800 cm2. RXTE served to
fill a vast gulf of knowledge in the field of X-ray binaries with its fast timing and
broadband spectroscopy capabilities. FRS studies requires excellent spectral and
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temporal resolution, which was possible only with this instrument as it was the
lone high-resolution instrument in operation during the peak of the outburst in
Swift J1753.5-0127.

Neil Gehrels Swift Observatory, launched on 20 November 2004, is primarily
commissioned to detect gamma ray bursts (GRBs) using the Burst Alert Telescope
(BAT). The position of the GRB is later localized by detecting the afterglow using
the X-ray Telescope (XRT) and Ultra-Violet and Optical Telescope (UVOT). XRT
operates in the 0.2 – 10 keV range. Effective area of XRT is 110 cm2 at 1.5 keV
and can be operated in Imaging, Timing and Photon Counting mode. Pointed
observations of MAXI J0637-430 with Swift/XRT, used in this work, help for
continuous tracking of the spectral evolution in the source.

Lightcurves from different monitors like RXTE/ASM and MAXI are used to
study the long term outburst evolution of all the sources as and when applicable.
In the following sections, we provide a brief overview of the spectral and tem-
poral analysis methods used in general in the work presented here. A detailed
description is provided in the subsequent chapters, wherever required.

2.2 Data Reduction - Obtaining the end products

Once the necessary data is obtained from the required instruments, further re-
finements need to be performed on this data, for it to be ready for spectral and
temporal analysis, leading to physical interpretations and scientific discoveries.
This is achieved by following a series of steps or a ‘recipe’, specific to each in-
strument, which is provided by the corresponding instrument team. It corrects
the data for instrumental and orbital effects, enabling an error-free study. In the
following sub-sections, we briefly outline the data reduction techniques followed
for each instrument.

2.2.1 AstroSat-SXT and LAXPC

All the observations obtained with SXT for this work are performed in the Photon
Counting Mode (PC). Level 1 files are obtained from the astrobrowse website
maintained by ISSDC6. Next, we follow the steps provided in the TIFR website7

to obtain the end products. Level-1 files are processed using the sxtpipeline,
which generates Level 2 cleaned event files. Event files are generated separately
for all the orbits in a particular ObsID. Since LAXPC is the primary instrument
in all the observations considered, SXT observes the source only for 40% of total
observing time. Therefore, it becomes imperative to combine the event files from
different orbits in each ObsID for better statistics. For this purpose, we use the

6http://astrobrowse.issdc.gov.in/astro_archive/archive
7www.tifr.res.in/~astrosat_sxt/dataanalysis.html
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julia code to merge the event files and omit the repeated good time intervals. This
merged event file is then analysed using xselect to obtain the energy spectrum
(.pha file), image file (.img) and the lightcurve (.lc).

Lightcurve is generated with a bin time of 2.3775 s, which is the resolution of
the PC mode data. Timing filters are used when necessary to get rid of spurious
peaks seen in the lightcurve due to instrumental effects. Image is also generated
with the same bin time. According to AstroSat handbook8, the observation is
likely to be piled-up if the count rate is greater than 40 counts s–1. In such a
scenario, an annular source region has to be selected, such that, by excluding
the central region, the source count rate comes down to less than 40 counts s–1.
This source region is then used to extract the spectrum. The response file and
blank sky background files are provided by the SXT team9, which can be used
directly. The ancillary response files are provided for the case where the source is
exactly at the centre of the image and no exclusion of source region is performed.
If the source is at an offset from the centre and/or a central region is excluded
to avoid pile-up effects, the ancillary response file has to be generated using the
sxtARFModule provided with the SXT analysis software. The spectrum, obtained
using xselect, is then grouped by a minimum of 30 counts per bin for better
statistics. This is then loaded into XSPEC for spectral fitting.

Of the three proportional counters onboard AstroSat, we primarily use LAXPC20
for spectral and timing analysis, as it is currently unaffected by gain issues. Event
Mode data is obtained from LAXPC20, which is used to generate lightcurves and
spectra. The software for analysis is provided by the team, along with blank sky
observations taken every month, to be used as background. The pipeline codes
and response files are periodically updated and hosted at TIFR website10. For
all the data analysis performed in this work, we used laxpcsoft versions ranging
from v1.1 to v3.0, based on the time of analysis and the latest software version
available. Two executable files, namely laxpcl1.e and backshift_v3.e are gener-
ated, which are used to obtain the source and background files respectively. We
only used the top layer and single event data for our analysis to avoid instrumen-
tal effects due to other layers and ignore multiple detections of the same event.
The total energy is obtained in 1024 energy channels in each detector. However,
for better statistics, 2 channels are grouped together in LAXPC10 and LAXPC30
and 4 channels are grouped together in LAXPC20. The lightcurves are obtained
in 1s bin in different energy bands, 3 – 6, 6 – 13 and 13 – 60 keV to study the
long term evolution of the source and obtain HIDs. PDS can be generated upto
1000 Hz with the unprecedented temporal resolution of 0.5 ms. Since our studies
mostly deal with soft sources where QPOs are undetected, we generate PDS upto

8https://www.iucaa.in/~astrosat/AstroSat_handbook.pdf
9http://astrosat-ssc.iucaa.in

10http://www.tifr.res.in/~astrosat_laxpc/LaxpcSoft.html
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10 Hz and divide it into 8192 intervals, the average of which gives the final PDS.
Dead-time corrections had to be applied in earlier versions of the software (before
v2). The PDS are generated in frequency space with rms normalization.

2.2.2 NICER

NICERDAS version 7.0 is used to obtain the clean event file11. We use the latest
CALDB files (20200722) available at the time. The event file is screened con-
sidering standard criteria i.e., a pointing offset < 54′′, dark earth limb > 30◦,
bright Earth limb > 40◦ and excluding the time duration when the instrument
passes the South Atlantic Anomaly (SAA) region. Data from detectors 14 and
34 is removed using fselect command as they are reported to show episodes of
increased electronic noise. Time intervals showing strong background flare-ups,
where the average background count rate in the 13 – 15 keV band is greater than
1 count s–1, is excluded to generate the final Good Time Intervals (GTIs). The
background is calculated using the 3C50_RGv5 model provided by NICER team.
The latest version of RMF provided by the team is used. The ARF files for 50
detectors are co-added to generate the final ARF file.

2.2.3 RXTE

Standard-2 files are used to generate the time averaged spectra from PCA data in
the 3 – 25 keV range. The list of files is generated using the xdf command, which
is then given as an input to saextrct to generate the source pha file12. Standard
filtering criteria is applied to generate the GTI file i.e. the elevation angle (angle
between Earth’s limb and target subtended by spacecraft) is greater than 10◦,
the offset between the position of the source and the spacecraft pointing is less
than 0.02 and the exclusion of data within 30 minutes of peak of South Atlantic
Anomaly region. The command runpcabackest is then used to create background
files and the same procedure as above is followed to obtain the final pha file for
the background. Response files are generated using pcarsp command. Event files
are used to generate the lightcurves with a bin time of 8 ms. We use only PCU2
data for both the spectral and light curve extraction. Standard procedures are
used to extract HEXTE data to obtain the energy spectrum from 25 – 150 keV.
Only Cluster B is used as Cluster A had stopped rocking at that point.

2.2.4 Swift-XRT

The Swift-XRT data is used sparingly in this work, only to complement the data
using other instruments in specific cases. Although manual data reduction tech-

11https://heasarc.gsfc.nasa.gov/docs/nicer/nicer_analysis.html
12https://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.html
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niques exist and are detailed by the Swift team, the online reduction tools are
recommended to generate the final products to be used for analysis13. Swift-XRT
spectra are obtained in WT mode and the 0.5–10 keV spectra are generated using
the standard online tools provided by the UK Swift Science Data Centre (Evans
et al., 2009).

2.3 Spectral Analysis

The final pha files are loaded into XSPEC to perform the spectral fitting along with
the response and background files. As detailed in Chapter 1, spectra from black
hole binaries are typically modelled using a multicolour disc blackbody compo-
nent and a Comptonisation component. As a first approximation, the spectra
are fit with diskbb (Mitsuda et al., 1984; Makishima et al., 1986) and powerlaw
models existing in XSPEC. The interstellar absorption is accounted for by using an
absorption model TBabs (Wilms et al., 2000) where elemental abundances are set
according to wilm (Wilms et al., 2000) and cross-section is set to vern (Verner
et al., 1996). Further components are added, or existing components replaced,
till better fits are obtained. In XSPEC, the criteria for best fit is when the statistic
calculated for a particular data and model is minimum14. We use the chi-square
statistic for our fits. This is obtained by,

χ2 =
∑

(Di – Mi)2/σ2
i (2.1)

where Di and Mi are the observed and model counts respectively and σ2
i is the

variance. The parameters are varied and different model combinations are tried,
till the reduced χ2 ∼ 1. The reduced χ2 is obtained by dividing the χ2 value with
the degrees of freedom. ftest command is used to check if the fits obtained with
an additional component are significant enough for the component to be included.
For a more physical understanding of the source, the powerlaw model is replaced
by nthComp (Życki et al., 1999) model which considers the Comptonisation of seed
disc photons by the hot electrons in the plasma. The thcomp model (Zdziarski
et al., 2020) is a more accurate version of nthComp, which is used in the analysis of
the source MAXI J0637-430. In some cases, we also consider the kerrbb (Li et al.,
2005) model, where a rotating black hole is assumed. This was used to obtain a
rough estimate of mass or spin of the black hole, when the disc flux contributes to
more than 70% of the total flux. Flux is obtained in different energy bands and
for each individual component using cflux command, by fixing the norm of the
required component to a non-zero value. The errors on individual parameters are
obtained using the error command. This gives the parameter values for which

13https://www.swift.ac.uk/user_objects/
14https://asd.gsfc.nasa.gov/XSPECwiki/statistical_methods_in_XSPEC
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the statistic is greater than 2.706 of its best-fit value (90% confidence interval).
In this work, errors are quoted with 90% confidence, unless stated otherwise.

2.4 Temporal Analysis

The PDS is generated using powspec command available with XRONOS in FTOOLS
with rms normalization in units of (rms/mean)2 Hz–1. The fitting is performed
in Quick and Dandy Plotter (QDP) with simple powerlaw or Lorentzian mod-
els. The formula for Lorentzian is already given in equation 1.36. In soft states,
which is a focus of most of our studies, the spectra can be fit by a weak powerlaw
component. In the hard states, marked by rapid variability, multiple Lorentzians
are required to account for the band limited noise, the QPOs, their harmonics
and sub-harmonics. The rms of the total PDS or individual components is ob-
tained by integrating the power in the frequency range of interest (Remillard and
McClintock, 2006). The fit err command is used to obtain the error on each
parameter. The error on these parameters is then propagated to obtain the error
on rms.

2.5 Frequency Resolved Spectroscopy

In Chapter 5, we have used Frequency Resolved Spectroscopy (FRS) (Revnivtsev
et al., 1999; Sobolewska and Życki, 2006) to comment on the accretion geometry
of the source. This is done only using RXTE/PCA data. To generate the FRS
of the QPOs, we chose the event files with a timing resolution > 8 ms. The
observations are chosen where the channels are not binned together for different
energy ranges, thereby allowing us to perform an energy dependent analysis. We
then use stingray (Huppenkothen et al., 2019), a module available in python,
to generate the PDS for each energy channel in rms normalization Belloni and
Hasinger (1990); Miyamoto et al. (1992). We obtain the power in the frequency
range of the QPO. These rms values are then used to obtain counts using the
relation,

S = R ×
√

Pδf (2.2)
where R is the count rate, P is the summed power and δf = 1/T where T is the
length of the segment. This is converted to a pha file using ascii2pha command.
It is then loaded into XSPEC with the response files generated for Std2f files and
fit with available models.
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2.6 Contamination from other sources in the LAXPC FOV
Walk through example : 4U 1630-472

LAXPC has a collimated FOV of 0.9◦×0.9◦ at FWHM (Antia et al., 2017). This
makes it likely that the data obtained from the source could be contaminated
by other sources in a crowded FOV. In our analysis, we had to account for this
effect in the study of 4U 1630-472. Extreme caution has to be exercised in such
cases to avoid errors in the spectral analysis. The methods used to counter the
contamination from nearby sources is explained using the case of contamination
of data of 4U 1630-472 by IGR J16320-4751. Details of both sources will be
given in Chapter 3. Here we will only outline the method to estimate the level
of contamination and criteria to choose the energy range in which the spectral
modelling can be performed. This involves the following steps:

• List out all possible sources in the FOV of interest.

• Categorize the sources into transient and persistent sources.

• If a source is transient, identify if an outburst is reported for the period of
interest using any other pointed or monitoring instrument.

• In case of persistent sources, verify if any pointed observation of the source
exists for the particular duration of interest. Ideally, one would consider
an instrument which has an overlap in operational energy range with the
instrument in consideration. For example, since SXT+LAXPC operates in
the energy range of 0.3 – 80 keV, INTEGRAL, NuSTAR etc., can be viable
candidates. Let X be one such source possibly present in the same FOV as
the source of interest.

• If observations with other instruments around the same time do not exist,
deduce the average flux, spectral and temporal properties of X from existing
literature.

• If X exhibits any periodic signature, test for the same in the lightcurve
obtained. Estimate the percentage of contribution from this signal to the
source. As an approximation, if the contribution is more than 20% (an
arbitrary limit based on the source flux and energy band in which it emits),
the data is contaminated and cannot be used.

• In cases where contamination is less than 20%, generate the simulated spec-
trum of X. Subtract the spectrum of X along with the background from the
total spectrum obtained. This subtracted spectrum can be considered free
from contamination. The subtracted spectrum can be used for analysis or
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for comparison with the original spectrum (source + X) on which spectral
modelling is performed.

• As a final test, also check for variation of spectral parameters at different
energy ranges. This is subject to the condition that imaging data exists,
which is absolutely free from contamination. This is used as reference to
determine the energy range to be used for spectral modelling.

The above gives a generalized summary of the steps performed to account for
contamination. We now present the procedure followed for the specific case of
4U 1630-472 as detailed in Baby et al. (2020). 4U 1630-472 lies in a crowded
region of the Galaxy (Rodriguez et al., 2003). The SXT image of the source for
a single orbit from an observation on 4 August 2018 is shown in Figure 2.3. The
persistent sources IGR J16320-4751 and IGR 16393-4643 are also marked in the
figure. Multiple transient sources like MAXI J1631-479, IGR J16328-4726 etc.,
also exist in the FOV considered. However, no outbursts or flares were reported
from any of those sources. Based on the flux levels determined earlier in those
sources, it can be safely assumed that the transient sources in the FOV were in
quiescence and did not contribute to the total flux. We then proceed to check
for the contribution from persistent sources. As SXT onboard AstroSat is an
imaging instrument, we first check visually for contribution from sources close to
4U 1630-472 in the energy range 0.3–8 keV. There are two persistent sources close
to 4U 1630-472, namely, IGR J16320-4751 (=AX J1631.9-4752) and IGR J16393-
4643, which could contaminate the LAXPC spectrum. IGR J16393-4643 lies at
an angular separation of more than 1◦ from 4U 1630-472 and hence is excluded
as a possible candidate for contamination. However, as IGR J16320-4751 lies
0.58◦ away from 4U 1630-472 (Rodriguez et al., 2006), it lies close to the edge of
the LAXPC FOV at FWHM. The contribution could be more significant in the
higher energy band as the FOV is quoted to be 1◦×1◦ at E > 50 keV (Antia et al.,
2017). Therefore, we adopt a two-way approach to deal with this issue. The first is
using pulsation studies to confirm the detection of IGR J16320-4751 source, along
with its relative strength. The second approach is to quantify the contribution
from this source to the total source spectrum by generating simulated spectrum
of IGR J16320-4751 using an off-axis response based on the previous studies of
the source. IGR J16320-4751 is a hard, persistent pulsar source, emitting at
a pulse period of ∼ 1310 s (Rodriguez et al., 2006). We checked for existence
of simultaneous observations of the source from various instruments. Although
INTEGRAL observations exist during August 2016 for both sources, they could
not be used for detailed spectral analysis as the observations were in slew mode.

AstroSat observations were performed for 5 days during the 2016 outburst and
10 days during the 2018 outburst. Details of the observations are presented in
Chapter 3. These observations were divided into a total of 18 segments to study
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Figure 2.3: SXT image of the source 4U 1630‐472 from Orbit 15415 (ObsID 2274). The persistent sources IGR
J16320‐4751 and IGR J16393‐4643 are marked as red boxes. LAXPC FOV of 1◦ × 1◦ is also marked as a white

box for reference. 4U 1630‐472 is seen at the centre of the FOV. The colour bar at the bottom shows the
magnitude of intensity.

the spectral and temporal evolution during the outbursts. We check for the re-
ported ∼ 1300 s pulsation in the 3–80 keV LAXPC lightcurve for all the available
observations of the source. This is used to obtain the pulse fraction from which
the probable contribution of IGR J16320-4751 source is estimated. The LAXPC
lightcurves in 3 – 80 keV energy band with a bin time of 1 s were used to gener-
ate the χ2 plot with respect to the period. efsearch tool of Xronos was used to
find the pulsation of the source. The default epoch of the observation was set for
searching the period of 1310 s (Rodriguez et al., 2006). The default phase bin per
period was set to 10. Thus, it creates the bin time to 131 s. The resolution for
period search was set to 1.5 s and the number of the search frequency was set to
32. These default parameters were used for searching the pulse period. We find
the pulsation varying from 1293 ± 1 s for ObsID 0626 to 1327 ± 5 s for ObsID
2354. The period could not be constrained in ObsID 2372. Summary of the pulse
period detected in all ObsIDs is presented in Table 2.2.

In order to estimate the contribution of IGR J16320-4751 in each observation
of 4U 1630-472, we calculated the pulse profile for the period around 1300 s. A
sample calculation is described here. The amplitude of pulsation in ObsID 2318
is 4 counts s–1 and the detected period is around 1314.5 s, which is close to the
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Table 2.2: Summary of detected pulse period along with typical contribution of IGR J16320‐4751 for each observation of
2016 and 2018 outburst. The pulse fraction considered nominal value of 20% (Rodriguez et al., 2006) to estimate the

contribution of IGR.

Obs ObsID Exp. Pulse Period Pulse Amplitude Typical contribution IGR cts/Total cts Energy band
(ks) (s) (c/s) from IGR source (c/s) (Contamination %) used (keV)

2016
3 0626 10.4 1293 ± 1 6 15 15/144 (10.4) 3 – 10

4,5 0686 51 1299 ± 5 6 15 15/715 (2.1) 3 – 13
6,7 0698 41 1314 ± 2 8 20 20/715 (2.8) 3 – 13

2018
8,9 2274 24 1316 ± 4 20 50 50/900 (5.6) 3 – 13
10 2282 10 1323 ± 5 40 100 100/880 (11.4) 3 – 10
11 2294 10 1299 ± 3 30 75 75/785 (9.6) 3 – 10
12 2298 9 1342 ± 5 30 75 75/770 (9.7) 3 – 10
13 2304 10 1316 ± 4 20 50 50/768 (6.8) 3 – 13

14,15 2318 80 1320 ± 1 4 10 10/704 (1.4) 3 – 13
16 2340 11 1316 ± 5 30 75 75/731 (10.3) 3 – 10
17 2354 11 1327 ± 5 20 125 125/954 (13.1) 3 – 20
18e 2372 10 - - - - 3 – 20

e Unable to constrain period

Table 2.3: Results of spectral fits using phenomenological model to source
spectrum after subtraction of IGR spectrum is presented here. Spectral

parameters are close to those in Table 3.1 for corresponding observations. Similar
variation in parameters is observed for all the observations.

Obs NH Γ Eline Tin Normdisk χ2
red

(ObsID) (×1022 at/cm2) (keV) (keV) χ2/dof

14 8.1+0.1
–0.1 2.9+0.1

–0.2 - 1.27+0.01
–0.01 273+13

–13 1.24
2318 (575/462)
17 8.03+0.05

–0.09 2.14+0.01
–0.01 6.8l 1.27+0.01

–0.01 339+13
–13 1.04

2354 (452/431)
l Upper limit
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Figure 2.4: Simulated LAXPC spectra for IGR J16320‐4751 source at an offset of 0.58◦ from the center using
the off‐axis response plotted for flaring and non‐flaring cases (Rodriguez et al., 2006) along with the source
spectrum obtained for 2016 August 27 and 2018 September 17. The model considered for obtaining the

simulated spectrum is wabs*edge*(highecut*powerlaw). See text for details.

value found in the literature. The pulse fraction of this source is reported in the
range of 18 – 26% (Rodriguez et al., 2006). We adopt a nominal value of 20%
to get the total expected counts. Considering the offset for this pulse amplitude
and assuming a pulse fraction of 20%, this translates to about 10 counts s–1,
while the total count rate is about 700 counts s–1 (see Table 2.2). This gives the
contamination of 1/70, which is very small and can possibly be neglected. Table
2.2 gives the pulse period, pulse amplitude and typical contribution from IGR
J16320-4751 source in each ObsID. The pulse amplitude is then used to obtain the
relative contribution from IGR J16320-4751 source as a fraction of the total counts
observed for that particular ObsID, which is represented as the contamination
percentage. Following similar approach, we estimate the contribution of IGR
16320-4751 source for each observation which is presented in Table 2.2. Except
for two observations at the beginning, pulsation studies proved beyond doubt that
the spectrum was contaminated by IGR J16320-4751 source at varying levels in
different observations.

The next step is to obtain the simulated spectrum for subtraction. Simulated
spectrum of IGR J16320-4751 is generated using the LAXPC response for an off-
set of 0.5◦, considering the unlikely flaring case with a 2–10 keV flux of 2.4×10–10

ergs cm–2 s–1 (Rodriguez et al., 2006). The model used to generate the simulated
spectrum is wabs*edge*(highecut*powerlaw). The count rates are compared and
spectra, with contribution from the contaminating source less than 5%, is consid-
ered without further checks. We discard those observations where the contribution
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from IGR J16320-4751 is more than 20%. For the rest of the observations, we sub-
tract the simulated spectrum and the background to check for variation in spectral
parameters with different energy bands. It was found that the spectral parameters
remain unchanged upto 13 keV for cases where IGR J16320-4751 contribution is
≤ 10% in comparison with the constant background subtracted spectra. We could
consider energy spectra upto only 10 keV for cases where the contribution is more
than 10%. For the last two ObsIDs, we could obtain good spectra upto 20 keV,
considering the brightness of the source in the hard energy band (see Tables 2.2,
2.3). Table 2.2 gives a summary of contribution from the source and the energy
bands considered. The parameters obtained for two sample cases in ObsID 2318
and 2354 are given in Table 2.3. Comparing with the parameters in Table 3.1,
it can be seen that the spectral fits, with and without the subtraction of IGR
J16320-4751 spectrum, are comparable. Based on these studies, the energy band
considered for each ObsID is given in the last column of Table 2.2. Although 4U
1630-472 emitted mostly in the soft energy band, there was one instance in 2018,
where a sudden rise in counts was seen in the 15 – 50 keV energy range. This is
seen in the Swift/BAT lightcurve (see Figure 3.1 in Chapter 3). In Figure 2.4, we
present spectra of Obs 3 and Obs 18 in the left and right panels respectively. Obs
3 is a sample spectrum for when the source is in a relatively softer state. Higher
contribution in the hard energy band is seen during Obs 18. We also plot the
simulated spectra of IGR J16320-4751 in the flaring (red) and non-flaring (blue)
case alongside the source spectra (black) for comparison. However, we consider
the unfavourable flaring case in order to exclude any possibility of contamination
from the IGR J16320-4751 source. It is clearly seen from Figure 2.4, that IGR
J16320-4751 dominates above 13 keV when the source is softer (for e.g., Obs 3,
left panel) and above 25 keV, when it is brighter in the hard energy band (for
e.g., Obs 18, right panel). This further confirms that the energy band chosen for
analysis using the previous method (pulsation studies) can be considered abso-
lutely contamination free in the worst case scenario. It is also evident from SXT
image, that 0.3 – 8 keV energy range was free from contamination. Therefore,
temporal analysis is performed only in 3 – 10 keV energy range in all cases. A
similar approach was used to account for contamination of IGR J17091-3624 data
by the source GX 3-1. The details are presented in (Katoch et al., 2021).
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Chapter 3
4U 1630-472 : A ‘mini’ look at

the 2016 and 2018 outbursts with
AstroSat

From a general description of X-ray sources and BHBs in Chapter 1, we now move
on to our specific sources of interest. After the first detection of Cyg X-1 (Bowyer
et al., 1965), which was later reported as the first black hole candidate, a string
of discoveries followed, some in a torrential flow, others in gentle trickles, of many
more black hole candidates. Meanwhile, the presence of a black hole in Cyg X-1
was not definitively proven yet, which was even the subject of a friendly wager
between Stephen Hawking and Kip Thorne in 1975, mentioned by Hawking himself
in his book, A Brief History of Time. However, overwhelming scientific evidence
resulted in Hawking losing the bet in 1990, and Cyg X-1 became the poster-
source (?!) of BHBs. The addition of every new source in this category, resulted
in further revelations on the nature and geometry of these systems. Classification
of these sources into LMXBs, HMXBs, persistent, transient and so on followed,
which are detailed in Chapter 1. A brief overview of various models that explain
the observations are also outlined in Chapter 1. More than 50 years since the
discovery of the first black hole candidate, these exotic objects still possess the
ability to surprise and intrigue us, with seemingly unpredictable outburst patterns
and non-conformity to the generally accepted picture. One such source, that has
astronomers stumped with its outbursts of varying intensity and periods, and
absence of certain states during its outburst evolution, is 4U 1630-472.

3.1 4U 1630-472 : A brief profile

The first mention of 4U 1630-472 (then 3U 1630-47) is found in Forman et al.
(1976) as a newly discovered source, observed between 1970 and 1972. The 2 –
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6 keV lightcurve from the Uhuru satellite between December 1970 and March
1972 revealed that the source is of transient nature and lies within 5◦ of the
Galactic plane. Jones et al. (1976) analysed data from Uhuru and Ariel V between
December 1970 and May 1976. Four transient outbursts were observed during
this period, giving it the distinctive status of being the first source undergoing
repeated outbursts. The regularly spaced outburst duration (∼ 615 days) was
initially associated with the orbital period of the source and hence was postulated
to be a binary system with a compact object in long-period, highly eccentric
orbit. Each outburst lasted approximately for 100 – 150 days. A fifth outburst
was reported by Kaluzienski and Holt (1977); Share et al. (1978), which lasted for
almost two years (Holt et al., 1978) and was the first reported ‘super-outburst’.

The first attempt at spectral analysis was done by White and Marshall (1983),
in which the spectra of 4U 1630-472, along with five other sources, was reported to
be similar to that of Cyg X-1. Hence, it was categorized as a black hole candidate.
After the declassification of the atmospheric data from Vela 5B, shortly after the
Cold War, the lightcurve from the source showed that it was first captured in an
outburst in 1969 (Priedhorsky, 1986). This source was previously classified as a
quasi-persistent source as it was found to undergo an outburst once every two
years (Kuulkers et al., 1997). The shorter outbursts were characterized by softer
spectra and apparent lack of state transitions (see Parmar et al., 1986; Abe et al.,
2005; Capitanio et al., 2015, and so on). Over the years, multiple studies have
been done on this source, taking advantage of the recurrence times. Nevertheless,
dynamical properties are difficult to estimate, as the source lies towards a crowded
region of the Galaxy (Tomsick et al., 2005). It doesn’t help that the interstellar
absorption in the direction of the source is on the higher side with numbers ranging
from 4–12 × 1022 cm–2 (Kuulkers et al., 1998; Tomsick et al., 1998). More recent
high resolution X-ray grating spectroscopy with Chandra places this value at 1023

cm–2 (Gatuzz et al., 2019). The generally accepted values of mass, inclination
and distance are 10 M⊙, 64◦ and 10 – 11 kpc respectively (Tomsick et al., 1998;
Augusteijn et al., 2001; Seifina et al., 2014; King et al., 2014, etc.). However, these
are indirect estimates, heavily dependent on the physical interpretation of the
models chosen. This leaves the actual numbers still enshrouded in mystery, only
deepened by the unusual behaviour of the source. Newer and better instruments
continue to point at this source as it appears religiously, once in ∼ 600 days, as
we continue to search for new clues about its nature.

In this chapter, we summarize one such study made of the 2016 and 2018
outbursts of 4U 1630-472 observed with AstroSat. We faced an additional hurdle
in the form of contamination from IGR J16320-4751, a hard energy X-ray pulsar,
lying 0.5◦ away from our unsuspecting quarry. It was necessary to quantify and
isolate the contribution from the said source, so that our analysis could be error-
free. This involved tracking down all the available information on the source IGR
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J16320-4751 in the literature, looking for pulsation signatures in the obtained
lightcurve, and quantifying the contribution from the pulsar in each observation.
All this is detailed in Section 2.6 and will not be repeated here. However, mentions
of this particular antagonist will crop up multiple times in this chapter while
justifying the energy limits considered for spectral analysis. Here, we will focus on
the estimation of the physical properties of 4U 1630-472 and attempt at untangling
the origin of different types of outbursts. We refer to the long (∼ 2 years) and
short (∼ 150 days) outbursts as ‘super’ and ‘mini’ outbursts respectively, for ease
in discussion.

3.2 Data assimilation - Obtaining the final products

Before September 2015, when AstroSat was launched, the last outburst of the
source 4U 1630-472, as seen by MAXI, started in January 2015. That placed the
next outburst roughly towards the end of August 2016. Right on cue, the source
went into outburst on 27 August 2016. AstroSat was already scheduled to look at
the source under Guaranteed Time (GT) observations on the very same day. The
next observation of the source was on 28 September 2016, also under GT. Later,
Target of Opportunity (ToO) observations were conducted on 1 & 2 October.
The source underwent an outburst again in 2018, which was first reported by
Mao et al. (2018) in June 2018. This time, it was observed for a period of 9
days from 4 August – 17 September 2018, as part of AstroSat’s ToO campaign.
Continuous monitoring was only available with MAXI, while Swift/BAT observed
the source for almost the entire duration of the outburst, except for a few days
when observations were not possible due to a technical complication.

3.2.1 MAXI and Swift/BAT

Since continuous observations with pointed instruments are unavailable for the
source during the 2016 and 2018 outbursts, we rely heavily on the lightcurves and
HID obtained using MAXI and Swift/BAT, to track the evolution of the source.

MAXI one-day averaged lightcurves are obtained in the 2–4, 4–10, 10–20 and
2 – 20 keV energy bands to obtain the lightcurves and hardness ratios from MJD
57572 and MJD 58450. Light curves in the energy range 2 – 6 keV and 6 – 20 keV
are used to obtain the hardness ratio to plot the HID, to facilitate comparison
with other sources. There is one instance where a significant rise in the flux in the
hard energy band (10 – 20 keV) is seen during the 2018 outbursts. Therefore, we
also obtain the one-day averaged lightcurve with Swift/BAT in 15–50 keV energy
band. Also, keeping in mind that the sources close to 4U 1630-472 in the crowded
FOV were mostly known to be emitters in the hard energy band, lightcurves from
Swift/BAT, prove vital in quantifying the contribution from nearby sources, if

54



0.0

0.5

1.0

p
h
/
cm

2
/
se
c

2
7
/
0
8
/
1
6

0
2
/
0
9
/
1
6

2016

0.0

0.5

1.0

0
4
/
0
8
/
1
8

1
7
/
0
9
/
1
8

2018

0.005

0.015

0.025

ct
s/

cm
2
/
se
c

0.005

0.015

0.025

0.01

0.1

1.0

H
R

0.01

0.1

1.0

L
H
S

IM
S

H
S
S

IM
S

L
H
S

L
H
S

IM
S

H
S
S

IM
S

L
H
S

T0 = MJD 57620.0 = 20 August 2016 T0 = MJD 58250.0 = 12 June 2018MJD

2 − 20 keV[MAXI]

15 − 50 keV[BAT]

10 − 20/4 − 10 keV[MAXI]

57650 57700 57750 58250 58350 58450

Figure 3.1: Lightcurve fromMAXI in the 2 – 20 keV band is plotted in the top panel along with the Swift/BAT
lightcurve in the 15 – 50 keV range in the second panel. AstroSat observations are marked as vertical green
lines. The colour bar at the bottom indicates different spectral states. This is elaborated in Section 3.5.

any. Figure 3.1 shows the MAXI lightcurve of the source in the 2 – 20 keV energy
band, Swift/BAT lightcurve in the 15–50 keV energy band and the hardness ratio
obtained using MAXI lightcurves in the 10 – 20 keV and 4 – 10 keV energy band
in panels 1, 2 and 3 respectively. The hardness ratio (HR) is defined as the ratio
of flux in 10 – 20 keV band to the flux in 4 – 10 keV band. The green vertical lines
represent the dates of AstroSat observations.

3.2.2 AstroSat

A description of India’s first multi-wavelength observatory AstroSat is provided in
Chapter 2. While there are five instruments onboard AstroSat, SXT and LAXPC
are used to observe the source in the X-ray energy band 0.3 – 80 keV. In the
following sections, we briefly describe the data obtained and the reduction process
followed.

SXT

PC mode data was used for all the observations except for 1 – 2 October 2016,
where FW mode data was used to avoid pile-up issue in anticipation of higher
count rate in the soft energy band, as the source was expected to be in the soft
state. Details of data reduction are provided in Chapter 2. The Level-1 imaging
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data is processed off-line through a pipeline software to obtain Level-2 cleaned
event files for each individual orbit.

0 0.0068 0.028 0.097 0.31 0.99 3.1

32:00.030.016:33:00.030.034:00.030.035:00.0

-4
7:

30
:0

0.
0

20
:0

0.
0

10
:0

0.
0

D
E

C

RA
32:00.030.016:33:00.030.034:00.030.035:00.0

-4
7:

30
:0

0.
0

20
:0

0.
0

10
:0

0.
0

D
E

C

RA

Figure 3.2: Source region within radius of 10 arcmin is considered for extraction of spectrum for SXT. The left
image corresponds to Obs 1, where the source is very faint at the beginning of the 2016 outburst. The right
image corresponds to Obs 3, which is taken∼ 11 hours apart. It is clear that the source has considerably

brightened in this duration. As no pile‐up effects were observed, the exclusion of central 1 arcmin region was
not performed (see text for details). The colour map at the bottom shows the source intensity for SXT in counts

pixel–1.

XSELECT V2.4d was used in HEASOFT 6.21 to extract light curve and spectra
using the cleaned event files. We first considered a 16 arc min source region as
suggested for PC mode data1. As the count rate was < 40 c/s, pile up effects
were not observed and hence exclusion of 1 arcmin central source region was
unnecessary. We merged the data from a few orbits in which the count rate
and hardness ratios did not vary appreciably, to generate the event file using the
sxtevtmerger script. As considerable variation in flux and hardness ratios was
observed on the first day of observation (27 August 2016), three data groups are
obtained from a single observation, separated from the first group by ∼ 6 hrs and
∼ 11 hrs respectively. We refer to these three data sets as Obs 1 (MJD 57627.05),
Obs 2 (MJD 57627.47) and Obs 3 (MJD 57627.69) (see Table 3.1). The criteria
for data selection was a minimum exposure time of 1 ks in SXT and the source
count rate to be at least a factor of 2 greater than the blank sky background.
Only observations which are strictly simultaneous with LAXPC observations are
chosen. We obtain a total count rate of ∼ 0.3 c/s considering a 16 arcmin source
radius for Obs 1. As the source contribution beyond the 10 arcmin radius was <
30%, we use a 10 arcmin region centred around the source as the optimum case
with count rate of ∼ 0.23 c/s. The count rate increased to 1.6 c/s for Obs 3.

1www.tifr.res.in/~astrosat_sxt/dataanalysis.html
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The SXT image for Obs 1 and 3 are shown in Figure 3.2 along with the chosen
source region. It clearly shows that the source brightened by a factor > 10 within
this duration. For 1 – 2 October 2016 FW mode data, 3 arcmin source region is
considered, encompassing more than 70% contribution from the source. A circular
source region with 10 arcmin radius was considered for all other observations. The
response file provided by the SXT team for PC mode and FW modes are used2,
wherever applicable. Appropriate arf files provided by the SXT team are used,
where the source was at the centre of the Field of View (FOV). In cases where
an offset was observed, sxtmkarf script is used to generate the ancillary response
file. Blank Sky observations are used to generate the background spectrum. SXT
spectra are binned with a grouping of 20 counts per bin for better statistics.

LAXPC

LAXPC data is obtained in Event Analysis mode, which is analysed using LAXPC
software3. We use only LAXPC20 for the timing and spectral analysis, as LAXPC30
was off and LAXPC10 was operating at a low gain during the time of the 2018
observations. Individual orbits are merged together to satisfy the selection criteria
of time > 4 ks for LAXPC data, where the count rates and hardness ratios re-
main stable. From the 2016 and 2018 outburst data, 7 and 11 data sets are chosen
respectively (see Table 3.1). As mentioned earlier, 4U 1630-47 lies in a crowded
FOV and contamination in the LAXPC data could not be ruled out. This is
described in detail in Section 2.6. Therefore, LAXPC data could not be used
in some cases or had to be restricted to certain energy range, based on the level
of contamination. We use laxpcsoftv2.5 released on 6 August 2018, to obtain
the lightcurve and energy spectra. We follow Misra et al. (2017); Sreehari et al.
(2018) and the instructions provided with the LAXPC data reduction software.
We consider only the top layer of the detector and discard multiple detections of
a single event to obtain the spectrum. Details of the response and background
generation are found in Antia et al. (2017). Background is generated with the
gain shift applied to align the background spectra with the source spectra using
the backshiftv2.e code. Background model closest to the observation dates are
chosen. However, four different backgrounds are provided for the month of Au-
gust 2018 due to variation in background rate, corresponding to August 2, 8, 12
and 15. The background from 15 August 2018 is chosen for all the observations.
The details of the observation IDs and exposure times of the observations are
presented in Table 3.1. The observations are divided into a total of 18 segments
to study the spectral and temporal evolution during the outbursts. Analysis and
modelling procedure of SXT and LAXPC spectra is elaborated in Section 3.3.

2http://astrosat-ssc.iucaa.in
3http://www.tifr.res.in/~astrosat_laxpc/LaxpcSoft.html
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3.3 Attempting a physical interpretation of the data

3.3.1 Spectral Analysis

Evolution of spectral parameters with time during both outbursts can take us
closer to understanding the physical properties of the source. Following general
convention, we first attempt to model the spectra using phenomenological models
and then, if possible, graduate to more physical models. However, as detailed in
Section 2.6, we had to limit our spectral analysis to different energy ranges based
on the level of contamination from IGR J16320-4751. The spectral analysis was
performed using XSPEC version 12.9.1.

The combined spectra of SXT and LAXPC are modelled in three different
energy bands for different ObsIDs i.e., 0.7 – 10 keV, 0.7 – 13 keV and 0.7 – 20, keV
based on the pulsation studies and estimates of relative contribution from IGR
J16320-4751 source (see Table 2.2 and Table 3.1). The gain command is used to
modify the SXT response file linearly. The slope is fixed to 1 and the offset is
allowed to vary. Unfortunately for Obs 1 & 2, only SXT spectra could be used,
as the source is very faint and the contribution from IGR J16320-4751 is more
than 50% in LAXPC spectra. The spectra are modelled using phabs × powerlaw
model. No additional disc component is required, implying that the source is in
hard state. The unfolded spectra for four observations, two each from 2016 and
2018 outbursts, are shown in Figure 3.3. The black and red crosses denote SXT
and LAXPC spectra respectively.

The NH value is obtained at 7.5 × 1022 atoms cm–2 with a photon index of
1.82 and χ2

red of 32.1/27 = 1.2. The photon index increased to 1.91 for Obs 2. A
disc component is required for Obs 3 with photon index increasing to 2.03. For
the rest of the 2016 observations and all observations of 2018, we use an absorbed
multicolour disc component (diskbb) (Mitsuda et al., 1984; Makishima et al., 1986),
a powerlaw component (powerlaw) and a gaussian to fit the spectra. Powerlaw
component is not required in the observations where spectrum was considered
only upto 10 keV, due to prominence of disc. The NH is obtained at (7.3 – 8.13)
×1022 atoms cm–2. An edge is required at 2.44 keV for Sulphur4 in addition to
the gain applied for SXT data. A systematic error of 1.5% is applied to each
bin in the combined fit. A normalization constant is added to account for the
difference in calibration of the instruments. The centroid energy of the gaussian
is restricted to be in the range 6.2 – 6.9 keV, wherever the component is required.
The fit values obtained from this model are given in Table 3.1. All the errors are
quoted at 68% confidence, unless stated otherwise.

4http://www.iucaa.in/~astrosat/kps_a01_sxt.pdf
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Figure 3.3: The top panel shows fit with phenomenological model to AstroSat data of 2016 outburst. The left
panel is a fit only to the SXT data as there was contamination in the LAXPC data. The bottom panels show fits to

the 2018 outburst data.

3.3.2 Timing Analysis

Lightcurves of 1 s bin are obtained in the 3 – 10 keV range using LAXPC20
initially, for all observations considered in Table 3.1. For these combined orbits,
we generate 0.005 s resolution lightcurves and corresponding backgrounds. The
background varies between ∼ 6 – 10 counts s–1 during the observations. This
background is subtracted from the lightcurve to generate the final lightcurve. We
divide the lightcurve into 16384 time bins and create power spectra for each of
the intervals. Then the power spectra are averaged to generate the final PDS. We
rebin the power spectra geometrically by a factor of 1.05 in the frequency space.
Dead time corrected Poisson noise level was obtained following the procedure in

59



Agrawal et al. (2018); Sreehari et al. (2019) using the relation and values given
in Zhang et al. (1995) and Yadav et al. (2016). This dead time corrected Poisson
noise subtraction is applied to all the PDS, which are normalized to give fractional
rms spectra (in units of (rms/mean)2/Hz)). No contribution was seen in the PDS
beyond 10 Hz in all the observations.

Figure 3.4: PDS in the energy range 3 – 10 keV from 2 different days of 2018 outburst from frequency
0.005 – 10 Hz is plotted in the figure on the left. Both are fit with a powerlaw model with Obs 17 PDS having a

higher index.

All the PDS are modelled with a power law in the range 0.005 to 10 Hz (see
Figure 3.4). Red noise is dominant in the PDS with no significant power above ∼
1 Hz. No QPOs are observed. During the 2016 observations, the source count is
too low in the initial observations, resulting in noisy PDS, making it difficult to
check for the presence of QPOs. Total rms values are obtained in the frequency
range 0.005 – 10 Hz. The outburst profile and HID of the outbursts, along with
spectral and temporal properties of the source, are presented in following sections.

3.4 Evolution of spectral and temporal properties

3.4.1 Spectral Properties

As discussed in Section 3.3, we fit the broadband spectra with phenomenological
models. This is where we first try to identify different states using the spectral
parameters. Figure 3.3 shows broadband spectra from two different observations
each, from 2016 and 2018 outbursts. The top left spectrum shows the fit to Obs
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1. No disc component is required, indicating that the source is in a ‘canonical’
hard state. The rise in HR values at the beginning of 2016 outburst, seen in
panel 3 of Figure 3.1, also implies that the source was possibly in a hard state
at the time of Obs 1. For Obs 3, separated by 11 hrs, the disc component is
required to obtain a good fit (χ2

red = 1.09) with a disc temperature of 0.79 keV
and a normalization of ∼ 179 (see Table 3.1 and top right spectrum in Figure 3.3).
Photon index (Γ) increases from 1.8 to 2.0 during the first 3 observations of 2016,
after which the disc becomes more prominent. The disc temperature increases
from 0.79 keV to 1.36 keV, accompanied by rise in photon index, signalling the
transition from hard to soft state. For the 2018 outburst, the disc temperature is
in the range 1.25 – 1.38 keV with powerlaw index reducing from 2.8 to 2.09 in the
last three observations. Here, the source seems to have transitioned to a brighter
Intermediate State (IMS), corresponding to the rise seen in BAT lightcurve (see
panel 2 of Figure 3.1 and bottom spectra in Figure 3.3). All the NH values lie in
the accepted range (7–8.5)×1022 atoms cm–2.
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3.4.2 Temporal Properties

All the PDS are well modelled by a powerlaw (AE–β), where A is the normalization
and β is the index of the power law. No additional component is required. No
QPOs are observed during the AstroSat campaign of both outbursts. Figure 3.4
shows the PDS in the rms space obtained for HSS and IMS of 2018 outburst,
modelled with a powerlaw, for representation. Evolution of the PDS is clearly
seen with rms increasing from HSS to intermediate states (Figure 3.4). Variation
of rms with flux is plotted in Figure 3.5. Although the LAXPC data for Obs 2 is
discarded due to possible contamination by the nearby IGR J13620-4751 source
(see Section 2.6), the rms value for this particular observation is presented for
the sake of continuity. However, the number quoted is only for reference and
should be treated as such. This is denoted by the unfilled blue star in Figure
3.5. The rest of the observations of 2016 are marked as filled blue stars. The rms

Figure 3.5: The variation in rms with flux is shown above. The filled blue stars and open magenta diamonds
represent 2016 and 2018 outburst data respectively. The open blue star represents Obs 2, for which spectral
analysis is not performed using LAXPC (see text). The evolution of the source with time is marked with arrows.

The final probable transition from IMS to LHS is marked using a dashed arrow.

decreases from 11.6% in Obs 2 and 7% in Obs 3 of 2016 outburst to 4.9% in the
later observations, as the source moves to HSS. Total rms decreases from 7% to
4.9% as the source moves from IMS to HSS during the 2018 outburst, shown as
open magenta diamonds. An increase in rms is again observed during the decay,
from 5.1% to 9.8%. In Figure 3.5, we mark the probable transition of the source
between states during the outbursts. The evolution of rms across different states is
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discussed in detail in later sections. Solid arrows show the evolution of the source
during outburst. Wherever observations are not available, we extrapolate the
rms values based on the observed trend and previously obtained values for other
outbursts (Dieters et al., 2000; Trudolyubov et al., 2001). This is represented by
the dotted arrow in Figure 3.5.

3.5 Super outbursts and ‘mini’ outbursts - finding the common ground

To get a comprehensive picture of the ‘mini’-outbursts of 4U 1630-472, we analyse
its lightcurve in different energy bands using MAXI and Swift/BAT. The MAXI
lightcurve (2–20 keV) of the 2016 and 2018 outbursts of the source is shown in the
top panel of Figure 3.1. The 2016 outburst was first detected on 27 August 2016
and the source was active for ∼ 100 days before going into quiescence. After ∼
600 days of inactivity, the source again went into outburst on 4 June 2018 which
lasted for ∼ 150 days. Both 2016 and 2018 outbursts show similar profiles.

The flux variation observed with Swift/BAT during both outbursts is shown in
panel 2 of Figure 3.1. The source was very faint at the beginning of the outburst,
but the indication of a sudden rise in Swift/BAT counts is seen in the decay phase
of the outburst. This increase is more pronounced in the 2018 outburst than the
2016 outburst, which also precedes the secondary peak observed during the 2018
outburst. The flux increased ∼4 times in one day from MJD 58360 to MJD
58361. Observations are not available for the 2018 outburst between MJD 58370
and MJD 58381 due to some technical snag in Swift/BAT (private communication
with Swift/BAT team). Panel 3 of Figure 3.1 shows the hardness ratio variation
with time. At the beginning of the 2016 outburst, the HR values are closer to ∼
1.0, and reduce in a short time to ∼ 0.2, showing a quick transition from hard
to an intermediate state. Then the source goes into the HSS as shown in the
colour bar at the bottom of Figure 3.1. The source then gradually decays to the
LHS with an increase in HR values, through a relatively longer intermediate state.
Similar trend is followed in the 2018 outburst, with a longer rise time than in the
2016 outburst. The source seems to evolve from hard to soft state through an
intermediate state during the rise. The source stays in the HSS for a few days.
There is a rise in hardness ratios from ∼ 0.06 to ∼ 0.1, accompanied by the onset
of a secondary outburst, where the source is in the intermediate state. Finally, the
source goes into the LHS with a decrease in flux and increase in hardness ratios.

The HID of both outbursts is studied further to confirm the state transitions
as inferred from Figure 3.1. In Figure 3.6, HID obtained with MAXI for 2016
and 2018 outbursts is shown. Note that a different definition of hardness ratio is
used to generate the HID from the one used in Figure 3.1. While the third panel
in Figure 3.1 was used as a marker for state transition, the HID obtained here
is solely used to track the evolution of the source during the outburst. Due to
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Figure 3.6: HID obtained usingMAXI is plotted above. The blue circles and orange triangles correspond to the
2016 and 2018 outbursts respectively. The error bars are represented in grey. The red stars and black filled

crosses are AstroSat data obtained during the 2016 and 2018 outbursts respectively obtained using model flux.
Red star at the bottom corresponds to Obs 3. The direction of evolution is shown using the arrows.

larger uncertainties in the flux in 2 – 4 keV band in MAXI data for 2016, negative
flux is reported in some cases, resulting in loss of data points during the initial
phase of the 2016 outburst. Therefore, harder energy bands are used for better
representation in panel 3 of Figure 3.1. To track the evolution of the source in
the HID, we include lower energy bands at the cost of loss of some data points.
The observations where negative fluxes are reported in either of the energy bands
(2 – 6 keV and 6 – 20 keV) are discarded. The blue circles and orange triangles
represent the MAXI data during the 2016 and 2018 outbursts respectively. The
uncertainties are represented in grey. Data points obtained using AstroSat are
superimposed on it as the red stars and black filled crosses for the 2016 and
2018 outbursts respectively. The hardness ratio decreases from ∼ 0.6 to ∼ 0.2
during the rise of the 2016 outburst along with an increase in luminosity. The
red star is the first day of AstroSat observation of the source on 27 August 2016
corresponding to Obs 3, when it is in a harder state. As the outburst progresses,
there is a quick transition to the HSS, accompanied by an increase in luminosity.
This quick change in the HR values can also be seen in panel 3 of Figure 3.1 for
the 2016 outburst. There is a hint of further increase in luminosity along with an
increase in hardness ratios, suggesting a sudden transition into an intermediate
state. The source then reaches the LHS through the path indicated by the arrows
ending at a lower flux than that at the beginning of the outburst. Similar trend
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is seen for the 2018 outburst represented by orange triangles.
The HIDs do not follow the typical ‘q’-profile observed for Low mass BH XRBs

as is already observed in previous outbursts of this source (Abe et al., 2005;
Capitanio et al., 2015), rather, a distorted ‘c’-shaped profile as traced out in Figure
3.6. The source exists in the LHS at the bottom of the ‘c’, while the HSS is almost
exclusively found at the top end. However, IMS seems to exist everywhere except
the lower end of the HIDs. Both outbursts seem to follow a similar profile, except
for a smaller secondary peak seen in the 2018 outburst, before the source decays
into quiescence (see Figure 3.1). During 2016 outburst, the source undergoes a
quick transition from hard to soft state through an intermediate state. The IMS
of decay phase is longer than that in the rising phase. The source begins at the
lower right of the HID in the LHS and moves to the upper left towards HSS.
Slight variation in flux and hardness ratio is seen, hinting at a transition to an
intermediate state. This is represented by the circular head in Figure 3.6. Then it
moves back to the lower part of the plot completing an elongated ‘c’. The source
follows the path traced out by the dotted lines in Figure 3.6 during the 2018
outburst too. However, the soft state in the 2018 outburst has slightly higher HR
values in comparison with the 2016 outburst. Similar trend was seen during the
2010 outburst where a secondary peak was observed during the decay phase at
similar flux (Capitanio et al., 2015). However, due to the large error bars seen in
the HID, the path traced out in the upper right of the HID is difficult to discern
clearly.

The data that we have is insufficient to decipher a clear picture of the evolution
of the HID. Hence, the validity of the conclusions drawn may be questionable. One
way to circumvent this problem, is to dig through the archives and obtain data
from other instruments, which happened to observe the source continuously (with
good spectral resolution) throughout one or more outbursts. The most obvious
candidate is RXTE, which covered almost 8 outbursts from the source from 1996
to 2010. Hence, we use RXTE/PCA data obtained during the 1998 and 1999
outburst (see Figure 3.7, left panels) to further confirm the profile observed in
the HID of both outbursts. We consider these two outbursts as an example for
classical ‘mini’-outburst (1999) and a short duration outburst with radio detection
(1998).

The hardness ratio is defined as ratio of counts in 9 – 20 keV band to the counts
in 3 – 9 keV band. This is plotted against the total counts in 3 – 20 keV band in
the left panels of Figure 3.7. The variation of the HR from 0.6 to < 0.1 takes
place in a few days during the 1999 outburst, while the transition is more gradual
in the 1998 outburst. This is also seen in the 2016 and 2018 outbursts where
the transition from hard to soft state takes place very fast (see Figure 3.1). A
circular head is seen in both HIDs (Figure 3.7), which could correspond to the
intermediate region observed in 2016 and 2018 outbursts. Finally, the source goes

66



to the hard state through an intermediate state during the decay (see Figure 3.7).
This is similar to what is observed by Capitanio et al. (2015) for the 2006, 2008
and 2010 outbursts. They reported that there is no evidence of an initial transition
from a hard state to a soft state in the 2006 and 2008 outbursts. They suggest
that the transition happened very quickly or has not occurred at all. However,
the first RXTE/PCA observations of the source in 2006 and 2008 were carried
out after ∼ 15 days and 6 days respectively, after an increase in ASM flux was
reported. We show here for the first time, that the hard to soft state transition
occurs in a short time (within a few hours) and was probably not picked up for
previous ‘mini’-outbursts. AstroSat observed the source on the first day of the
2016 outburst itself, during which, a transition from hard to soft state occurred
within a few hours (see Figure 3.1). It is clear from Figures 3.1 and 3.6, that
transition between different states has taken place in both outbursts. Although
the HID for 1998 outburst is harder and the circular head is much smaller in the
HID, we propose that the evolution of the source during the outbursts of shorter
duration follows the ‘c’-shaped pattern as traced out in Figure 3.6.

Also, the transition from soft to hard state during the decay phase was seen
to occur at slightly lower luminosities than the rising phase hard to soft state
transition. Lower values of luminosity during soft to hard state transition was
also observed during the decay of the 2010 outburst (Tomsick et al., 2014). This
is further corroborated by the HID obtained using RXTE/PCA data for the 1998
and 1999 outbursts of this source (Figure 3.7).
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We also look into the outburst profile and HID of the 2002-2004 ‘super’-outburst
to compare it with that of the ‘mini’-outburst. We divide the 2002-2004 lightcurve
into 3 regions with each region comprising a rise, peak and decay to lower flux.
This is shown in the top right panel of Figure 3.7. It is found that the flux peaks
in regions I and III occur with a time interval of ∼ 600 days between them, which
is close to the recurrence period of the ‘mini’-outbursts (Capitanio et al., 2015).
Encouraged by this, we plot the HIDs corresponding to these regions in the middle
(region I and II) and right panels (region III) at the bottom. There does not seem
to be any significant pattern in the HID for regions I and II, with variation noticed
in the HR only at higher flux. The outburst profile and HID of region III appear
to be similar to that of the ‘mini’-outbursts with a well-defined pattern seen in
the HID (rightmost panels of Figure 3.7). The duration of this ‘mini’-outburst
embedded within the ‘super’-outburst is almost twice the regular duration of 150–
200 days, extending to 311 days. Also, the small circular head in the HID of ‘mini’-
outbursts is greatly elongated and more defined in this segment of the ‘super’-
outburst. Similar outburst profile is also seen for the 2012-2014 ‘super’-outburst
observed with MAXI although the duration of this ‘mini’-outburst is ∼ 200 days.
Unfortunately, lack of complete coverage of the outburst by better resolution
instruments prevents us from commenting on the HID for this duration. The
variation in flux of a BHB is generally attributed to the variation of mass accretion
rate. The 2002-2004 outburst was considered a standard outburst for 4U 1630-
472, where clear state transitions were seen, driven by change in mass accretion
rate (Tomsick et al., 2005). It was proposed by Capitanio et al. (2015) that the
recurrent ‘mini’-outbursts could be due to periodic perturbations in the system,
which trigger this variation and force the disc temperature to increase independent
of the disc accretion rate. These periodic perturbations can be attributed to
limit cycle of accretion disc ionization instability (Cannizzo, 1993; Janiuk and
Czerny, 2011), a third body orbiting around the binary system in a hierarchical
configuration (Parmar et al., 1995) or the constant refilling from a companion
star (Trudolyubov et al., 2001), all of which have been reviewed by Capitanio
et al. (2015). In this case, the presence of a complete ‘mini’-outburst towards the
end of the ‘super’-outburst could suggest that the underlying mechanism of the
origin of ‘super’ and ‘mini’-outbursts could be the same with varying contributions
from some external perturbation which is consistently present for all outbursts.
Detailed spectro-temporal analysis of these two different types of outbursts for
its entire duration could hold the key to further understanding of their physical
origins.
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3.6 Revelations with the two-component flow approach

The unusual profile of the HID calls for further exploration of the source using
more advanced physical models. In this case, we zeroed in on the two-component
flow model as a viable option. This model has been implemented as a table model
in XSPEC (Iyer et al., 2015) and applied in several previous works (Nandi et al.,
2018; Radhika et al., 2018; Sreehari et al., 2019). The two component accretion
flow model assumes a geometrically thin accretion disc comprising a Keplerian
flow of matter at the equatorial plane, flanked by sub-Keplerian flow of matter on
either sides (Chakrabarti and Titarchuk, 1995b; Chakrabarti and Mandal, 2006).
The radial flow in the Keplerian disc is always subsonic whereas the sub-Keplerian
flow is subsonic at the outer edge and becomes supersonic close to the black hole
horizon. The supersonic sub-Keplerian flow encounters a centrifugal barrier on its
inward journey towards the black hole that causes a shock transition. Here the
flow becomes subsonic, with the bulk kinetic energy of the flow getting converted
to thermal energy (Das et al., 2001). This region beyond the shock is called a
post-shock corona (hereafter PSC) which is generally hot and dense. A more
detailed explanation of the basic model from which it is built is given in Section
1.7.3.

The two-component flow model has two spectral components, namely the Ke-
plerian disc which supplies the multi-colour blackbody photons, of which, a small
fraction are inverse-Comptonised by the hot electrons in the PSC, producing
the high energy X-ray power law photons (Chakrabarti and Titarchuk, 1995b;
Chakrabarti and Mandal, 2006). Unlike the free normalization in the power-law
component used in phenomenological spectral modelling, the normalization of the
high energy component in the two-component model is decided by the geome-
try of the PSC. This model has five parameters, namely, mass of the BH (M),
accretion rates of the Keplerian flow (ṁd) and sub-Keplerian flow (ṁh), size of
the PSC (xs) and a free normalization. We have expressed M in terms of solar
mass (M⊙), accretion rates in terms of Eddington rate (ṁEdd = 1.4 × 1018 M
gm s–1 with 10% efficiency) and radial distance in units of rg = 2GM/c2, where
G is gravitational constant and c is speed of light in vacuum. We apply the two
component flow model to the SXT spectrum in the energy range 0.7 – 6 keV for
Obs 1 and broadband energy spectra obtained using SXT and LAXPC for the
rest of the observations in the energy range as specified in Table 2.2.
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Table 3.2: Spectral fit parameters obtained using the two component flow model. 3 observations are chosen from 2016 and 2
from 2018 respectively, as a representative case for each state to fit the model.

Year 2016 2018
LHS IMS HSS HSS IMSc

MJD 57627.05 57627.69 57663.03 58344.18 58372.16
NH (×1022 at./cm2) 5.1 ± 0.5 7.8 ± 0.2 6.8 ± 0.2 7.1 ± 0.1 7.3 ± 0.1

Mass (M⊙) 7 ± 1 8.5 ± 0.2 7.2 ± 0.2 7.3 ± 0.2 7.7 ± 0.2
Shock Location (rg) 27p 27 ± 1 6.0 ± 0.3 8.1 ± 0.1 8.9 ± 0.1
Halo rate (ṁEdd) 0.03 ± 0.01 0.04 ± 0.01 0.11g 0.12g 0.2g

Disc rate (ṁEdd) 0.06 ± 0.03 0.55 ± 0.04 5.24 ± 0.09 4.7 ± 0.1 5.8 ± 0.1
χ2/dof 1.44 (36./25) 1.39 (193/152) 1.27 (416/328) 1.05(388/370) 1.11 (479/431)

c IMS observed during the secondary peak
p parameter frozen to the next observation
g Unable to constrain errors as ṁh plays minimal role in shaping the spectra

We have done the spectral modelling of 4U 1630-472 using two component
accretion flow model for a few selected observations taken during the 2016 and
2018 outbursts. The source evolved from hard to soft state during the rise of the
2016 outburst, of which AstroSat observations exist for the ‘canonical’ hard and
soft states, whereas observations from the soft state and the intermediate state
are considered for the 2018 outburst (see Table 3.1, Figures 3.1 and 3.5). In the
XSPEC implemented table model, the blackbody spectrum is calculated using the
effective temperature (Teff) of the Keplerian disc. In this work, we have done a
custom implementation of the two-component model. Here, we have calculated the
multi-colour blackbody spectrum using a colour temperature instead of effective
temperature (Shimura and Takahara, 1995) as,

Fν = πBν(fTeff)/f4,

where Fν is the local flux of radiation, Bν is the Planck function and f is called
the hardening factor. This modification is required, particularly for high accretion
rates due to the electron scattering at the inner part of the disc. We find that f
varies from 1.88 – 1.92 for the spectral fitting during HSS, whereas in the LHS,
the effect of spectral hardening is less obvious.

We have used interstellar absorption model phabs along with two component
accretion flow model for spectral modelling. An occasional requirement of Fe
line represented by gaussian is also used. In Figure 3.8, we have presented the
broadband spectral modelling of combined SXT and LAXPC data using two com-
ponent model for 2016 and 2018 outbursts in the left and right panels separately.
As LAXPC data could not be used, only the SXT spectrum is modelled for the
LHS of 2016 outburst. The shock location could not be constrained and hence
it was frozen to the value obtained in the next observation which was only a
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Figure 3.8: Broadband spectra from 2016 outburst in LHS and HSS state are shown in the left panel and HSS
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SXT data and blue and red correspond to LAXPC data.

few hours away. For the other observations, we see that the model could fit the
spectral data well with reasonably good statistics. The residual variation of each
fit is well within 2σ as shown in bottom panels of Figure 3.8. The model fitted
parameters along with the fitting statistics are presented in Table 3.2. We observe
a high absorption column density as the source is located towards Galactic centre.
The column density is particularly high in HSS, possibly indicating the existence
of disc wind (King et al., 2012). As seen from Table 3.1, the absorption column
density values obtained using phenomenological model lie in a similar range. The
model fitted parameters for HSS states in both 2016 and 2018 outbursts are con-
sistent as summarized in Table 3.2. In general, the Keplerian disc accretion rate
is high in the HSS and the inner edge of the disc is closer to the BH whereas in
the LHS the size of the PSC is larger, with a smaller value of disc accretion rate
(ṁd). Thus, the relative balance between these two parameters (accretion rates)
explain the state transition observed in 2016 outburst. However, spectral data of
2018 outburst does not show significant spectral evolution (see Table 3.1), and
also the same is observed in the two component model parameters as mentioned
in Table 3.2. The errors are estimated using the migrad method from the minuit
library (James and Winkler, 2004). All the errors are quoted at 68% confidence
level unless stated otherwise.

The larger value of the shock location during LHS and IMS of 2016 outburst
relative to the other observations is consistent with the fact that the disc resides
away from the black hole. Disc accretion rates are higher in all observations of
2018 outburst where the disc component is prominent. However, there is also a
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slight increase in the halo accretion rate, accompanied by an increase in the shock
location, suggesting an impending transition to a harder state. Although, it is to
be noted that the errors on the halo accretion rates could not be constrained as the
role of halo contribution is minimal (ṁh << ṁd) for the softer states. We find that
the disc accretion rate is very high (∼ 5 ṁEdd) for the soft states in both outbursts
where the luminosity is close to Eddington luminosity, for a given distance and
inclination of the source. This is because the Keplerian disc terminates at 6 – 9 rg
(see Table 3.2), where the accretion efficiency is ∼ 2.5% for a Schwarzschild black
hole. We expect this accretion rate to be reduced by a factor of 5 for an extremely
rotating black hole. Theoretical studies of the two-component flow on a spinning
BH (Mandal and Mondal, 2018; Dihingia et al., 2020) show that the spectrum
becomes relatively harder and is consistent with the reduction of accretion rate.
However, inclusion of spin of the BH may alter the mass of the BH slightly as the
accretion efficiency is weakly dependent on mass. It should also be stated that the
contribution from jet/outflow is not taken into consideration for this application of
the model. This could also affect the model normalisation as the current version
of the model only considers the X-ray contribution from the accretion disc, as
mentioned earlier. Also, an independent inclusion of gaussian is required along
with the two component flow model because the associated physical process is not
self-consistently included in the model currently. These could slightly affect the
fit parameters. Following the inclusion of spin of the BH and these modifications,
the model will be applied on previous outbursts of the source in future.

Using our model formalism, we can estimate the distance to the source from
the model normalization (N = cos i

d2 , where d is the distance in 10 kpc) of spectral
fitting, provided, the inclination of the system is known. The model normalization
may also be affected due to X-ray contribution from the jet/outflow in the LHS
and the current version of the model considers the contribution only from the
accretion disc. Hence, we particularly consider the HSS observations, where the
contribution from the jet/outflow is minimum, to constrain the distance to the
source. The model normalization provides a distance between 12 – 14 kpc for
i = 60–70◦. Also, in our spectral modelling, mass of the source is a free parameter
and estimates are consistent for both outbursts. As summarized in Table 3.2, the
mass of the source lies between 6 – 8.7 M⊙.

3.7 Mass estimates of the compact object - phenomenological and
physical connotations

It is evident that the disc component is prominent during most of the AstroSat
campaign. Using the apparent inner disc radius (rin) obtained from the disc
normalization (see Table 3.1), we can find the actual disc radius (Rin) using the
relation Rin = ξ.κ2.rin (Kubota et al., 1998; Makishima et al., 2000). The inner
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disc radius is found to vary between 22 and 49 km for inclination varying from
60 – 70◦ (Tomsick et al., 1998; Seifina et al., 2014; King et al., 2014) and distance
in the range 10 – 12 kpc (Seifina et al., 2014; Kalemci et al., 2018). Assuming
the disc to be at innermost stable circular orbit (ISCO), the mass of the compact
object varies between 2.5 and 5.5 M⊙. Since the generally accepted lower mass
limit of a black hole is 3 M⊙, the mass range can be quoted as 3 – 5.5 M⊙.

Figure 3.9: Mass is plotted as a function of distance using peak flux in the 2 – 50 keV range during the 2018
outburst, considering flux transition factors as 1, 2 and 3. The source is assumed to be emitting at Eddington

luminosity. The horizontal dashed line shows the lower limit of mass at 3 M⊙. The shaded rectangle shows the
possible mass in the distance range 10 – 12 kpc.

Secondly, we attempt to constrain the mass of the compact object following the
method adopted for IGR J17091-3624 by Altamirano et al. (2011). They assumed
that the source was emitting at Eddington luminosity at the peak of the 2011 –
2013 outburst, where bolometric flux is obtained as FBol = CBol,Peak F2–50 keV
where CBol,Peak is a bolometric correction factor ≤ 3, which is the upper limit
as suggested by Altamirano et al. (2011). AstroSat observed 4U 1630-472 while
it underwent a transition from hard to soft state during the rising phase of 2016
outburst and soft to intermediate state during the decay phase of 2018 outburst,
as a secondary outburst was triggered. We fit the combined spectrum with the
phenomenological model and extrapolate in the harder energy range to find the
unabsorbed flux from 2 – 50 keV. During the soft to intermediate state transition
in 2018, the maximum flux of 2.1 ×10–8 ergs cm–2 s–1 was obtained. Considering
a representative case where the source emits at Eddington luminosity, we obtain
the mass of the black hole as a function of distance for different values of CBol,Peak
(1, 2 & 3) as the relation between 2 – 50 keV flux and bolometric flux is unknown.
Figure 3.9 shows the plot between distance in kpc and mass in solar mass units.
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The probable values of the mass of the black hole as a function of distance is
shown for three different values of CBol,Peak.

With CBol,Peak = 1, the mass of the compact object lies below 3 M⊙ for a
distance range of 10 – 12 kpc, which is unlikely. Therefore, defining a lower limit
of mass as 3 M⊙ and CBol,Peak > 1 and ≤3, mass range is obtained as 3–9 M⊙ for
a distance range of 10–12 kpc. This is shown as the shaded vertical patch in Figure
3.9. The dashed horizontal line shows the lower mass limit of 3 M⊙. However,
the mass range so obtained, is based on the assumption that the source emits at
Eddington luminosity. In the previous section, we obtained the mass estimates
by modelling the broadband spectra using two component flow model. The mass
parameter is obtained directly from the fits as lying between 6.8 – 7 M⊙. This is
more constrained that the value obtained with the disc normalization. Therefore,
the mass of the compact object lies in the range 3 – 9 M⊙, combining all three
methods.

3.8 In a nutshell

In this chapter, we study the 2016 and 2018 outbursts of 4U 1630-472 using
AstroSat and MAXI. Based on the HID and spectral parameters, we attempt to
classify the outburst into different states. We also try to obtain a mass estimate
using different methods. The results are summarized as follows:

• We attempt a global picture of the outburst and evolution of the source 4U
1630-472 for the ‘mini’-outbursts which last from 150 – 200 days based on
the 2016, 2018 outbursts as shown in Figures 3.1 & 3.6. We also cross-verify
it with the evolution of the 1998 and 1999 outbursts. The HID seems to
follow a ‘c’-shaped profile with a circular head at the upper end. A similar
profile is seen towards the end of the ‘super’-outburst of 2002-2004 with an
elongated head.

• The source is captured in LHS for the first time using AstroSat at the be-
ginning of the 2016 ‘mini’-outburst. The source moves from LHS to IMS
within a few hours.

• The spectral and temporal characteristics of the source during the course of
the two outbursts are studied. Although no QPOs are observed during any
of the observations, we are able to categorize them into LHS, HSS and IMS
states, based on the spectral parameters. However, further classification into
HIMS and SIMS is not possible due to non-detection of QPOs and absence
of high energy spectra from LAXPC due to possible contamination from the
nearby source IGR J16320-4751.
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• Mass of the compact object in the source 4U 1630-472 is estimated by three
different methods, i.e., from the inner disc radius as 3 – 5.5 M⊙, from the
bolometric luminosity as 3 – 9 M⊙ and and from spectral modelling using
the two component flow model as 6 – 8.7 M⊙. Combining these results, we
find the BH mass to lie within a range of 3 – 9 M⊙.

• The two component flow model seems to satisfactorily explain the spectral
state transitions while retaining the preferred geometry for hard and soft
states.
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Chapter 4
Probing into the nature of the

source MAXI J0637-430

The field of X-ray astronomy is as exciting as it is dynamic, partly due to the new
discoveries made about supposedly well-known and studied sources, and partly
due to the new sources being discovered from time to time. With the addition
of an array of X-ray sky monitors and improved instruments, new sources are
being discovered more frequently in the last few years than they have been in
the last few decades. The discovery of new sources provides astronomers with
more opportunities to test individual theoretical predictions. One such source
that ‘burst onto the scene’ and initiated a barrage of ATels and scientific papers,
is the X-ray transient source MAXI J0637-430, which went into an outburst in
early November 2019.

4.1 A Star is Born

A bright new transient was reported in Negoro et al. (2019) at an RA and Dec
of 06h37m43s, –43◦03′15′′ respectively by MAXI/GSC on 3 November 2019. The
source was predominantly soft, emitting at ∼ 60 mCrab in the 2–4 keV energy band
on 2 November 2019, which climbed to 200 mCrab by 3 November 2019. The 4–10
keV flux remained constant at around 50 mCrab. Follow-up observations with
Swift came next, where a preliminary modelling of the 2 – 10 keV X-ray spectrum
was performed. Observations with Swift/UVOT aided in the localization of the
source with a more precise estimate of the position
((RA, Dec) = (06h 36m 23.6s, -42◦ 52′4.1′′) (Kennea et al., 2019). Preliminary
spectral fits with the phenomenological model of an absorbed multicolour disc
combined with a powerlaw component returned a disc temperature of 0.9 keV
and a spectral index of 2.3. Strong evidence for MAXI J0637-430 being a low
mass X-ray binary in outburst came with optical spectroscopy of the source with
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Goodman Spectrograph on SOuthern Astrophysical Research (SOAR) telescope.
Broad, double peaked H-α, He II 4686 emission lines at Galactic velocities were
observed in the low resolution spectrum (Strader et al., 2019).

The first NuSTAR observation was performed on 5 November 2019 (Tomsick
et al., 2019). This was significant as the NuSTAR energy band extends from 3 to
79 keV, thereby affording the first look at the higher energy spectra. Additional
features like residuals at 6 keV and above 20 keV were reported. However, con-
firmation of reflection features could not be obtained without detailed spectral
modelling. Radio detection was also reported on 6 November 2019 (Russell et al.,
2019) using Australian Telescope Compact Array (ATCA). Flux densities of 66 ±
15 µJy at 5.5 GHz and 60 ± 10 µJy at 9 GHz were measured. The discrimina-
tion between emission from a compact object and a discrete ejection event in a
transient jet was not possible, although, the latter is more probable based on the
softness of the source. Optical observations followed, revealing an optical counter-
part with average source magnitude of g= 16.1 (Hambsch et al., 2019; Kravtsov
et al., 2019; Li and Kong, 2019). A near IR counterpart was also detected (Murata
et al., 2019). An observation with AstroSat was reported (Thomas et al., 2019) on
8 November 2019, where the spectrum was slightly harder than the one obtained
with Swift/XRT and NuSTAR.

Every new discovery prompts answers to a few general questions. The first one
almost invariably relates to the nature of the compact object. Is it a neutron star
or a black hole? Secondly, are state transitions clearly observed or is it a ‘failed’
outburst? Finally, we look past the peripherals and get down to brass tacks.
What are the physical parameters of the source - mass of the compact object, its
spin and so on? We attempt to answer these questions through our studies. In
the following sections we detail the steps followed in our quest and discuss the
implications.

4.2 A comprehensive list of observations - Data, data, data!

Multiple instruments were pointed at the source MAXI J0637-430, some more
frequently than the others. NICER and Swift observed the source in X-rays regu-
larly. NICER observed the source for a total of 101 times throughout the duration
of its outburst, while 96 observations are available with Swift. NuSTAR observa-
tions were performed 9 times. AstroSat observed the source three times, when the
source was bright and a transition to the hard state had not yet been reported. We
plot the MAXI lightcurve in the 2–20 keV energy range in the top panel of Figure
4.1. The second and third panels show the NICER lightcurve in the 0.5 – 10 keV
range and hardness ratio respectively. The green and red vertical lines correspond
to AstroSat and Swift-XRT observations respectively, used in this study. Each
point in the second and third panel corresponds to a NICER observation analysed
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here. We consider NICER and AstroSat as our primary instruments. Swift-XRT
is used to fill in the data gaps as NuSTAR data was not available at the time.
The details of observations chosen are given in Tables 4.1, 4.2 and 4.3.

Figure 4.1: MAXI lightcurve is shown in the top panel along with observations from Swift‐XRT and AstroSat in red
and green vertical lines respectively. The NICER lightcurve in the 2.5 – 10 keV range along with the hardness

ratios are plotted in the second and third panels respectively.

4.2.1 NICER

NICER observed MAXI J0637-430 at regular intervals since 3 November 2019
till the end of April 2020. We obtain all available data for the source between
3 November 2019 and 30 January 2020. For observations from 3 February 2020
to March 2020, where the source count rate is below 10 counts s–1 and variation
in hardness ratios and spectral parameters is minimal, we consider only those
observations where the exposure time is > 1.5 ks. Details of the observations and
the count rates are given in Table 4.1. Data reduction is performed using the steps
detailed in Chapter 2. The latest version of Redistribution Matrix File (RMF)
provided by the team is used. Ancillary Response Files (ARF) for 50 detectors
are co-added to generate the final ARF file. The spectra are rebinned to have
a minimum of 25 counts per bin. To create the lightcurve and obtain hardness
ratios, we first produce 1 s binned lightcurves in the 0.5 – 10, 0.5 – 2 and 2 – 10 keV
bands using XSELECT. The Hardness ratio is defined as the ratio of counts in the
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Figure 4.2: SXT image of the source observed on 21 November 2019. An annular source region with inner and
outer radii of 5 and 14 arcmin respectively is chosen for spectral extraction to avoid pile‐up issues.

2 – 10 keV band to the counts in 0.5 – 2 keV band. The lightcurves in the 0.3 – 12
keV range with a binsize of 5 ms are used to generate the PDS.

4.2.2 AstroSat

AstroSat carried out ToO observations of MAXI J0637-430 in three different in-
tervals on 8, 15 and 21 November 2019. The Level-1 data of SXT and LAXPC
are obtained from the Indian Space Science Data Centre (ISSDC) archive 1. The
details of the AstroSat observations are given in Table 4.2. SXT Level-1 data is
obtained in the Photon Counting (PC) mode. The details of the pipeline used and
the reduction techniques are presented in Chapter 2. Pile-up issues are observed
in the data at a count rate greater than 40 counts s–1. In such a scenario, an inner
region is excluded such that the count rate falls below this limit2. Therefore, we
consider an annular source region with an outer radius of 14 arcmin 3. Different
values of inner radii are taken to bring the count rate below the specified limit.
We exclude a central circular region with radius 8′, 7′ and 5′ for observations on
8, 15 and 21 November respectively, to generate the lightcurve and spectra. SXT
image from 21 November 2019 is shown in Figure 4.2. Response and background

1http://astrobrowse.issdc.gov.in/astro_archive/archive
2https://www.tifr.res.in/~astrosat_sxt/dataanalysis.html
3Recent studies with other sources have revealed that the pile-up limit could be raised to ∼

80-100 counts s–1(private communication with SXT team)
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files provided by the team are used. To correct for offset, arf file is generated
using sxtARFmodule provided separately4. SXT data are grouped by 30 counts
per bin for better statistics.

LAXPC data is obtained in the Event Analysis (EA) mode for all the obser-
vations. Only single event data from LAXPC20 is used for analysis for reasons
elucidated in Chapter 2. Background is generated using the background model
closest in time to the observations. The background contributed to more than
50% of the observed flux beyond 25 keV. Hence, we perform the spectral analysis
for LAXPC in the 4 – 25 keV energy band. The exposure times for both instru-
ments are given in Table 4.2. To generate PDS, lightcurves are obtained in the
3 – 12 keV band with 5 ms binsize for comparison with NICER PDS.

4.2.3 Swift-XRT

Four observations of Swift-XRT in Windowed Timing (WT) mode, within or
close to the dates of the AstroSat observations, are considered, to complement the
existing NICER and AstroSat data. Details of the observations are given in Table
4.3. An additional four observations are chosen corresponding to different epochs
during the outburst, to check for consistency in spectral parameters with other
instruments. These are marked as red dashed lines in Figure 4.1. Bulk of the Swift
observations are already analysed in Tetarenko et al. (2021). Here, we only present
a subset of those observations. The 0.5 – 10 keV spectra are generated using the
standard online tools provided by the UK Swift Science Data Centre (Evans et al.,
2009), as mentioned in Chapter 2. Slight variation is seen in the results obtained
by Tetarenko et al. (2021) when compared with our results. The photon index
is lower and the disc temperatures are slightly higher for all the observations in
the soft state presented in Tetarenko et al. (2021). Count rate exceeds the pile-up
limit of 100 counts s–1 in the WT mode during the soft state. Manual selection of
source region was performed in Tetarenko et al. (2021), which probably affected
the results due to severe pile-up issues in the WT mode observations of this source.
Effects of pile-up are studied in detail in the Appendix of Baby et al. (2021). The
spectra are grouped to have a minimum of 5 counts per bin.

4https://www.tifr.res.in/~astrosat_sxt/dataanalysis.html
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4.3 Let the fits begin - spectral and temporal analysis

The first step in interpreting the obtained data is the spectral and temporal anal-
ysis, as described in earlier chapters. This becomes all the more important in the
case of a newly discovered source. The spectra and the lightcurve are the only
fresh ingredients available to us with which to prepare and present a delectable
theory about its nature and geometry. The spectral and temporal analysis is
explained in the following sections.

4.3.1 Spectral Analysis

We have already discussed fitting the spectra with phenomenological models in
Chapter 1 and its application to 4U 1630-472 in Chapter 3 respectively. We begin
with phenomenological fits and then proceed to more complex physical models,
as explained earlier. Multiple ATels (Kennea et al., 2019; Thomas et al., 2019,
etc.) suggested that the source emits predominantly in the soft X-ray band.
In the 0.5 – 10 keV band - in which NICER spectra is obtained - we therefore
expect a significant contribution from the multicolor disc blackbody component.
The spectrum is first modelled with the diskbb model in XSPEC (Mitsuda et al.,
1984; Makishima et al., 1986). TBabs (Wilms et al., 2000) is used to account for
the interstellar absorption with abundance set to wilms with vern cross-section
(Verner et al., 1996). Even in such a limited energy range, the spectral modelling
resulted in poor fits with χ2

red = 1135/578. A very steep powerlaw is required to
account for the residuals above 5 keV giving a much better value of χ2

red = 415/576.
A systematic error of 1.5% is added during the spectral fitting (Jana et al., 2021).
Residuals below 1 keV are still observed. Although we attempt to model them
using variable abundances in iron and oxygen in the interstellar absorption, the
fits did not improve significantly. Some instrumental residuals are reported in
NICER data below 1 keV in previous papers (Alabarta et al., 2020; Fabian et al.,
2020, and so on), although, this should not be a significant issue with the updated
CALDB. Therefore, we reached out to the NICER team for assistance. After going
through multiple checks, we conclude that the residuals below 1 keV are probably
instrumental in nature and do not affect the fits as they are within the systematic
limit of the instrument i.e., a few percent at 1 keV.

However, the powerlaw component seems to contribute significantly in the lower
energy range, which is unlikely in the soft state. Therefore, it is clear that phe-
nomenological modelling is not sufficient to interpret the system. The nthcomp
model is generally used as a replacement for the powerlaw model to represent
Comptonisation. Here, we convolve the disc with the thermal Comptonisation
model thcomp (Zdziarski et al., 2020), a more accurate version of nthcomp. The
parameters are similar to those in nthcomp with the addition of a Comptonisa-
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tion fraction term (fcov). Since the electron plasma temperature (kTe) cannot be
constrained, owing to the cut-off energy possibly lying beyond the NICER energy
range considered, we freeze it to 100 keV. The final model used is TBabs (thcomp
⊗ diskbb). The nH parameter ranges from ∼ 1 – 3 × 1020 cm–2 with most of the
values lying between 2 and 3 ×1020 cm–2. We, therefore, freeze nH to an average
value of 2.5 × 1020 cm–2 in cases where it could not be constrained towards the
end of the outburst.

The broadband spectra (0.5 – 25.0 keV) from AstroSat are also modelled with
TBabs (thcomp ⊗ diskbb) model as described above. Response is modified for
both SXT and LAXPC spectra using the gain command (Singh et al., 2017; An-
tia et al., 2021) as detailed in Chapter 2. A systematic error of 2.5% is applied to
the combined fit (Mukerjee et al., 2020). Residuals around 6 keV were observed
with NuSTAR (Tomsick et al., 2019), although the presence of reflection could not
be stated with certainty. Similarly, positive residuals are observed in the 5 – 7 keV
range in the energy spectrum obtained with AstroSat on 21 November 2019 (Ob-
sId 3328). No such features are seen in the other AstroSat observations. To test
for evidence of reflection, we replace thcomp with the relativistic reflection model
relxillCp (García et al., 2014; Dauser et al., 2014) which includes a physical Comp-
tonisation continuum. Both models fit the spectrum well with χ2

red of 476/390
and 478/393, with and without the inclusion of reflection respectively. However,
individual parameters in the model could not be constrained. Addition of either a
reflection component from the returning radiation or a single-temperature black-
body component, associated with the boundary of the black hole, was required
for spectral fits in observations close to this date using NuSTAR data in Lazar
et al. (2021). We also include a blackbody component (bbodyrad) to check for the
requirement of such an additional component. This results in poorer fits with χ2

red
> 2. Moreover, a few parameters are pegged at their respective limits. Therefore,
we fit all the spectra with the model TBabs (thcomp ⊗ diskbb). The Swift-XRT
spectra in the 0.5 – 10 keV range can also be fit using the same model. However,
the nH value could not be constrained and is fixed at 2.5 × 1020 cm–2.

Figure 4.3 shows the unfolded NICER and AstroSat spectra fit with the model
TBabs (thcomp ⊗ diskbb) on the left and right respectively. NICER spectra for
6 November 2019 is shown in black and 14 February 2020 in blue, to show the
evolution of the spectrum from the soft to hard state. AstroSat spectrum from
21 November 2021 is shown in red and black (corresponding to SXT and LAXPC
respectively). The residuals are shown in the bottom panels. The fit parameters
using all the instruments are presented in Tables 4.1, 4.2 & 4.3. All errors are
quoted at 90% confidence unless stated otherwise.
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Figure 4.3: Unfolded NICER and AstroSat spectra fit with the model TBbabs ( thcomp⊗ diskbb ) are shown in the
left and right panels respectively. The spectra on the left are from 6 November 2019 (black) and 14 February
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and red markers respectively.

4.3.2 Temporal Analysis

Not much variability is expected in the lightcurve when the spectrum is dominated
by a soft, thermal disc component. To verify this, NICER lightcurves in the 0.3–12
keV energy band are generated with a binsize of 5 ms to study the evolution of the
temporal properties of the source. PDS is obtained in the rms space using powspec
command from XRONOS v6.0. Lightcurves are divided into intervals of 16384 bins
and Poisson noise subtracted PDS is obtained for each interval. Averaging all the
PDS in the frequency range 0.01–100 Hz gives the final PDS. Geometric rebinning
by a factor of 1.05 is performed. All the NICER observations upto MJD 58858
could be modelled by a powerlaw. A significant change in the PDS is observed
only when a transition from soft to hard state was reported around 14 January
2020. Band-limited noise is seen during this period in the NICER data, which is
modelled with zero centred Lorentzian (Figure 4.5). The rms values are computed
over the frequency range of 0.01 to 100 Hz (Remillard and McClintock, 2006).

Lightcurves in the 3–25 keV energy band can be obtained with AstroSat. How-
ever, due to the limited number of observations, we take the NICER data as
reference and try to append the information obtained with it using the AstroSat
data. The 3 – 12 keV lightcurves with the same binsize of 5 ms are generated
with LAXPC20. This band is chosen as the closest approximation to the NICER
operational energy band. PDS are obtained in the rms space following the proce-
dure detailed above. The first two observations with AstroSat could be modelled
by a powerlaw. Surprisingly, broad Lorentzian components are required to model
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the PDS of LAXPC20 observation of 21 November 2019, where, technically, the
source falls in the ‘disc-dominant’ state. These aspects are discussed in Section
4.4.2.

4.4 Keeping up with the evolution

4.4.1 Spectral Properties

Energy spectra are modelled with TBabs (thcomp ⊗ diskbb) as detailed in Section
4.3.1. The results of the fit are presented in Tables 4.1, 4.2 and 4.3. Sample spectra
are presented in Figure 4.3. The nH parameter is left free and varies from 1.7–2.8
×1020 cm–2 except for cases where it is fixed at 2.5 × 1020 cm–2, as mentioned
previously. As the outburst progresses, the contribution of the disc component
reduces and the spectrum becomes harder. The Compton scattering fraction (fcov)
increases significantly after 25 January 2020. The energy spectra from 2 February
2020 follow a simple powerlaw distribution. Therefore, it is difficult to constrain
the parameters of the diskbb component. We fix the temperature at 0.1 keV to
perform the fits in this case as shown in Table 4.1. The energy spectrum from 14
February 2020 is shown in the left panel of Figure 4.3 as an example. The evolution
in parameters is shown in Figure 4.4. Disc temperature and photon index decrease
from 0.58 to ∼ 0.1 keV and ∼ 4.6 to ∼ 1.7, respectively as the source evolves in
the decay phase (Table 4.1 and Figure 4.4). The total flux is obtained in the range
0.5 –10 keV for all the observations using the cflux command. The parameter fcov
acts as a marker for the rise in prominence of the Comptonisation component seen
in the fourth panel of Fig 4.4. However, lack of high energy spectra limits the
accurate estimation of this parameter. In many cases, a precise estimation of fcov
is not possible during the soft states, and therefore, we define the upper limit to
be 0.3 and quote the error at 68% confidence (see Tables 4.1, 4.3). The existence
of broadband spectra upto 25 keV allows us to obtain better estimates of fcov
during AstroSat observations. It can be seen from Table 4.2 that fcov is < 0.1 on
8 and 15 November 2019. A slight increase in fcov and low values of Γ (2.3-2.6)
are seen during AstroSat observations, suggesting that the source could have been
in an intermediate state. Reflection features are not observed in the spectrum.
In the absence of NICER data, we also evaluate Swift-XRT data to confirm this
transition and find that a decrease in Γ is noted here as well. However, better
constraints on the parameters cannot be obtained due to lack of high energy data.
Based on the evolution of spectral parameters, we now divide the outburst into 3
states, i.e., LHS, Intermediate State (IMS) and HSS. The red, purple and yellow
patches in Figure 4.4 denote these states. Based on only the NICER lightcurve
and HR (Figure 4.1), the source seems to have moved to the soft state at the
peak of the outburst. However, the addition of AstroSat and Swift-XRT data
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Figure 4.4: Evolution of model flux is shown in the top panel. Change in nH, Γ, fcov, Tin and Normdiskbb is
shown in panels 2 to 6 from the top (see text for description of parameters). The outburst is divided into

different states based on the spectro‐temporal variation as indicated by the colour bar below the plot. The red,
yellow and purple patches correspond to LHS, IMS and HSS respectively.

show a clear dip in Γ accompanied by a variation in the value of fcov. It seems to
imply that the source did not transition to HSS and was still in an intermediate
state. Hence, we extend the intermediate state to at least MJD 58809. The source
remains in the soft state from MJD 58813 to 58880 and then reaches the canonical
hard state, where fcov reaches the upper limit of 1 and a corresponding decrease
in Γ is seen.

4.4.2 Temporal Properties

The top panel of Figure 4.5 shows the PDS obtained from AstroSat data on 21
November 2019, when the source is in an intermediate state. An increase in rms
values from 11% to 20% is observed using LAXPC20, from 8 November to 21
November 2019. An additional broad Lorentzian component is also required to
model the PDS obtained on 21 November 2019 with centroid frequency at ∼ 2
Hz. The PDS also shows a small bump at 0.02 Hz. We attempt to model it using
a Lorentzian component. However, as the change in χ2

red is very small (124/118
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to 118/115), we model the PDS using a powerlaw component and a single broad
Lorentzian.
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Figure 4.5: PDS for source in HSS (NICER), IMS (LAXPC) and LHS (NICER) is shown above. The solid line shows
the best fit model consisting of only powerlaw for HSS and a combination of broad Lorentzians and powerlaw

for IMS and LHS.

The PDS for all the observations from 3 November to 15 December 2019 using
NICER exhibit weak red noise, which are modelled with a powerlaw. A sample
PDS is shown in the second panel of Figure 4.5 which corresponds to 26 November
2019. The rms remains less than 5% for these observations, typical of a BHB
in the HSS (Remillard and McClintock, 2006; Motta et al., 2018; Baby et al.,
2020). Band-limited noise (BLN), characteristic of a harder state, is observed in
the PDS for the observations with NICER after 21 January 2020, modelled by
zero centred Lorentzians as shown in third and fourth panels of Figure 4.5. An
increase in rms from 18.7 ± 0.5% on 21 January 2020 to 24 ± 2% on 30 January
2020 is seen, which is close to the expected rms from BHBs in LHS (Remillard and
McClintock, 2006; Nandi et al., 2012; Belloni and Stella, 2014). The rms continues
to increase till 3 February 2020 and reaches upto ∼ 30%. Although the source
remains in a canonical hard state in the following observations, the flux from the
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source decreases further, limiting the estimation of rms. The PDS become largely
dominated by noise and can be modelled by a powerlaw component.

4.5 Scouting out the details on MAXI J0637-430

The X-ray transient MAXI J0637-430 was discovered in November 2019 and was
extensively observed during its outburst. Several papers were published with mul-
tiple studies on the source. Tetarenko et al. (2021) performed multi-wavelength
spectral analysis of X-ray, UV and optical data and suggested that the spectrum
can be explained by an irradiated disc and a powerlaw component. Also, assum-
ing standard parameters, the orbital period of the source was likely to be in the
range of 2 – 4 hrs. Meanwhile, Jana et al. (2021) attempted to classify the out-
burst into SIMS, HSS, HIMS and HSS based on spectro-temporal analysis using
only NICER data. Further, the mass of the compact object was proposed to lie
between 5 – 12 M⊙ at a distance of < 10 kpc. Additionally, Lazar et al. (2021)
suggested that the spectrum in the soft state is complex and a simple model con-
sisting of a thermal disc and Comptonisation is not sufficient to describe it. One
needs to include an additional component accounting for either the emission from
the plunging region or reprocessing of the returning disc radiation. Building on
these inferences, we attempt a closer look at the source to try and unlock a few
more snippets of information.

We first attempt to obtain a lower limit on distance using the normalization of
the diskbb model (Ndiskbb) resulting from spectral fits to an observation during
the disc dominant state. It is defined as Ndiskbb = (rin/d10)2 cos i, where rin is
the apparent inner disc radius, d10 is the distance to the source in units of 10
kpc and i is the inclination angle. We use this relation to obtain a lower limit
on the distance, considering inclination in the range 5 – 80◦ (Motta et al., 2018)
and mass as 3 M⊙ as the compact object is more likely to be a black hole. The
colour to effective temperature ratio (fcol) is considered to be 1.7 (Shimura and
Takahara, 1995). Assuming a non-rotating BH and Ndiskbb ∼ 3800, the distance
to the source is greater than 2 kpc.

Spin is another fundamental property of the black hole. Generally, the way
to estimate spin is by modelling the reflection features. Here, with the existence
of so many unknowns, it is difficult to obtain a particular value with certainty.
Therefore, we take up an exercise, where we try to obtain the most probable
range of spin along with a plausible mass and distance combination. For this, we
model the spectrum using relativistic disc model kerrbb (Li et al., 2005), with the
final model as TBabs (thcomp ⊗ kerrbb). This gives an opportunity to constrain
the mass of the compact object with varying inputs of distance and spin. kerrbb
model can be used when the contribution of the disc to the total flux is more than
70%. Although this criterion is satisfied in all the observations before MJD 58862,
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Figure 4.6: Mass plotted as a function of distance and inclination is shown in the above figure. Solid, dashed and
dotted lines denote inclination angle of 30◦, 50◦ and 70◦ respectively. Spins ranging from ‐0.9 to 0.9 are

considered in steps as marked above the plot. The grey, shaded region denotes the most probable combination
of mass and distance based on transition luminosity.

we choose the observation with the maximum flux on 6 November 2019. As the
lower limit of distance is obtained as 2 kpc in the first part of this section, we
systematically increase the distance in the broad range 2 to 20 kpc in multiples
of 2 and spin from -0.9 to 0.9 (-0.9, -0.5, 0 , 0.5, 0.9) to obtain the mass of the
compact object at a fixed spectral hardening factor of 1.7 (Shimura and Takahara,
1995). The variation of mass with distance and spin is presented in Figure 4.6.
The inclination angle is frozen in steps of 10◦ between 30◦ and 70◦. The curves
obtained with inclination angles 30◦, 50◦ and 70◦ are shown in Figure 4.6 for
clarity. For inclination angles less than 30◦, mass is found to be less than 3
M⊙. Since the aim is to estimate the upper limit on mass with this exercise,
we limit ourselves to inclination angles greater than 30◦. We also plot mass as
a function of distance using the luminosity of the source as it transits from soft
to hard state. This transition generally occurs at 1 – 4 % of LEdd (Maccarone
and Coppi, 2003; Dunn et al., 2010; Tetarenko et al., 2016; Vahdat Motlagh et al.,
2019). The shaded region in Figure 4.6, gives the range of mass obtained following
this assumption. From the overlap of the shaded region and the distance-mass
curves obtained, mass is constrained within 3 – 19 M⊙ for distance < 15 kpc with
retrograde spin. Mass of the BH is > 20 M⊙ when a non-rotating BH or one with
prograde rotation is considered. As mentioned earlier, the orbital period of the
system is estimated to be 2–4 hrs (Tetarenko et al., 2021). Such low orbital period
Galactic systems are unlikely to contain a BH of mass > 20 M⊙ (Motta et al.,
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2018; Jonker et al., 2021). Therefore, we propose that MAXI J0637-430 consists
of a BH with mass in range 3 – 19 M⊙ with retrograde rotation at a distance <
15 kpc.

4.6 Similarity with 4U 1630-472? - an investigation

The fast rise and slow decay profile of the lightcurve and an outburst lasting
roughly 200 days seems to bear an uncanny resemblance to the ‘mini’-outbursts
of 4U 1630-47 (Abe et al., 2005; Capitanio et al., 2015; Baby et al., 2021). More-
over, 4U 1630-472 also remains predominantly in the soft states during these
‘mini’-outbursts. So one wonders, if these two sources share more than the afore-
mentioned characteristics or do the similarities end there? This question prompted
us to examine the lightcurves and the HID more closely. As can be seen from the
top panel of Figure 4.1, MAXI J0637-430 brightened to ∼ 90 mCrab within 2 days
of its detection. Thereafter, a gradual decay is seen for the next ∼ 25 days. The
source remained faint for the rest of the outburst, eventually reaching quiescence
towards the end of April (not shown in the plot). The second panel shows the
NICER lightcurve binned by 100 s for clarity. HR is also obtained from NICER,
defined as the ratio of counts in the 2 – 10 keV band to the counts in 0.5 – 2 keV
band. HR shows a slight rise towards the beginning of the outburst and then
dips lower than 0.1. The source then remained in soft state till MJD 58858. An
evident rise in HR is seen after MJD 58858 till MJD 58880, where the HR reaches
0.4 and remains constant. Although a clear transition from soft to a harder state
is seen at MJD 58858, it is difficult to exactly isolate and mark the intermediate
states based on this information alone.

At this point we turn to the HID obtained with NICER to examine the existence
of state transitions, if any. We plot the HID using NICER in Figure 4.7. The
unabsorbed model flux obtained from fitting NICER spectra in the 0.5 – 10 keV
range is plotted against the hardness ratio i.e. the ratio of flux in the 2 – 10 keV
to 0.5 – 2 keV energy bands. The source traces a ‘c’ shaped profile in the HID.
However, NICER data is available only from 3 November 2019. We, therefore, use
MAXI data available before this date to obtain a complete picture of evolution
of the HID. The HID traces out the path marked by arrows from points 1 to 5
(Figure 4.7). Crab spectrum from MAXI is accumulated within the duration of
the observations used here (MJD 58790–58910) using MAXI on-demand process5.
The correlation factor between the flux in the 2 – 10 keV range and count rate
is calculated. This number is then used to correlate the count rate and flux in
2 – 10 keV in MAXI J0637-430 on 2 November 2019 in Crab units. Total flux
is obtained by extrapolating the response to lower energies. Similar procedure is

5http://maxi.riken.jp/mxondem/
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Figure 4.7: Flux in the 0.5 – 10 keV is plotted against HR. HR is defined as ratio between model flux in 2 – 10
keV and 0.5 – 2 keV. The evolution of HID is shown with arrows. The magenta cross marks the approximate

beginning of the outburst obtained withMAXI spectrum normalized using Crab counts (see text for details). The
rectangular patch represents the probable intermediate state. A zoomed in version of the patch is also shown to
highlight the direction of evolution of source in this duration. The red diamond denotes the first observation

with NICER.

used to obtain flux in the 0.5 – 2 keV band. The error bars take into account the
errors in the Crab flux and the errors in the model flux using error propagation
method. We also consider a variation of 3σ in the conversion factor, which is larger
than the error obtained using the error propagation method. However, this point
is taken only as a reference as the calibration difference between the instruments is
not considered. Therefore, the evolution from points 1 to 2 is marked as a dotted
line denoting the possible path. Solid arrows from the points 2 through 5 show
the evolution of the source as seen using NICER. Interestingly, the source seems
to follow a loop within the rectangle at point 2 before moving to a possible bright,
intermediate state. This is emphasized in the inset of Figure 4.7. The arrows
show the direction of evolution. The red diamond denotes the first observation
with NICER. The HR decreases from 0.5 to 0.1 (point 3 to 4) where the source is
in the HSS. Then the source moves to the LHS, where a sudden increase in HR
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is seen (0.1 to 0.8) and flux is reduced by an order (10–8 to 10–9 erg cm–2 s–1)
(point 4 to 5). Therefore, faint traces of an intermediate state can be found in
the area enclosed by the rectangular box. This suggests that the source exhibited
atleast two transitions during the outburst - Intermediate state (IMS) to HSS,
HSS to LHS with a hint of a possible LHS to IMS transition at the beginning of
the outburst.

Interestingly, this source also seems to track out a distinctive ‘c’ in the HID
(see Figure 4.7) with a circular knot at the top instead of the ‘q’-shaped HID
expected during a canonical outburst. A similar profile was seen for the BHB 4U
1630-472 (Baby et al., 2020), which is presented in Figure 3.6 of Chapter 3. The
initial transition from hard to soft state in 4U 1630-472 source would have been
entirely missed, were it not for the serendipitous observation of AstroSat scheduled
on the very same day as the start of the 2016 outburst. Detailed discussions are
presented in Chapter 3. A similar fast transition could have occurred in this case
too. NICER observations exist only after 2 November 2019; so do the observations
with all other pointed instruments. The MAXI data point (magenta cross) plotted
in Figure 4.7, even with the large error bars, suggests that the source was in
the hard state for a very short duration at the beginning of the outburst. A
quick transition from hard to disc dominant state could have occurred within the
time span of a few hours on 2 November 2019 or even earlier. Additionally, the
existence of an intermediate state can be inferred at the beginning of the outburst
based on the spectral characteristics, although a clear distinction from the soft
state is difficult to observe in the absence of broadband spectra. Hence it is not
surprising that earlier studies classify the source as being in the soft state for most
of the duration of the outburst (Tetarenko et al., 2021; Jana et al., 2021; Lazar
et al., 2021). Lower values of Γ and a slight increase in rms were reported for
observations with Swift+NuSTAR from MJD 58801 to 58812 (Lazar et al., 2021).
The gulf between these two supposedly contrasting conclusions can be filled by
including the AstroSat observations. This is the missing piece of the puzzle that
brings the entire picture into focus. The analysis in both Lazar et al. (2021) and
this work, taken together, suggest that the source was not in a canonical soft state
at the beginning of the outburst. Due to the availability of broadband spectra
from AstroSat, where Γ and fcov are better constrained, it can be stated that the
source undergoes transition to an intermediate state lasting for a few days before
going to the soft state. A similar transition to an IMS was also postulated for
4U 1630-472 at the corresponding stage of evolution of the source in the HID.
Random variation in spectral parameters in this duration (MJD 58790 to MJD
58809) is also seen (Tables 4.1, 4.2, 4.3 and Figure 4.4), which is also a testimony
to the fact that the source was in an intermediate state .

Based on the available information, we divide the source into LHS, IMS and
HSS, which are marked in Figure 4.4 as red, purple and yellow patches. A similar
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classification was attempted for 4U 1630-472 as discussed in Chapter 3.

4.7 A few more inferences...

Tracing the evolution of the source, from the first report of an outburst to eventual
quiescence, yields a lot of information about the source. Before commenting on
the possible accretion geometry of the source, a specific point requires attention.
In all the analysis performed, the presence of a reflection component has remained
a mystery. Residuals at 5–7 keV range were observed, both with NuSTAR (Lazar
et al., 2021) and AstroSat. However, we remain sceptical of its origin in reflec-
tion process, as do Lazar et al. (2021). Reasonably good fits are obtained with
relxillCp model as discussed in Section 4.3.1. However, clear positive residuals
in the 5 – 7 keV range are seen only in the spectrum from MJD 58808.28. De-
tailed inferences from just a solitary observation can be unreliable. Therefore, we
refrain from commenting on the reflection features. We discuss the spectral and
temporal properties only in the context of evolution of the accretion disc and a
Comptonisation component.
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Figure 4.8: The model flux in the 0.5 – 10 keV band is plotted against the disc temperature. The solid line shows
the best fit. The equation obtained from the fit is given in the top right.

The rapid fluctuations in spectral parameters (within hours or a few days) can
be associated with the changes in the disc during a predominantly soft state where
the assumption of a standard Shakura-Sunyaev disc (Shakura and Sunyaev, 1973)
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breaks down. Such deviations are expected at the beginning and end of disc-
dominated states or intermediate states which can be explained by a moving disc
or change in colour correction factor (fcol) as disc fraction decreases (Dunn et al.,
2011), corresponding to a change in degree of ionization in the disc. Simply put,
the disc no longer follows the standard picture. To check for deviations from the
standard picture during the soft state, we plot the disc temperature vs. flux in
Figure 4.8. The solid line shows the best fit relation between the two parameters
(Tin and F) as F ∝ T3.90±0.03. This is clearly close to the standard relation of
F ∝ T4 expected of SS discs. It suggests that the source evolved to the canonical
HSS quickly, which is unlikely, if it is driven only by the disc accretion. Such
a scenario in 4U 1630-472 is explained by Capitanio et al. (2015) by invoking
an external perturbation that triggers a rise in disc temperature, independent
of the disc accretion rate. The results obtained so far suggest that the physical
mechanism underlying the origin of outbursts for MAXI J0637-430 and 4U 1630-
472 could be similar. However, further inferences cannot be made unless extensive
broadband observations of the sources are performed for the subsequent outbursts
and recurrence times are closely monitored.

4.8 In a nutshell

• MAXI J0637-430 is a new X-ray transient which went into outburst on 2
November 2019. Outburst lasted for roughly 200 days.

• The source remained in the soft state for most of initial bright phase of the
outburst.

• We classify the outburst into LHS, IMS and HSS based on HID and spectro-
temporal properties.

• The HID follows a ‘c’ shaped profile similar to 4U 1630-472. Lack of initial
bright hard states and presence of an intermediate state in a predominantly
disc dominant state are further similarities observed with the source.

• Physical modelling suggests that the source consists of a black hole with
retrograde spin and mass < 19 M⊙ at a distance less than 15 kpc.

98



Chapter 5
Understanding the accretion

geometry of Swift J1753.5-0127

In the previous chapters, we have dealt with transient BHB sources which undergo
outbursts lasting for around a hundred days. Another common thread that con-
nects the previous two sources is that they emit mostly in the soft X-ray region.
Transitions to hard states seem to occur very late or not at all. Now we visit the
curious case of a BHB source, which would be on the other end of this peculiarity
spectrum. Swift J1753.5-0127 has only undergone one outburst in its observable
lifetime, and that too, one that lasted for a whopping twelve years! Also, this
source emitted mostly in the hard X-ray region, even at its brightest. So, this
is one example of a source which seems to have undergone a so-called “failed”
outburst. The questions that we attempt to answer in this chapter are as follows
(a) What is the physical mechanism which could facilitate such an outburst? and
(b) How does the truncated disc geometry hold up in such a scenario?

The answers for these two questions have to be arrived at using spectro-temporal
analysis. However, as we have seen in the earlier chapters, spectral modelling by
itself cannot provide a concrete answer, as the same spectrum can be satisfac-
torily fit with multiple models giving rise to spectral degeneracy. One model
cannot be chosen over the other based on spectral analysis alone. A correlated
spectro-temporal analysis can provide a way out of this degeneracy. Although
many methods exist, here we explore Frequency Resolved Spectroscopy (FRS) to
achieve the same. Before getting into the details of the methodology, we begin by
presenting a brief introduction to the source - Swift J1753.5-0127.
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5.1 Swift J1753.5-0127 : The one that lasted 12 years!

Swift J1753.5-0127 is a BHB discovered by Burst Alert Telescope (BAT) (Barthelmy
et al., 2005) onboard Neil Gehrels Swift Observatory in May 2005 (Palmer et al.,
2005), which remained in outburst for a period of ∼ 12 years from May 2005 to
April 2017 (Shaw et al., 2016c). Another distinctive feature of the source is the
occurrence of re-brightening or mini-outbursts from January to April 2017 (Bright
et al., 2017; Tomsick et al., 2017; Bernardini et al., 2017). Multiple studies have
been performed on this source in an effort to determine its physical characteristics.
A lower limit of mass of the compact object is placed at 7.4 M⊙ using the double-
peaked hydrogen emission lines in the optical spectrum (Shaw et al., 2016b). The
source is one of the few systems with an orbital period < 5 hr (Porb = 3.2 h)
(Zurita et al., 2008). Although the source is considered to be at an inclination ≤
55◦ (Froning et al., 2014; Shaw et al., 2016b), a precise measurement of inclination
and distance is not available. During the main outburst, the source reached a peak
flux of 200 mCrab within a week of its detection, as observed by RXTE, and then
decreased within a few months to 20 mCrab. It remained constant at this flux
for most of the duration of the outburst, with a few intermittent bursts, where
transition to HIMS or soft states was seen and reported (Shaw et al., 2016a).
However, during the Fast Rise and Exponential Decay (FRED) profile observed
at the beginning of the outburst, the source was found to remain in the LHS, thus
being classified as a Low Hard X-ray transient (LHXT) initially (Ramadevi and
Seetha, 2007; Zhang et al., 2007). The presence of a soft excess in the spectra,
while the source is apparently in the LHS, has intrigued many astronomers. Mul-
tiple explanations have been put forward to explain the same. Some studies claim
that this points to the existence of a stable disc even in the LHS as opposed to
the widely accepted disc truncation theory (for e.g., Ramadevi and Seetha, 2007).
Others claim that the physical properties of the source are compatible with the
presence of a fully irradiated disc truncated at large radii (Shaw et al., 2019). This
is done by investigating the emission mechanisms during the re-brightenings or
mini-outbursts (Shaw et al., 2019). One way to ascertain the actual geometry of
the source is to study the origin of the LFQPOs seen in the power density spectra.

Several models describing the origin of QPOs are described in Chapter 1. With-
out going into the specifics of each model, we attempt to obtain a general picture
of the accretion disc geometry. QPO origin theories can be divided into two broad
categories. The first is due to instabilities in the transition layer where Keplerian
flow from accretion disc meets the sub-Keplerian flow close to compact object
(Titarchuk and Fiorito, 2004) and the second one is due to geometrical effects
i.e., relativistic precession of the radially extended hot inner flow (Ingram et al.,
2009). In either case, if we find a way to isolate the spectrum of this variability,
it would help in determining the components which participate in it. This in turn
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would help us determine the accretion geometry of the source, by comparing the
QPO spectrum with the time averaged spectrum. This source serves as an ideal
candidate to conduct this study as LFQPOs are observed throughout the decay
phase of the outburst. In this work, we isolate the QPO spectra using FRS.

5.2 Digging through the archives - Observation and reduction
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Figure 5.1: ASM lightcurve of the outburst from 19 June 2005 to 09 September 2005 in the energy band 2 – 12
keV is plotted in the top panel. Hardness ratios HR1 is defined as ratio of counts in band B to band A and HR2 is
defined as ratio of counts in band C to band A. Their variation with time is shown in the next two panels. The

red dashed lines represent the observations chosen for analysis.

A unique requirement to perform FRS, is the availability of data with good spec-
tral and temporal resolution. The only pointed instrument, which monitored the
source for most of the duration of its long outburst, with good spectral and timing
resolution, was PCA onboard RXTE. However, PCA data in different modes is
binned on-board for better statistics. This results in a loss of information from
channels at lower energy, which are usually binned together. Therefore, we first
have to sift through the available data to choose data sets where energy channels
are not binned together in bulk. Secondly, we also need to choose observations
where the LFQPO is prominently seen. RXTE observed the source for a total
of 344 times from the beginning of its outburst on 2 July 2005 to 29 November
2011. Of these 344 observations, Type C QPOs are observed in 46 observations,
most of them at the beginning of the outburst. A majority of the observations
performed with the proposal ID P91423 could be used to perform FRS studies
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using both event and binned data. The ASM lightcurve of the source from 19
June to 9 September 2005 in 2 – 12 keV energy band is shown in the top panel of
Figure 5.1.

Lightcurves obtained in three energy bands i.e. A : 2 – 4, B : 4 – 6 and C : 4 – 12
keV are used to generate the hardness ratios HR1 and HR2, where HR1 is defined
as ratio of counts in band B to A and HR2 as ratio of counts in band C to A.
These are plotted in the second and third panels of Figure 5.1. HR values remain
fairly stable upto MJD 53600. HR2 seems to increase slightly beyond MJD 53600
as seen from panel 3. As significant evolution is not observed and state transitions
are not reported, we choose eight observations (out of 30 observations where QPOs
are reported in P91423), to generate QPO spectra. The observations are chosen
such that they are separated by a time interval of ∼ 5 days. These are marked
as dashed vertical lines in Figure 5.1. We use Standard-2 files to generate the
time averaged spectra from PCA data in the 3 – 25 keV energy band. Event
mode data files are used to generate the dead-time corrected lightcurves with a
bin time of 8 ms. We use only PCU2 data for both the spectral and light curve
extraction. Standard procedures are used to extract HEXTE data to obtain the
energy spectra from 25–150 keV. Only Cluster B is used as Cluster A had stopped
rocking at that point. The details of the observations are given in Table 5.1.

5.3 Time averaged spectral analysis

We obtained the time averaged spectra for the eight observations listed in Table
5.1 with PCA and HEXTE from 3–25 keV and 20–150 keV respectively. We first
fit the broadband spectrum with phenomenological models. Considering that
the source is in the LHS, we fit the spectrum using a power law model along
with TBabs (Wilms et al., 2000) to account for the interstellar absorption. The
abundance is set at wilm with vern cross-section. The NH value could not be
constrained and is frozen at 2 × 1021 cm–2 (Cadolle Bel et al., 2007). A simple
powerlaw could not fit the spectrum and hence is replaced by a cut-off powerlaw.
However, significant residuals are seen at lower energy, which required the addition
of diskbb (Mitsuda et al., 1984; Makishima et al., 1986) model. A gaussian was
included to account for residuals seen around 6 keV. This resulted in good fits with
χ2

red = 81/80. A normalization constant is also included to account for calibration
difference in both instruments. To obtain a better understanding of the geometry
of the system, we replace the powerlaw model with nthcomp (Zdziarski et al., 1996;
Życki et al., 1999), which considers the Comptonisation of the disc photons by
hotter electrons. The final model used is Tbabs(diskbb+gaussian+nthcomp).

The fit parameters are given in Table 5.1. The temperature of the seed photons
(kTbb) is tied to the disc temperature where we consider the seed photons to
originate from the disc. As the source was found to be in a hard state, we also
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Figure 5.2: Unfolded broadband spectrum of ObsId 91423‐01‐02‐05 is fit with model TBabs
(diskbb+gaussian+nthComp). PCA and HEXTE data is plotted in black and red markers respectively. Residuals are

shown in the bottom panel.

attempt to replace diskbb with other Comptonisation models like compTT. Al-
though the fits are satisfactory, with a χ2

red value of 73/77, the parameters of the
model could not be constrained. Therefore, it cannot be determined if this is a vi-
able replacement for the diskbb model. Hence, we fit all the available observations
with TBabs(diskbb+gaussian+nthcomp) model as described above. We would also
like to emphasize that the normalisation of the disc component could not be con-
strained in some cases. This is probably due to the absence of low energy spectra
(0.1–3 keV), where the thermal disc is likely to be prominent. A sample spectrum
of ObsId 91423-01-02-05 fit with this model is shown in Figure 5.2. The PCA and
HEXTE data are plotted with black and red markers respectively. The residuals
are plotted in the bottom panel.

5.4 Lightcurve, HID and temporal evolution

Swift J1753.5-0127 was in outburst from May 2005 to April 2017. ASM lightcurve
of the source, plotted in the top panel of Figure 5.1, clearly shows a FRED profile.
This profile was observed at the beginning of the outburst, which lasted for a few
months. The HR values also remain fairly stable throughout this duration, where
the source was mostly found to be in the LHS. The eight observations chosen for
FRS studies are represented by the red, vertical dashed lines. HR1 remains almost
constant, while a slight variation is seen in HR2. There seems to be a sudden rise
in HR1 at the beginning of the outburst, with no corresponding change in HR2.
HR2 varies significantly only beyond MJD 53600.
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PDS are generated for all the eight observations using a bin time of 8 ms
and 8192 bins per intervals. The PDS for the first and last of the observations
considered are plotted in Figure 5.3. A strong QPO is observed in all the cases
varying from 0.2 – 0.7 Hz along with a Band Limited Noise (BLN) component.
The QPO frequency decreases with time as seen in Figure 5.3. A harmonic is also
seen from 1.2 – 1.4 Hz at the beginning which later disappears. A sub-harmonic
is seen in the last observation on MJD 53593.2 at ∼ 0.13 Hz.

5.5 Isolating the temporal features using frequency resolved spec-
troscopy

To generate frequency resolved spectra of the QPOs, we choose the event and
binned mode data files with a timing resolution greater than 5 ms. We check for
the data grouping using TEVTB2 keyword in the header file to ensure that chan-
nels corresponding to 8 – 13 keV are not binned together. We follow Sobolewska
and Życki (2006); Axelsson et al. (2014); Axelsson and Done (2016) to obtain the
QPO rms spectra for all the eight observations considered.The details are given in
Section 2.5. The final .pha file generated is then loaded into XSPEC along with
response files generated for std2f files.

5.5.1 QPO Energy spectra vs Time averaged spectra

Low frequency QPOs were observed in the PDS throughout the exponential de-
cay of the outburst. Here, we obtain the energy spectra, corresponding to the
variability in the frequency range where the QPO is observed. We could fit the
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spectra with an absorbed Comptonisation component in all the cases. The final
model used was TBabs*nthComp. There was no signature of a soft disc or a re-
flection component in the QPO rms spectrum. The temperature of the input seed
photons could not be constrained due to statistical limitations. Therefore, we
freeze the temperature to the one obtained from fitting the corresponding time-
averaged spectrum. The origin of the Comptonised photons is assumed to be from
the disc. The electron plasma temperature also could not be constrained for a
few observations as shown in Table 5.1. Therefore, it was frozen to the values
obtained using fits from time-averaged spectra.The QPO rms spectrum is shown
along with the time averaged spectrum of ObsId 91423-01-02-05 in Figure 5.4.
Results of fits with the model TBabs(diskbb+gaussian+nthcomp) along with fits
to QPO spectra are presented in Table 5.1.
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Figure 5.4: The time averaged spectrum is plotted with QPO rms spectrum for the ObsId 91423‐01‐02‐05. The
QPO rms spectrum is fit with an absorbed Comptonisation model and is scaled up for clarity. The QPO

spectrum and residuals are shown in blue markers.

As the source moves to the faint-hard state, the time-averaged spectra become
harder, while the disc temperature shows a slight increase from 0.84 to 1.01 keV
within 10 days and again reduces to 0.84 keV. No discernible pattern is seen in
the equivalent width of the gaussian. The fit results for the QPO spectra are also
shown in Table 5.1 for comparison. The photon indices obtained for the QPO rms
spectra are harder than those for the time-averaged spectra. However, the errors
on the values are statistically limited.

To further probe the evolution of QPO spectra with respect to the time-averaged
spectra, we plot the ratio of QPO rms spectra to the total spectra in Figure 5.5.
The counts have been normalized to 1 at 5 keV for clarity (Axelsson and Done,
2016). Although Figure 5.5 suggests that the QPO rms spectra become harder
as the source moves toward the faint-LHS, not much evolution is seen in the
QPO spectra between observations separated by a duration of 40 days. It is also
observed that the QPO spectra are harder than the time-averaged spectra in all
cases.

5.6 Existence of a disc in the hard state?

Swift J1753.5-0127 has exhibited many peculiarities from the time of its detection.
It underwent an unusually long period outburst for a source with small orbital
period (Porb = 3.4 hrs) (Zurita et al., 2008). Observation of mini-outbursts is also
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Figure 5.5: The ratio of QPO rms spectrum to the total spectrum for three observations is shown in the figure.
QPO spectra are always harder than the time averaged spectra. The data is rebinned and counts are normalized

at to 1 at 5 keV for a clearer representation.

reported towards the end of the main outburst (Shaw et al., 2016a). Although
classified to be in the hard state, a soft excess at the lower energy range was
observed in most of the cases, supporting the existence of disc even in the LHS.
We therefore perform variability studies of the source to comment on its dynamic
nature. FRS technique allows us to isolate and localize regions of fast variability
and study the spectrum in detail. We study the QPO spectrum in an effort to
localize the origin of this variability.

A canonical outburst typically follows LHS→ HIMS → SIMS→ HSS→ SIMS
→HIMS → LHS path, tracing out a ‘q’- shaped diagram in the HID. However,
state transitions were not reported for the source during its main outburst as it
remained only in the LHS. Hence, this outburst is termed as a ‘failed’ outburst.
To probe further, we generate the HID using the model dependent flux obtained
from spectral fits. Flux is obtained in the energy bands 2 – 6 keV and 6 – 12 keV.
The ratio of the flux between the hard and soft bands is plotted against the total
flux as seen in Figure 5.6. The source moves from the top left to bottom right
during the decay in the main outburst with very less variation in the hardness
ratio. It is clear that the source does not follow the ‘q’-shaped profile. A few soft
X-ray transients seem to follow a ‘c’ shaped profile in the HID like 4U 1630-472
(Capitanio et al., 2015; Baby et al., 2020) and MAXI J0637-430 (Baby et al.,
2021). Although, data presented here is insufficient to draw such a conclusion,
it is possible that the source could have evolved to follow a similar profile here.
It is also possible that the source transitioned to a soft state briefly (lasting for
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Figure 5.6: HID obtained from RXTE/PCA is shown in the figure. The source moves from the top left to the
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slight increase in HR from 0.8 to 0.9 is seen from the peak to decay.

a few hours), which was missed by the RXTE/PCA instrument. Fast transitions
have also been reported at the beginning of the outburst of 4U 1630-472 from the
hard to soft state using SXT onboard AstroSat (Baby et al., 2020), after which
it follows a similar profile as in Figure 5.6. Lack of observations at the beginning
of the outburst makes it difficult to ascertain if such a transition occurred in this
source. However, the similarities in the evolutionary track of the HID followed
by soft and hard X-ray transients are suggestive of a common mechanism at play.
Definitive comments on this aspect require a grouping studies considering all such
sources, which will be undertaken later.

Similar to earlier studies (Ramadevi and Seetha, 2007; Zhang et al., 2007; Shaw
et al., 2016a; Kajava et al., 2016; Shaw et al., 2019, etc.), we find that a disc com-
ponent is required to model the spectra from the hard state. This was explained
either by a disc extending close to the innermost stable circular orbit (ISCO) (Ra-
madevi and Seetha, 2007) or an irradiated disc truncated at large radii, where a
large fraction of X-rays is reprocessed in the outer disc and the source of irradi-
ation is produced in the corona within the truncation radius (Shaw et al., 2019).
Kajava et al. (2016) suggests that the source of seed photons is synchrotron self
Comptonisation below a critical flux limit, which conforms to the truncated disc
scenario, but fails to explain the constant soft excess seen in the spectra. We
also observe that the inclusion of a soft Comptonisation component, instead of
a thermal disc, can also fit the spectra satisfactorily. However, the parameters
corresponding to this component could not be constrained. This makes it difficult
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to comment on the origin of the soft Comptonisation component. Nevertheless,
the existence of an in-homogeneous corona cannot be ruled out. Changes in the
disc temperature and equivalent width of reflection line are too small to suggest
a significant change in the accretion disc geometry (see Table 5.1). This is consis-
tent with a physical scenario where the accretion disc remains stable throughout
the outburst with spectral and temporal variations driven by changes only in the
hot inner flow. However, as the disc parameters could not be constrained in some
cases, we reiterate that although the presence of disc is indisputable, the param-
eters obtained from the thermal disc component could be unreliable and further
inferences based on these values is unwarranted.

FRS studies of the source can help in determining the cause for variability
observed in the PDS. The PDS is characterized by a BLN and a QPO (see Figure
5.3) in most of the cases. The QPO rms spectrum is found to be slightly harder
than the time averaged spectra and does not require the addition of a thermal disc
component (see Table 5.1 and Figure 5.4). The Comptonisation component used
to model the QPO rms spectrum seems to follow the main Comptonisation. Thus,
it follows that the origin of the QPO is linked to the region where Comptonisation
component originates, although at different radii (Axelsson and Done, 2018). This
suggests that the variabilities are localized to different radii in the inner flow,
independent of the disc.

Our results suggest that the disc is present and stable throughout the outburst,
with the temporal variations likely to originate in the hot inner flow. Changes in
QPO frequency are generally considered to be driven by the receding accretion
disc. Here we find that the evolution in the QPO is independent of the disc
and is more likely to be a manifestation of the variations in the Comptonisation
component or localization of the variability to different radii in the hot inner flow.
As the disc does not seem to contribute to the variability, it can be assumed that
the disc is either stable or absent. However, the mini-outburst reported, requires
the existence of a hot disc towards the end of the main outburst (Zhang et al.,
2019). Hence, it can be inferred that the disc exists, but is stable and therefore,
does not contribute to the variability.
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5.7 In a nutshell

• The Black Hole Binary source Swift J1753.5-0127 remained in outburst for
∼ 12 years from May 2005 to April 2017. For most part of the outburst,
the source remained in the Low Hard State (LHS) displaying transitions to
softer states only towards the end of the outburst for short periods of time.

• We present the spectral modelling of the time-averaged spectra and FRS of
the LMXB Swift J1753.5-0127 using RXTE data. Using FRS studies, we
localize the origin of the QPO to the inner hot flow rather than the disc.

• The disc does not seem to contribute to the variability seen in the source
suggesting that it is either absent or stable. The soft excess seen in the
time-averaged spectra and the detection of a mini-outburst suggests the
existence of a stable disc at the end of the outburst, which agrees with the
above analysis.

• Application of FRS technique to similar sources would help to provide a
better picture of the accretion disc geometry of BHBs.
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Chapter 6
Summary and Future Work

The study of BHBs, as a field, is vast yet generally unexplored. This field lures
thousands of researchers across the globe every year to itself, more than a century
after the the idea of ‘black holes’ was developed by Schwarzschild in 1916. Multiple
attempts have been made to understand these enigmatic systems, each one taking
us a little forward in our quest for knowledge. In this thesis, we attempt to take
one microscopic step forward in the same direction. We study three different
BHBs, those which are known to stray off the well-understood path in the HID.
We perform spectral and temporal analysis of each of these sources and comment
on their accretion geometry.

An in-depth spectral and timing analysis of the Black Hole binary 4U 1630-
472 during 2016 and 2018 outbursts is performed using AstroSat and MAXI. The
source follows a ‘c’-shaped profile in the HID, in agreement with earlier findings.
Based on the HIDs of previous outbursts, we track the evolution of the source
during a ‘super’-outburst and ‘mini’-outbursts. We model the broadband energy
spectra (0.7 – 20.0 keV) of AstroSat observations of both outbursts using phe-
nomenological and physical models. No Keplerian disc signature is observed at
the beginning of 2016 outburst. However, the disc appears within a few hours,
after which it remains prominent with temperature (Tin) ∼ 1.3 keV and increase
in photon index (Γ) from 1.8 to 2.0, whereas the source was at a disc dominant
state throughout the AstroSat campaign of 2018 outburst. Based on the HIDs
and spectral properties, we classify the outbursts into three different states - the
‘canonical’ hard and soft states along with an intermediate state. Evolution of
rms along different states is seen although no QPOs are detected. Mass of the
black hole is estimated using inner disc radius, bolometric luminosity and two
component flow model to be 3 – 9 M⊙. The transition from hard to soft state
is seen for the first time in the 2016 ‘mini’-outburst using AstroSat. The disc
remains dominant for most of the duration of both outbursts.

We next study the spectral and temporal properties of MAXI J0637-430 during
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its 2019-2020 outburst using NICER, AstroSat and Swift-XRT data. The source
was in a disc dominant state within a day of its detection and also traces out a ‘c’
shaped profile in the HID, similar to the ‘mini’-outbursts of 4U 1630-472. Energy
spectrum is obtained in the 0.5 – 10 keV band with NICER and Swift-XRT, and
0.5–25 keV with AstroSat. The spectra are modelled using a multicolour disc emis-
sion (diskbb) convolved with a thermal Comptonisation component (thcomp). The
disc temperature decreases from 0.6 keV to 0.1 keV during the decay with a corre-
sponding decrease in photon index (Γ) from 4.6 to 1.8. The fraction of Compton
scattered photons (fcov) remains < 0.3 during the decay upto mid-January 2020
and gradually increases to 1 as the source reaches hard state. PDS generated in
the 0.01-100 Hz range display no QPOs although BLN is seen towards the end of
January 2020. During AstroSat observations, Γ lies in the range 2.3 – 2.6 and rms
increases from 11 to 20%, suggesting that the source was in an intermediate state
till 21 November 2019. Spectral fitting with the relativistic disc model (kerrbb),
in conjunction with the soft-hard transition luminosity, favour a black hole with
mass 3 – 19 M⊙ with retrograde spin at a distance < 15 kpc. In this case also,
the disc remains dominant through most of the outburst, moving to a relatively
harder state only towards the end of the outburst.

Moving on from the relatively short-period outbursts of the above two sources,
we proceed to Swift J1753.5-0127, which remained in outburst for ∼ 12 years
from May 2005 to April 2017. For most part of the outburst, the source remained
in the LHS, displaying transitions to softer states only towards the end of the
outburst for short periods of time. QPOs were observed in the PDS only during
the decay. A soft thermal component was required to model the spectrum in
LHS, which does not conform to the generally accepted disc truncation theory. In
this work, we adopt a different approach and attempt to obtain a clearer picture
of the accretion disc geometry by studying the QPO variability using frequency
resolved spectroscopy. We obtain the QPO rms spectrum of the source during the
bright-hard state and model it with physical components. We find that the QPO
rms spectrum can be described only by a Comptonisation component with no
contribution from the thermal disc. This indicates that the variability observed
in the PDS originates in the Comptonisation component and the evolution of the
QPOs is likely to be a result of localization of the variabilities to different radii
of the hot inner flow rather than disc truncation. The minimal variation in disc
parameters also points to the existence of a stable disc throughout the outburst.

The common thread that binds these three sources, apart from the obvious
difference in tracks traced out in the HID, may not be clear from the outset.
So, we present a systematic review of the results. The first two sources remain
predominantly in the soft state. However, quick transition from hard to soft
state is reported in one case, i.e., beginning of 2016 outburst of 4U 1630-472.
Although difficult to confirm due to limitations of the instruments and a very
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narrow time frame in which to observe the said transitions, it is only logical to
assume that such transitions are the norm, rather than the exception. When we
consider the generally accepted picture, the existence of an initial hard state is
not just plausible, but essential as well. This seems to be the case for MAXI
J0637-430 too. If one were to take the evolution of disc (from quiescence to peak)
as a fact, it implies that this evolution occurred quickly (within a few hours),
and does not conform to the standard disc picture. However, when we study the
relation between the luminosity and disc temperature in the soft state, the relation
L ∝ T4 holds, for both sources. This leads to the conclusion that a standard disc
was formed, sufficiently close to the black hole, within a few hours! When we move
to the decay phase (peak to quiescence), it is clear that the source remains in disc
dominant state till it reaches a flux level very close to the quiescent state. The
source, by this stage, is very faint, where it is classified to be in the LHS state.
This raises a genuine question of whether the disc close to the BH is actually
evaporated or not. It has to be kept in mind that a 10 – 15 % contribution of
the disc may be present in the LHS, which could be affected by the continuum
modelling (Done et al., 2007). The existence of discs in the LHS has been already
proposed multiple times as mentioned in earlier chapters. Such a residual disc,
close to the BH, may facilitate the fast recurrence period of outbursts seen in
4U 1630-472 (Capitanio et al., 2015). MAXI J0637-430 is a relatively new source
which went into outburst only once. If further outbursts of this source are observed
and studied, one could see if the evidence for a residual disc exists in this case
too.

The third source, Swift J1753.5-0127, remains in the hard state, throughout its
long, 12-yr outburst. Yet, we find the evidence of a disc using spectral analysis.
To confirm if this disc contributes to the variability of the source, we perform
FRS studies. The conclusion that we arrive at from these studies, is that the
disc, although present, is stable and it is the variability of the coronal component
that affects the changes in the PDS. Hence, the presence of a stable, residual disc,
can be inferred from the results of the analysis performed here. However, the
mechanism that governs the duration of the outbursts and the recurrence period,
is still a complete mystery.

The three sources considered here are in no way unique and do not form the
part of an exhaustive list on which the existence of a stable disc can be tested
out. Multiple sources exist, which have been classified as Soft or Hard X-ray
transients, based on the contribution of the Comptonisation component. In fact,
such a test can also be performed on the sources which undergo the so-called
canonical transitions while they are in the LHS ( to check for the presence of a
disc through indirect methods ), provided, clear variability signatures are observed
using instruments with good spectral and temporal resolution. However, one
should also ensure that the transition from the LHS to HSS ( if it exists ) is fast
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enough to postulate the existence of a disc before the beginning of an outburst.
Liu et al. (2011) also suggest the co-existence of a weak disc with a coronally
dominated spectrum, irrespective of the coronal radiation effects, at particular
accretion rates. Another aspect that can be studied is the contribution of the
disc and corona to the individual variability components like the BLN and QPOs.
Using these studies, we can comment on the structure and composition of the
corona and obtain further evidence, in favour of or against, the stability of the
disc.

AstroSat provides a large reservoir of data, with which to proceed further in
this direction. Specifically, the extensive observations of GRS 1915+105 with As-
troSat, from the time of its launch, greatly aid in this endeavour. Similar studies
performed on this source will help in understanding the mechanisms behind the
dynamic nature of this source. These studies will be extended to other apparent
SXTs and BHBs which are in the LHS. However, it is difficult to obtain good qual-
ity data in the faint LHS. Therefore, long, uninterrupted observations of sources in
LHS (as allowed by instrumental limitations and other factors), can be proposed
with AstroSat. We also hope to plan future observations with upcoming missions
like X-ray Imaging Spectroscopy Mission (XRISM) and X-ray Polarimeter Satel-
lite (XPoSat), which will focus on spectroscopic and polarimetry studies of around
50 X-ray sources. These are expected to be launched in 2023. Further studies in
this direction will definitely aid in understanding these enigmatic sources.
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Chapter 7
Recommendations

• Further information can be obtained on accretion geometry of BHBs where
lack of state transitions is observed. This can be built upon to predict the
time and duration of subsequent outbursts.

• The study on the contribution of individual components to the observed
variabilities in the PDS can help in identifying the underlying physical mech-
anism behind them.

• Usage of different physical models, including two component flow, will aid
in arriving at better mass estimate of the black hole.

• High spectral and timing resolution instruments like AstroSat, XRISM and
XPoSat can be used to study more BHBs to confirm the existence of a stable
disc and the properties of the corona.
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Chapter A
List of Publications

A.1 Refereed Journals

• “Swift J1753.5-0127 : Understanding the accretion geometry through fre-
quency resolved spectroscopy”
B. E. Baby & Ramadevi M. C.
JoAA, 43, 18, 2022.

• “Revealing the nature of transient source MAXI J0637-430 through spectro-
temporal analysis”
B. E. Baby, Bhuvana G. R., Radhika D., Tilak Katoch, Samir Mandal,
Anuj Nandi.
MNRAS, 508, 2447, 2021.

• “AstroSat and MAXI view of the Black Hole Binary 4U 1630-472 during
2016 and 2018 outbursts”
B. E. Baby, V. K. Agrawal, Ramadevi M. C., Tilak Katoch, H. M. Antia,
Samir Mandal, Anuj Nandi.
MNRAS, 497, 1197, 2020.

• “AstroSat view of GRS 1915+105 and IGR J17091-3624 : decoding the
‘pulse’ in the ‘Heartbeat’ State”
Tilak Katoch, B. E. Baby, Anuj Nandi, V. K. Agrawal, H. M. Antia, Kallol
Mukherjee.
MNRAS, 501, 6123, 2021.

• “Calibration of Scanning Sky Monitor Onboard AstroSat”
Sarwade A., Ramadevi M. C., Ravishankar B. T., Brajpal Singh, B. E.
Baby, D. Bhattacharya, S. Seetha.
JoAA, 42, 70, 2021.
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• “Study of X-ray Transients with Scanning Sky Monitor (SSM) onboard As-
troSat”
M.C. Ramadevi, B. T. Ravishankar, Abhilash R. Sarwade, S. Vaishali, Nir-
mal Kumar Iyer ,Anuj Nandi, Girish V., Vivek Kumar Agarwal, Blessy
Elizabeth Baby, Mohammed Hasan, S. Seetha, Dipankar Bhattacharya.
JoAA, 123, 2016.

• “Capturing transitions between different classes in GRS 1915+105 with As-
troSat”
B. E. Baby et al., in preparation.

A.2 Conferences and ATels

• Presented a talk on ‘Study of Faint Sources using AstroSat’ in AstroSat
Meet held at ISRO HQ, Bangalore on 26-27 September 2017.

• Presented my work on ‘AstroSat view of the 2018 outburst of 4U 1630-472’
at ASI - 2019 organized at Christ University, Bangalore from 18-22 February,
2019.

• Participated in the ‘Transient Astronomy Meet’ held at URSC, Bangalore
on November 11-12, 2019.

• Presented a talk on my work at International Conference held in online
mode from Jan 19-21, 2021, to commemorate the completion of 5 years of
AstroSat in Orbit.

• ATel #10452 (2017), SSM on AstroSat detects neutron star X-ray transient
Aql X-1 in its outburst
M.C. Ramadevi, Ravishankar, B.T., Abhilash R. Sarwade, Vaishali, S.,
B. E. Baby, Mohammed Hasan, Vivek Kumar Agarwal, Dipankar Bhat-
tacharya, Seetha S. & Anil Agarwal.
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