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Abstract

In an X-ray binary (XRB) system, a compact object with strong gravity accretes mass from
the donor, often a young or evolved star. As the transferred matter falls onto the compact
object, potential energy is released, resulting in the emission of X-ray radiation. Some of
these systems display episodes of active (outburst) and quiescent phases consecutively. This
thesis investigates the accretion scenario of different black hole X-ray binaries (BH-XRBs)
during their outbursts.

Chapter 1| introduces a general overview of accretion processes. We comprehensively
discuss various accretion scenarios focusing on transient black hole XRBs. We explore the
spectral and temporal variability and state classification of these systems. Also, we review
outflows/jet and accretion disc wind associated with the system.

The purpose of Chapter 2 is to brief various space X-ray instruments used in this study
and the data reduction techniques associated with each of them. We discuss the methods of
analyzing X-ray data: spectral and timing analysis. A quick overview of different models
used for fitting the X-ray spectra of black hole XRBs and related physical phenomena are
also provided in this chapter. Also, we briefly discuss the modelling of the power density
spectra.

In Chapter 3, we aim to unveil the accretion scenario of the galactic XRB source MAXI
J1820+070 in its 2018 double outburst. The study is performed using observations obtained
from the telescopes Swift/XRT, NICER, NuSTAR and AstroSat. We carried out spectral
modelling independently for XRT and NICER observations and studied the evolution of
various physical parameters and the hardness-intensity diagram of the outburst. Then we
extended the study by modelling the simultaneous wideband XRT-NuSTAR, NICER-NuSTAR
and AstroSat observations using phenomenological and reflection models. The evolution
of model parameters from both studies is thoroughly analysed. The timing analysis of
the source is carried out using the NICER observations of the outburst. We look for time
variability in the data, and finally, its connection with the spectral characteristics is studied
in this chapter.

Chapter 4 discusses the spectro-temporal analysis of the galactic XRB source 4U
1543—-47 in its 2021 outburst using data from three instruments, NICER, NuSTAR and
AstroSat. Wideband phenomenological and reflection modelling is carried out for simul-
taneous NICER-NuSTAR and AstroSat observations. The spectra of the source show the
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presence of a strong and dynamic absorption feature at ~ 8 — 11 keV, which has never been
observed in any XRB before. A comprehensive spectral study of the outburst is performed
using NICER observations, and the hardness-intensity diagram of the outburst is generated.
Also, we performed timing studies using the NICER, NuSTAR and AstroSat observations
during the first 100 days of the outburst.

Next, in Chapter 5, we have thoroughly investigated the origin of the absorption features
observed at ~ 8 — 11 keV in the spectra of the 2021 outburst of 4U 1543—-47. This study is
based on the NuSTAR observations of the outburst. Different possibilities behind the origin
of this absorption feature and their role in regulating the accretion scenario are studied.
NuSTAR data also show a neutral absorption feature at ~ 7.1 keV. The correlated behaviour
of the neutral and ionized absorption components is also closely examined.

In Chapter 6, we summarize the findings from the study and discuss the future perspec-

tives.
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Chapter 1

Introduction

The dramatic advancements in science during the twentieth century changed our perception
of nature. A much better understanding of the celestial bodies and the universe has been
achieved through radical technological developments. The remarkable progress in obser-
vational techniques has enabled us to access the entire electromagnetic spectrum, leading
to the discovery of more and more energetic events at high-energy (X-ray to Gamma-ray)
wavelengths. It has been found that gravity is the source of energy for celestial bodies,
particularly for compact objects, through accretion, the process of accumulating matter
onto a compact object from its surroundings under the influence of strong gravity. The
gravitational potential energy released from this accreted matter is believed to be the source

that powers the most luminous objects in the universe.

1.1 Compact Objects and Properties

Compact objects are astrophysical systems with enormous density left by the stars at their
end stages of evolution. Stars are born in molecular clouds by the collapse of gas under
gravity. It causes gas to warm and eventually become hot enough to start nuclear fusion
in its core and release immense amounts of energy. This way, stars shine and maintain
an equilibrium between gravitational pull towards the core and outward force due to the
pressure gradient. Once the fuel gets exhausted, the star collapses into a denser entity called
the compact object due to the inward pull of gravity. The extent to which it collapses will
lead to the formation of different types of compact objects; they are white dwarfs (WD),
neutron stars (NS) and black holes (BH), depending on the mass of the stellar core.

In WDs, the degenerate electron pressure balances the gravity and prevents it from
further collapse. This is the end product of a low-mass star. Chandrasekhar (1939) deduced
a theoretical limit for the mass of the WD as 1.4 My beyond which it would undergo
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gravitational collapse. Out of all the three types of compact objects, WD is the most
common outcome of stellar evolution. The observed lowest and highest mass of the WDs
are 0.17 My, (Kilic et al., 2007) and 1.35 Mg, (Burleigh & Jordan, 1998) respectively. Once
the gravity exceeds electron degeneracy pressure, the neutron degeneracy pressure comes
into action, and it supports the core from further collapse. Such systems are called NSs.
The lowest detected mass limit of NSs is 1.15—-1.2 M, and the highest limit is 2.4 Mg
(Lattimer, 2012). However, Rhoades & Ruffini (1974) used a causality argument to propose
a maximum neutron star mass of 3.2M. With a further increase of the stellar core mass, no
mechanism can support the collapse against gravity, and the core completely collapses into
a singularity, forming a BH. Studies reveal that there may exist a ‘mass gap’ between the
highest mass NS and the lowest mass BH (Farr et al., 2011). The WD and NS have a solid
surface, whereas the BH does not have a well-defined surface. Instead, there exists a region

known as the event horizon, which separates the interior of the BH from its surroundings.

This thesis deals with the binary system of a stellar-mass BH and a normal star. I shall
thus focus more of my discussion on BHs. In general relativistic point of view, BHs are
simple objects characterized by only three parameters, their mass M, spin angular momen-
tum J, and electric charge Q (Israel, 1967, 1968; Carter, 1971). A Schwarzschild black hole
is a spherically symmetric, non-rotating, and electrically neutral solution (Schwarzschild,
1999) of Einstein’s field equation. A Kerr black hole is a rotating, electrically neutral
solution developed by Kerr (1963). The spherically symmetric and non-rotating solution

with a non-zero electric charge is called Reissner-Nordstrém black holes.

With the discovery of the X-ray emitting source Cyg X—1 by Bolton (1971, 1972),
the first plausible proof of a stellar-mass black hole’s existence was established. Later,
numerous black hole candidates associated with astrophysical sources were reported. When
massive stars collapse to form BHs, the resulting spacetime will generally be Kerr in nature
(Pretorius, 2005). It can be either co-rotating or counter-rotating based on whether the
direction of the angular momentum of the orbiting particle is parallel or anti-parallel to the
BH spin. For such a huge and massive entity, the electric charge is extremely small and can
be neglected (Bambi et al., 2009). Thus the Astrophysical BHs are characterized by their
mass M and dimensionless spin parameter, a, = Jc/GM?, where c is the speed of light,
and G is the Gravitational constant. For a non-rotating BH, a. = 0 and the limiting value
for the spin of a maximally rotating BH is a. =0.998 (Thorne, 1974). In the case of a BH,
an innermost stable circular orbit (ISCO) exists beyond which particles cannot sustain its

Keplerian orbit. The radius of ISCO is a function of the mass and spin parameter given by
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(Bardeen et al., 1972)

risco = [3+Za = N3 =Z1)(3+ 21 +225)|r, (1.1)

where, Z = 1+ V1 -a?[VT+a, + VI —a.], Zo = \J3a> + Z? and r, = GM/c?, is the

gravitational radius of the BH. For a Schwarzschild black hole, r;sco =6 r, and for an

extreme Kerr black hole, rjsco =1.24 r,. The study of BHs can be done by analyzing
the electromagnetic radiation emitted by the matter from its vicinity via different physical

processes.

1.2 X-ray Binaries

The X-ray binary (XRB) system consists of a primary component, which is a compact
object such as a BH or NS, and a secondary component or companion, which is a normal
star. They are generally known as black hole X-ray binaries (BH-XRBs) and neutron
star X-ray binaries (NS-XRBs), respectively, based on the nature of the primary compact
object. The mass transfer (or accretion of matter) takes place from the companion star
to the compact object due to its strong gravity. The accreted matter becomes dense and
hot near the compact object. It radiates predominantly in X-rays as a result of extracting
the gravitational potential energy of the accreted matter. A white dwarf binary system,
known as Cataclysmic Variables (CVs) mostly emits optical and UV radiation, while also
consistently being observed to emit soft and hard X-rays. However, CVs exhibit significantly

lower X-ray emissions compared to NS-XRBs and BH-XRBs.

The XRBs can be categorized based on the mass of the companion star. If it is a
low-mass (M < 1Mg), K—M spectral type star, the system is called a low-mass X-ray
binary (LMXB). The XRBs such as Sco X-1 (Mirabel & Rodrigues, 2003), GRO J1655-40
(Mirabel et al., 2002), and GRS 1915-102 (Castro-Tirado et al., 1994; Deegan et al., 2009)
fall into this category. On the other hand, a massive (M > 10My), early type, O-B star
serves as the companion in a high-mass X-ray binary (HMXB). A few examples of this
category are Vela X-1 (Grinberg et al., 2017; Kretschmar et al., 2019b), Cyg X-1 Deka et al.
(2021), XTE J0421+560 (Robinson et al., 2002), etc. The modes of accretion are different

in these two classes of XRBs and are discussed in successive sections.



1.3 Accretion onto Compact Objects

The extraction of gravitational energy through the accretion of matter appears to be the most
efficient method for powering the most luminous celestial objects in the universe, such as
XRBs, active galactic nuclei (AGNs) and quasars. The gravitational potential energy that
is released when a mass m accretes onto a compact object with mass M and radius R is

B GMm

Eqee = SR (1.2)

This can be written in terms of the fraction of gravitational potential energy converted to
radiation (7, the radiative efficiency of accretion) as E .. = 1 mc?. The dimensionless
efficiency is defined as 5 = GM/2Rc?. The higher the compactness (M /R), more is
the efficiency of energy release. Since BHs don’t have a hard surface, the value of R
in Equation 1.2 can be taken as r;sco (Equation 1.1) and therefore, n for BHs depend
on both compactness and spin. The value of n for accretion onto WD, NS, and BH are
0.001, 0.03 and 0.06 — 0.42, respectively (Frank et al., 1992). Therefore, the efficiency of
accretion onto NS and BH is much higher than that of non-gravitational processes, such
as the nuclear fusion reaction in a star that occurs during the hydrogen burning, where
n = 0.007. However, the accretion efficiency of WDs is lower than the nuclear efficiency.
The observed accretion luminosity L = nMc?, where M = dM/dt is the accretion rate.

Higher the rate of accretion, the higher the emitted luminosity of the system.

For a steady and spherically symmetrical accretion, one can define the highest limit
on the accretion luminosity, known as the Eddington luminosity (Lg4;). We assume the
accreting material is fully ionized hydrogen. The outward radiation mainly interacts with
the electrons in the in-falling matter via scattering. The force due to radiation on an
electron at a radial distance r is F,,; = orL /47rr2c, where o7 is the Thomson scattering
cross-section. The protons will also feel the same force via Coulomb coupling between
electrons and protons. The inward gravitational force on the protons in the in-falling matter
is Fi, = GMm,/ r2, where m p 18 the mass of a proton. These two forces balance at a critical
luminosity (Lgg4q) and is given by,

Leag = ZOMMpC | 565 1038(£) ergs s~ (1.3)
or My
When L > Lgg4, the radiation pressure prevents the matter from getting accreted. Corre-

sponding to this critical luminosity, there exists a limit for the accretion rate also, which is
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called the Eddington accretion rate, Mgaqs = Leaa/ ncz. As we mentioned before, this is
applicable only for spherically symmetric accretion. However, the accretion luminosity can

be super-Eddington for other geometries such as disc accretion.

The temperature profile of the system can be estimated from the observed luminosity L.
An object of characteristic size R emits a blackbody spectrum at a temperature 75, given

by,

(1.4)

L 1/4
47TR20') ’

Tpp = (
where o is the Stefan-Boltzmann constant. The maximum possible temperature of a plasma
called the thermal temperature (T;,), can be estimated by equating the potential energy,
GM(m,+m.)/R~GMm,/R, of the particles with its thermal energy (2 X 3kpT/2):

GMm,

T, = , 1.5
"= 3R (1.5)

where k g is Boltzmann constant, m,, and m, are the mass of proton and electron respectively.
There may arise two limiting situations for XRBs; the accretion flow can be optically thick
or optically thin. In the first case, the radiation comes into thermal equilibrium with
the accretion flow before escaping from the system, and the emitted spectrum will be a
blackbody. Hence the temperature, 7,,,; of the emitted radiation will be approximately
equal to the blackbody temperature of the system (7¢,,i; = Tpp). In the second case, the
radiation will escape immediately from the optically thin accretion flow once it is produced;
therefore, T,,,;; ~ T;,. In practical terms, the temperature of the emitted radiation typically
falls between these two limits, Tpp < Tomir < Tin. All these estimations are under the

assumption of a single temperature for the accretion flow.

1.4 Types of Accretion

Various models have been proposed in the literature for how a compact object can accrete
matter from the companion star or the surrounding medium. The most common among
them are the accretion through Roche lobe overflow and stellar wind (spherically symmetric
accretion) from the companion. It is generally observed that the HMXBs are fed by wind
accretion and LMXBs are by Roche lobe overflow, although the realistic accretion scenario
may be very complex (Chaty, 2011; Kretschmar et al., 2019a).
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1.4.1 Spherically Symmetric Accretion

The idea of accretion onto a point mass moving through a uniform infinite medium having
a supersonic flow of uniform velocity was established through the classical solutions de-
veloped by Hoyle & Lyttleton (1939) and Bondi & Hoyle (1944) (Bondi-Hoyle-Lyttleton
(BHL) accretion). According to the BHL accretion scenario, an overdense accretion col-
umn exists behind the star, through which matter passes as streamlines and within a certain
radius around the accretor. In this scenario, the relative motion of the star and the gas cloud
control the accretion rate. The effect of pressure was ignored in this picture. While it is
hard to believe that the pressure of the interstellar medium is zero, no matter how far it is
from the star. Bondi (1952) put forward a more realistic picture of the accretion scenario,
where he assumed the pressure and the sound speed at infinity are not zero. It depicts a
spherically symmetric accretion onto a non-magnetic star, where the gravitating matter is

highly radially symmetric and has negligible angular momentum.

Consider a star of mass M at rest with respect to the surrounding medium. The pressure
and density at infinity are given by P, and p. respectively. Consider spherical polar
coordinates (r, 6, ¢) with the star at its origin. Only the radial component, V (r) of velocity
(V) of the surrounding gas comes into the picture. For the accretion process, V(r) < 0
implies that the gas is being pulled towards the star by its gravitational field, while V(r) > 0,
implies a stellar wind blowing away from the star’s surface. The steady-state continuity

equation is in the form,
1 d

r2dr

where p is the mass density. Integration of this equation gives rise to the steady mass

(r’pV) =0, (1.6)

accretion rate, i.e., in-fall rate (M) of the material, to the star:
M = 4rr’p(r)V(r). (1.7)

In the steady state, the Euler equation becomes

dv. 1dP GM
V_+_—+—:O, 18
dr pdr r2 (1.8)

where P is the pressure. To solve Equation 1.8, we assume a polytropic equation of state:
where the pressure P = Kp?; v is the adiabatic index and K is the proportionality constant.

For isothermal gas, y = 1 and for non-relativistic adiabatic accretion, y = % Now the
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Equation 1.8 can be rearranged as

2 2 2
1(1 i)d(V)__GM(l_chr) (19)

o\ v ar T 2 GM

where ¢y = 4/dP/dp is the sound speed. The term on the right-hand side of Equation1.9

4
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Figure 1.1: The six classes of solutions of the Equation 1.9 in terms of V2(r)/c2(r) versus
r/r.. The two transonic solutions are marked with 1 (accretion) and 2 (wind), and the
unphysical solutions are marked with 3—6. Credit: Frank et al. (1992)

becomes positive at a larger distance (r — oo) from the star. While on the left hand side,
V — 0asr — oo and d(V?)/dr must be negative. This suggests a subsonic (V2 < ¢2) flow
far from the star. As the flow approaches the star (r — 0), the right-hand side becomes
negative and c% / VZ < 1,ie., flow is supersonic (V2 > c%) close to the star. At the sonic
point, r. = GM [2¢2, the flow speed is equal to the speed of sound, V?(r.) = ¢2(r.). The
solutions that pass through a sonic point are called transonic flows.

All the solutions of the Equation 1.9 are plotted as M? = V?(r)/c2(r) versus r/r. in
Fig. 1.1, where M is the mach number. The accretion process is identified by a flow that
starts subsonic at a greater radius and transitions to supersonic near the star (marked as 1
in Fig. 1.1). The other transonic solution of Equation 1.9, where the flow is subsonic close
to the star and becomes supersonic at r > r, is the wind solution (marked as 2 in Fig. 1.1).
The remaining four solutions (marked as 3—6 in Fig. 1.1) of Equation 1.9 are unphysical.

We can obtain the accretion rate in terms of the physical conditions at infinity by

integrating Equation 1.8 and using the polytropic relation and Equation 1.7. The sound
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2
speed at the sonic point is given by, c(r:) = cs(o0) 53y where c;(o0) is the sound
-3y

speed at infinity. For a typical interstellar medium parameters at infinity: p, ~ 1072* g

cm™3, ¢ s(00) ~ 10 km s~ and temperature T, = 10* K, the rate of accretion will be,

2 -3
M~ 1axi0t (2L Peo €s(0) gs (1.10)
My) \10-2*g cm=3 /| 10 km s~!

Therefore, the accretion luminosity for a typical solar mass star, L, = GMM/2R ~
2 x 103! ergs s7!, is much lower than the luminosity generally observed in XRBs. The
spherical accretion is radiatively inefficient because the matter does not have enough time
to radiate before falling onto the central object due to the high radial infall speed. The
accretion through a disc (discussed below) gained popularity to overcome the shortfall of

spherical accretion.

1.4.2 Accretion through Disc: Standard Disc Model

Figure 1.2: The equipotential surfaces of ®g(r) for a binary system with mass ratio
q= M,/M; = 0.25. The system has five Lagrange points (L; — Ls). Materials can pass
between the dumbbell-shaped Roche lobes through L;. Credit: Frank et al. (1992)

Edouard Roche was the first to study the possibility of mass transfer in binary systems.
He considered a test mass in the gravitational potential of two point masses (M and M)

orbiting around their common centre of mass (CM). The angular speed of the binary system

8



is given by Q = y/GM /a3, where M = M| + M, and ‘a’ is the binary separation. The
potential (called the Roche potential), @, experienced by the test mass at a distance r is
(Frank et al., 1992)

GM GM, 1
! 2 _ _(@xr) (1.11)

D(r) = — -
RO =T  Tr=ml 2

where, r; and r, are the position vectors of the two masses. The equipotential surfaces
of ®g(r) are plotted in Fig. 1.2. The shape of the equipotential surfaces is governed by
the mass ratio, q= M,/M,. However, their qualitative characteristics are universal. For a
test particle at a large distance (r > a), the system appears as a point mass centred at the
CM. At the close vicinity of both stars, the equipotentials are circular, and the test particle
suffers strong gravitational pull. A figure-of-eight surface connects these two deep potential
wells, which appear as lobes (Roche lobes) in three-dimension. There are five Lagrange
points where the test mass does not experience any force. In a compact binary system, if
the companion star can fill the Roche lobe, its material can transfer to the Roche lobe of the
primary through L;. This type of mass transfer in binaries is called Roche lobe overflow.

This is possibly the mechanism of mass transfer seen in LMXBs in general.

As a consequence of the Roche lobe overflow, the material can’t directly land on the
surface of the accretor since it possesses high angular momentum. It acts like a nozzle
that rotates fast, and the materials are ejected at supersonic speeds. Therefore, the material
initially be distributed around the primary in an elliptical orbit in the binary plane. It
will interact with the further inflow of matter, dissipating energy via shocks and trying
to circularise the orbit having the lowest energy. The specific angular momentum in a
Keplerian orbit is a function of the distance » from the accretor, i.e., neighbouring radii are
in differential rotations. Due to collision, turbulence, and magnetic field, the local viscous
torque transfers the angular momentum outward, allowing the matter to move radially

inward, eventually forming an accretion disc around the primary.

The study of disc accretion started with the pioneering work of Lynden-Bell (1969)
and Pringle & Rees (1972, and reference therein). Shakura & Sunyaev (1973) provided
a breakthrough in the development of the accretion disc theory known as the Standard
Accretion Disc Model or « - disc model. This model describes a geometrically thin,
H/r < 1, (where H is the half thickness of the disc in the vertical direction at a radial
distance r), non-self gravitating (disc mass is much smaller than that of the central object),
steady disc having a turbulent flow. This model encapsulates all the micro-physics of the

flow through a dimensionless constant, @ < 1, and expresses the kinematic viscosity as
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vi = acgH. Let us use cylindrical polar coordinates (r, ¢, z) to describe the dynamics
of a thin Keplerian disc. The accreting star has a mass M and radius R, and the matter
moves around it in Keplerian orbits. The mass conservation equation for the disc is given

by (Frank et al., 1992),
ox 10

—+-—-——(2V,) =0, 1.12
ot ror (rzVr) ( )
where X(r, ) is the vertically integrated surface density of the disc at a time # and V. is the
radial drift velocity of the material (Frank et al., 1992),

3 0

V9:‘g;55;G%ZV7> (1.13)

The time evolution of surface density is given by

0z _30
ot ror

V@é%b%zVGH. (1.14)

A ring of matter at a radius r spreads out due to the effect of viscosity on a timescale, known
as viscous or radial drift timescale, t,;; = r?/vi. For rather longer timescales, the disc is
assumed as steady and the conserved mass accretion rate through every point r in the disc
is given by,

M =2rr2(-V,), (1.15)

with V, < 0. For a steady-state disc, the local viscous energy dissipation per unit disc area
is (Frank et al., 1992)

D(r) =

MM R
36 [1 - (1.16)

8mr3

The disc is assumed to be optically thick in the z direction; therefore, the radiation emitted

7

will have a local blackbody spectrum. The viscous energy dissipated per unit area can be

equated to the blackbody emission flux to define the temperature of the disc,

1/4

(1.17)

The blackbody intensity at a frequency v emitted from each radius is given by the Planck

function,
2hy3 1

2 hy 4
€7 kT — ]

B, (r) =

(1.18)

where h is the Planck constant. The accretion disc spectrum (Fig. 1.3) can be regarded
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as a superposition of blackbody spectra emitted from different annuli of the disc. This is
called a “multicolour disc blackbody” spectrum. The outer regions of the disc with a lower
temperature contributes to the Rayleigh-Jeans regime (o< v?). While the hot, innermost
regions of the disc produces the Wien regime. The middle part (cc v!'/3) is the modified

blackbody due to the combined effect of local emission and the area of the emitting region.

Iog10 Fv (arbitrary units)

0 | ! |
-1 0 1 2

log,, (hv/KT )

out

Figure 1.3: The spectrum of an accretion disc as a superposition of the blackbody spectra
emitted from various annuli of the disc. The low-temperature disc (outer part) produces
the low-frequency regime, while the hot (inner) region produces the high-frequency Wien
regime. Credit: Melia (2009)

The Standard Disc Model successfully explains the optical-ultraviolet emission of dwarf
novae, AGNs, and soft X-ray emission from XRBs. However, the observed spectrum at high-
energy differs significantly from a blackbody, showing a non-thermal (powerlaw) nature with
an occasional high-energy cut-off at around 80-300 keV (Sunyaev & Truemper, 1979).

Various accretion disc models were developed during the early nineties to understand
the origin of high-energy emissions from XRBs. A standard accretion disc model assumes
that the locally dissipated energy is radiated away from the disc efficiently since the model
neglects the contribution of the advection term (VdV /dr) in the hydrodynamic equations.
If a significant amount of heat is advected into the accretor, accretion flow is radiatively
inefficient Begelman & Meier (1982); Abramowicz et al. (1988). The standard disc model
fails to describe two regimes: (i) hot, optically thin, low accretion rate flows and (ii) optically
thick flows with high luminosity and high accretion rate. Advection is the dominant cooling

mechanism in both cases since the radiative cooling time is larger than the time for radial
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infall towards the accretor. Here optically thin case-(i) is called Advection Dominated
Accretion Flows (ADAF) (Narayan & Yi, 1994, 1995a,b) and the optically thick case-(ii) is
called slim disc (Abramowicz et al., 1988). The slim discs are geometrically neither too thin
nor too thick (H/r < 1), whereas the ADAF possesses a geometrically thick disc H/r ~ 1.
In a geometrically thick disc, the inner region of the accretion disc ‘puffs up’, and the angular
momentum involved is sub-Keplerian in nature. Both ADAF and slim disc solutions were
self-similar. However, Chakrabarti and collaborators (Chakrabarti, 1990, 1996, 1997, and
references therein) developed self-consistent transonic solutions for advective accretion flow
having sub-Keplerian angular momentum.

The XRBs are classified into two, persistent and transient/outbursting sources. The
persistent sources are always bright due to continuous accretion at a higher rate throughout
their life. However, the transient sources exhibit outbursts (luminous phase) followed by an
inactive period called quiescence. Further, we discuss the possible physical picture behind

the outburst events, which is the subject of the current study.

1.5 Disc Instabilities and Outbursts

Even though steady disc solutions provide great insights into the behaviour of the accreting
systems, a steady disc is far from reality. Instabilities triggered by small perturbations
can disturb the equilibrium of these systems. Instabilities are associated with various
timescales that appear in the accretion disc theory. The timescale needed to re-adjust the
thermal equilibrium of the system is called the thermal timescale, t;, and the disc dynamics
is governed by the dynamical timescale, t4y,. The radial drift of matter is governed by
the viscous timescale, t,;s. These timescales are related by the following relation (Pringle,
1981; Frank et al., 1992),

2
H
Layn = @ty = a(7) tyis- (1.19)

Therefore, 4y, < t;n < 1,5 since @ < 1. The viscous timescale is typically on the order of
days to weeks for XRBs, whereas the other two are on the order of minutes.

In the standard disc paradigm, two types of instabilities, thermal and viscous instability,
are of prime importance. Thermal instability occurs if an imbalance exists between the local
cooling rate (Q ™) and the heating rate (Q*). For a system in equilibrium (Q* = Q7), heating
and cooling rates are enhanced if the local temperature increased by a small perturbation.
However, a faster heating rate leads to an imbalance that grows over time. This happens

over the timescale of #;;, and is called thermal instability. Similarly, changes in the disc
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structure due to external factors, for example, variations in the mass accretion rate, can lead
to perturbation in the surface density of the disc. The dynamic viscosity, u = v, leads
to an imbalance, du. If du/0%X > 0, we arrive at a situation governed by Equation 1.14.
While if du/0% < 0, the disc’s denser regions will fill up with more matter, and its less
dense regions will be cleared of matter. Eventually, the disc will break up into fragments

of rings. This happens over the timescale of ¢,;; and is called viscous instability. These
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Figure 1.4: Surface density (X) vs effective temperature (T.¢) plot representing local
thermal equilibrium characteristics of accretion discs. See text for details. Credit: Lasota
(2016)

instabilities are generally believed to be the reason for the outbursts in dwarf novae and soft
X-ray transients. The former refers to binary systems with WDs, while the latter refers to
systems containing BHs and NSs.

Osaki (1974) introduced the disc instability model (DIM) to explain the outburst trigger-
ing in dwarf novae. The DIM assumes a geometrically thin Keplerian accretion disc made of
hydrogen. The viscosity is described by the a prescription. An outburstis caused by thermal
instability developed in the disc when the local temperature of the disc is of the order of the
hydrogen ionization temperature. The thermal equilibrium can be characterized by T.4(X)
or M (X) relation, where T.g is the effective temperature of the disc. Fig. 1.4 represents the
thermal equilibrium characteristics of a ring at 10° cm in an accretion disc around a WD of
mass 1.2 Mg using the X — T, plot. The solid ‘S-curve’ represents the thermal equilibrium
(Q" = Q) in the figure. X,;, and X, indicate the minimum surface density for a hot

stable equilibrium and the maximum surface density for a cold stable equilibrium, respec-
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tively. Corresponding to X,,;, and X,,,, there exist two critical accretion rates M:m

(r) and
Mc_n.t(r) respectively. A disc is stable if the rate at which mass is transferred to its outer
edge is larger than the M:r ;; at this radius. Cooling dominates the heating (O™ < Q7) on the
left of the ‘S-curve’ where hydrogen is neutral. In contrast, heating dominates (Q* > Q™)
on the right side, where hydrogen is fully ionized. More clearly, the curve’s positive slope
(upper hot and lower cold branches) represents stable solutions, whereas a negative slope
(middle branch) represents instabilities. An annulus moves through the S-curve in viscous
timescales and through the non-equilibrium paths in thermal timescale. This means that
the surface density in the cold stable state must be lower than X,,,,, whereas the surface
density in the hot stable state must be larger than X,,;,. Once X exceeds X,,,, at some
radius, the disc transits to a hot state and an outburst is triggered. The high surface density
and temperature cause the matter and heat to diffuse to the nearby annuli, thus propagating
the heating fronts inward and outward around the annulus of instability. An outburst ends
when X < %,,;,. The hot branch in the S-curve corresponds to the outburst maximum and
the subsequent decay, while the cold band corresponds to quiescence. During quiescence,
the X, temperature, and the accretion rate at every annulus are on the cold branch. The
hot branch has more viscosity than the cold branch, hence the duration of the quiescence
is much larger than the outburst duration (Lasota, 2016). The nature of the outburst de-
pends on M from the companion star. If M is low, the viscosity gets enough time to affect
the matter distribution significantly, and X exceeds X,,,, near the inner part of the disc.
Such outbursts start at the inner part of the disc and propagate outside (inside-out). For a
higher M, matter gets less time to spread as the viscous timescale is larger. The condition
(X > X,,4x) for outbursts is met at the outer edge of the disc, which causes the outburst to
start and propagate inside (outside-in). The interval between outbursts is long in inside-out

propagation, while outbursts are more frequent in outside-in propagation.

The DIM proposed for the dwarf-novae outburst is not a general model for thermal-
viscous outbursts. Due to the large outburst duration, it cannot directly apply to XRBs. The
major modification of DIM proposed for soft X-ray transients is the X-ray irradiation of the
outer disc (van Paradijs, 1996). The irradiation increases the effective temperature of the
disc. As a result, the hydrogen becomes fully ionized, and the disc remains in the hotter
branch of the S-curve for a longer duration. When the effect of irradiation is taken into
account, the critical accretion rate which separates transient and persistent systems agrees
well with the model (Coriat et al., 2012). For transient XRBs, disc truncation must be
considered in addition to the irradiation to modify the DIM (Menou et al., 2000).
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1.6 Spectral and Timing Variability in BH-XRB: State

Classification

Transient XRB systems exhibit repeated outbursts and quiescent states. The outbursting
sources are the best targets to understand accretion physics. As XRBs exhibit significant
spectral and temporal variations due to the complexity of accretion dynamics, spectro-

temporal analysis opens up a window to study their behaviour.

1.6.1 Spectral Variability

The observed spectra of BH-XRBs consist of two distinct components; soft (low-energy
X-ray) and hard (high-energy X-ray), respectively. In addition to the multicolour blackbody
emission from the optically thick Keplerian disc, the non-thermal processes like Comp-
tonization (Sunyaev & Truemper, 1979; Sunyaev & Titarchuk, 1980) in the optically thin
media also contribute to the X-ray spectra. The soft component is believed to be originated
from the optically thick disc. The comptonization of these soft photons by the hot electrons
in the optically thin ‘corona’ efficiently radiates in the hard X-ray. The geometry of the
corona has not been established, but several possible geometries are discussed in the litera-
ture; sandwich-corona (Haardt & Maraschi, 1991, 1993), slab-corona (Malzac et al., 2005),
patchy-corona above the accretion disc (Galeev et al., 1979; Stern et al., 1995; Svensson,
1996) etc. A fraction of the Comptonized radiation may intercept the disc, increasing the
disc temperature which further enhances the soft photon flux to the Comptonization region.
As a result, the cooling rate will increase; consequently, the electron temperature (kp7:) in
the Comptonization region will decrease, leading to softer (steeper index) spectra. Given
the typical accretion disc temperature, it is assumed that the hydrogen and helium are fully
ionized and the heavy elements are neutral. The intercepted radiation may undergo Comp-
tonization by free electrons of hydrogen and helium, and the dissipated heat will be absorbed
by the heavy elements (photoabsorption), contributing to its energy balance. The rest of
the energy will be reflected due to Compton scattering. A fraction of the photoabsorbed
radiation will be re-emitted from the disc in the form of fluorescent lines of heavy elements.
The combined effects of photoabsorption, Compton scattering, and fluorescence produce
the reflected spectrum. 1t consists of fluorescent lines and K-edges of different elements su-
perimposed on the broad Compton hump peaks at 20—50 keV (Basko et al., 1974; Lightman
& White, 1988; George & Fabian, 1991). Fig. 1.5 shows the major components of the X-ray

spectrum from an accreting BH (top) and a representation of the conceivable geometry of
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Figure 1.5: The major components of the X-ray spectrum from an accreting BH (top).

Corresponding plausible geometry of the system with an accretion disc and a corona that
fills the space between the disc and the horizon (bottom). Credit: Gilfanov (2010)

the system with a corona that fills the inner regions of the accretion disc around the BH
(bottom). Physical changes in the disc-corona geometry, accretion rate, etc., can lead to
spectral variability. Several models have been proposed to include these spectral features,
which will be discussed in §2.3.1.

1.6.2 Timing Variability

In addition to spectral variability, BH-XRBs also possess variability in their lightcurves.
The time series signals from astronomical sources are generally weak. On top of this,
various forms of noise are embedded in the lightcurves. Therefore, identifying the true
time variability in the lightcurves is extremely challenging. However, in the Fourier domain
(frequency), either noise does not contribute or contributes to the known pattern, making it
easier to detect variations of the source in different timescales. The root mean square (RMS)
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amplitude variation in the flux is quantified by the power density spectrum (PDS). PDS often
consists of narrow features superimposed on a broad continuum of aperiodic variability
(van der Klis, 1989). Periodic variability is often associated with systems that have hard
boundaries, such as Pulsars. In BH-XRB systems, aperiodic variabilities, including quasi-
periodic oscillations (QPOs), are frequently observed. QPOs are characterized by narrow
peaks of concentrated power at certain frequencies (characteristic frequency, v.). QPOs
are classified into two groups based on their frequency range: low-frequency (0.01-30 Hz)
QPOs (LFQPO: Remillard et al. (2002)) and high-frequency (30—10° Hz) QPOs (HFQPO:
Morgan et al. (1997)). The LFQPOs are very common in BH-XRBs, which are further
classified into type-A, B, and C based on their characteristic frequency, width, power in
the PDS, etc. (Miyamoto & Kitamoto, 1991; Takizawa et al., 1997; van der Klis, 2006;
Remillard & McClintock, 2006). The most common type of QPO in BH-XRBs is type-C
QPOs. Their characteristic frequency, v, varies from a few mHz to 10 Hz (Motta, 2016).
Occasionally, these QPOs are also detected in the soft state and the ultra-luminous state
(ULS), reaching frequencies of ~ 20—30 Hz (Motta et al., 2012). They are identified as
having high-amplitude (RMS ~20 %) feature with v./Av >10 in the PDS (Motta, 2016).
Type-B QPOs appear in a small range of frequencies, 1-6 Hz (Motta et al., 2011) and are
characterized by relatively weaker (RMS ~5%) broadband noise with v./Ay >6. Type-A
is a less common type of QPO in BH-XRBs. They are identified by a very weak amplitude
(RMS of a few percent), and broad (v./Av <3) peak that appears between 6—8 Hz (Motta,
2016).

There are several studies in the literature to understand the origin of LFQPOs. Molteni
etal. (1996); Chakrabarti et al. (2008) proposed that LFQPOs originated from the resonance
between cooling and infall time in the propagating oscillatory shock model. Stella & Vietri
(1998) introduced a relativistic precession model where nodal precession can explain type-
C QPOs. Tagger & Pellat (1999) proposed an accretion ejection instability model where
spiral density wave instability is responsible for LFQPOs.

Detection of a 67 Hz QPO in GRS 1915+105 is the first HFQPO in BH-XRBs (Morgan
et al., 1997). In the literature, only a limited number of high-frequency quasi-periodic
oscillation (HFQPO) detection, fewer than ten, have been reported for BH-XRBs (Belloni
et al., 2012; Ingram & Motta, 2019). HFQPOs are assumed to be emitted from the
innermost regions of the accretion disc, and therefore, they carry imprints of the effects of
strong gravity. In the relativistic precession model (Lense-Thirring precession), the lower
and upper HFQPOs are linked to the periastron precession and the orbital frequency (Stella
& Vietri, 1998). However, Abramowicz & KluZniak (2001) proposed that the HFQPO pair
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can be addressed due to the resonance related to general relativistic frequencies for three

spatial coordinates.

1.6.3 State Classification

Based on the characteristics of the X-ray spectrum and the PDS, various “states” have been
identified for outbursting BH-XRBs (Homan & Belloni, 2005; Remillard & McClintock,
2006; McClintock & Remillard, 2006). The major criteria used for identification include the
relative contribution of thermal and non-thermal radiations, the photon (or spectral) index
I", total RMS variability in the PDS (over 0.1-10 Hz), and QPO properties. The four states
are low/hard state (LHS), hard intermediate state (HIMS), soft intermediate state (SIMS)
and high/soft state (HSS). The intermediate states fall between LHS and HSS states.

The LHS is typically observed at the start and end stages of an outburst. This state is
characterized by a hard spectrum with a spectral index of ~1.7. The non-thermal component
dominates (>80%) over the thermal component. High timing variability is a characteristic
of this state with an RMS variability >20%. PDS consists of broadband (flat-top) noise and
type-C QPOs. Also, the frequency of the QPO increases with the source flux. Compact-
steady radio jets are observed during this state. Also, a strong positive correlation exists
between X-ray and radio flux in this state. The source enters the HIMS after leaving the
initial LHS and before entering the final LHS. In the HIMS, the spectrum appears softer
due to the increase of the thermal component from the disc, and hence the spectral index
steepens (2.4—2.5). Similar to the LHS, type-C QPOs are present during this state, and the
characteristic frequency of QPOs evolves with time. The total fractional RMS variability
drops to 10-20% with spectral softening. In the SIMS, the spectrum appears slightly
softer than in the HIMS, and it does not show a significant high-energy cut-off, unlike
the HIMS. The PDS no longer contains a band-limited noise component and is instead
dominated by a powerlaw component. SIMS possess type-A or/and type-B QPOs and are
less common (Belloni et al., 2005). Occasional relativistic jets (radio flare) are observed in
this state. When the source transitions to HSS, the thermal disc component dominates the
spectrum (>75%). The source appears brighter in this state, and the spectrum has a spectral
index ~3. Total fractional RMS variability is very low (<1%) during this state. PDS is
almost featureless, and QPOs are absent in this state. The radio emission from the source
completely stops during the HSS. Instead, wind outflows are often observed. Remillard
& McClintock (2006) introduced one more state known as a steep powerlaw state (SPL),

which is characterized by strong flaring at high-luminosity on a timescale of days. This
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state is generally observed before the source enters the HSS. In the SPL state, the powerlaw
component dominates (> 80%), with a spectral index, I' ~ 2.4 — 3.0. Timing properties
reveal very low (< 0.1%) fractional RMS and QPOs are observed in the PDS.

Transient systems spend most of their time in the quiescent state, where they have
very low X-ray luminosity (<1033 ergs/s) and a non-thermal hard spectrum (low-luminosity
version of LHS). During a typical outburst, the following sequence of state transitions occurs
in BH-XRBs: LHS — HIMS — SIMS — HSS — SIMS — HIMS — LHS. However, the
intermediate states are short-lived and are not always observed. The outburst in which
the system transitions from the LHS to the HSS is called a ‘successful’ outburst; while
the outburst in which the system fails to make a transition to the HSS is called a ‘failed-
transition’ outburst (Debnath et al., 2015; Radhika et al., 2016; Garcia et al., 2019; Baby
et al., 2020, 2021; Prabhakar et al., 2022).

The outburst nature varies among binary systems, and even different outbursts of the
same system exhibit distinct evolutionary trends (Aneesha et al., 2019; Aneesha & Mandal,
2020). However, the outbursts of these systems show some universal behaviour (Homan &

Belloni, 2005). One way of identifying the universal spectral behaviour of these systems
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Figure 1.6: Sketch of the hardness-intensity diagram of a transient BH-XRB. The evolution
of the outburst is indicated from A through F. Credit: Bambi (2016)

is by generating a hardness-intensity diagram (HID), that displays X-ray intensity versus
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hardness. Here, the hardness or hardness ratio (HR) is the ratio of observed flux in a higher
energy band to a lower energy band. A typical HID (Fig. 1.6) forms a ‘q-shaped’ diagram
where the source evolves across the spectral states in a counterclockwise direction. The
quiescent state is well below point A in Fig. 1.6 with a low-luminosity. The HID’s two
vertical branches (AB and DE) correspond to the two major states; LHS at the extreme right
and HSS at the extreme left. Intermediate states fall on the middle horizontal branches.
An outburst starts from the LHS with a high flux at the extreme right of HID, moves to
HSS through intermediate states, and returns to the LHS, completing a hysteresis cycle
(Miyamoto et al., 1995). The hard-to-soft transition occurs at a higher (by a factor >5)
flux than soft-to-hard transition (Maccarone & Coppi, 2003), which is responsible for
the hysteresis behaviour of HID. The HIMS starts at point B, and the transition to SIMS
happens during CD. The source appears extremely bright at point D (HSS). Further, the
source luminosity gradually decreases (branch DE), and the outburst decay (branch EF)
proceeds through the intermediate states.

The global timing behaviour of transients is expressed in the RMS—intensity diagram
(RID), which tracks the evolution of the intensity and RMS (Mufioz-Darias et al., 2011;
Heil et al., 2012). The hardness—RMS diagram (HRD, Belloni et al., 2005), where the
fractional RMS is plotted against the hardness ratio, represents the combined spectro-

temporal variation during the outburst.

1.7 Outflow and Disc Wind

Outflows/jets are associated with accretion as they cannot be formed without accretion.
Jets are compact radially, whereas outflows are radially extended. The physical processes
responsible for the origin of outflows/jets are poorly understood. However, the structured
magnetic field in the accretion disc, thermal and radiation pressure in the inner disc, black
hole spin, etc. (Blandford & Znajek, 1977; Blandford & Payne, 1982; Kumar et al., 2014;
Vyas et al., 2015, and references therein) are thought to be responsible for the production
of jets/outflows.

Generally, XRB jets are luminous in radio; however, they emit optical/IR sometimes.
The first detection of a superluminal radio jet in our galaxy was reported in GRS 1915+105
(Mirabel & Rodriguez, 1994). The synchrotron radiation from outflowing plasma produces
the radio emission in XRBs. The compact radio jets are usually associated with the hard
state, and relativistic radio flares are seen during the hard-soft state transition (Fender et al.,

2004, 2009). The hard X-ray states are associated with persistent radio flux with flat inverted
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spectra (S, o v?), extending to near IR. There exists a strong positive correlation (Corbel
et al., 2003, 2013) between the radio and X-ray luminosity in the hard state. This trend is
first observed in GX 339—-4 (Corbel et al., 2003) and Cygnus X—1 (Stirling et al., 2001).
As the source softens, the radio emission decreases (Gallo et al., 2003). No radio emission
has been reported from XRBs during the HSS; disc winds are observed instead (Neilsen &
Lee, 2009; Ponti et al., 2012; Neilsen et al., 2014).

Identifying accretion disc winds in XRBs is one of the most important findings made
possible by high-resolution X-ray spectroscopy. Accretion disc wind is generally observed
in the highly luminous disc-dominated HSS, though it can exist in other spectral states
as well (Lee et al., 2002; Miller et al., 2008; Neilsen & Lee, 2009; Neilsen, 2013). Disc
winds can remove matter from the accretion disc at a rate of the order of the system’s inner
accretion rate or higher (Ponti et al., 2012; Kosec et al., 2020). Therefore, it can suppress
the launch of jets (Neilsen & Lee, 2009) in the HSS. Also, it may play a crucial role in
regulating the accretion dynamics of the system. For example, Mufioz-Darias et al. (2016)
showed how winds control the violent outburst of V404 Cygni by diminishing a significant
fraction of the outer disc. The presence of disc winds is inferred by the appearance of strong
absorption features in the spectra. The high-resolution X-ray spectrum reveals the presence
of neutral/highly ionized absorbers in BH-XRBs. The absorption features may reveal the
presence of highly ionized iron, such as Fe XXV and Fe XXVI, indicating photoionized
plasma. The first detection of absorption lines in the spectra of BH-XRB was done by Ueda
etal. (1998). They detected iron K,, and Kz absorption lines in GRO J1655-40 using ASCA
data. Afterwards, Kotani et al. (2000) and Lee et al. (2002) detected similar features in
GRS 1915 + 105. Since then, high-resolution X-ray spectroscopy has revealed that ionized
absorbers in the form of disc winds are a common attribute of accreting systems (Parmar
et al., 2002; Shidatsu et al., 2013). So far, the ionized absorbers are detected close to their
characteristic transition energy (Parmar et al., 2002), inferring the non-relativistic nature
of the disc winds. A relativistic nature of the disc wind can be inferred by the blueshifted
absorption features in the X-ray spectrum (Ebisawa, 1997; Kotani et al., 1997). In general,
absorption lines are absent in the LHS. Neilsen & Lee (2009) suggests that the wind gets
photoionized completely in LHS, and the medium becomes transparent. This could be a
possible reason for the absence of absorption lines in the LHS spectra. Usually, the disc
winds are observed in high-inclination systems (Ponti et al., 2012) due to high column

density along the line-of-sight.
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1.8 Aim and Source Selection

This thesis investigates the accretion process in extremely bright BH-XRBs in our galaxy
using broadband X-ray observations. The XRB sources can appear bright due to proximity,
or they can be intrinsically luminous. For this study, we have selected two bright BH-XRBs,
MAXI J1820+070 and 4U 1543-47, where MAXI J1820+070 belongs to the category
of proximity sources, and 4U 1543—47 is intrinsically luminous. The study includes
comprehensive spectral and timing analysis of the sources using data from four different
instruments: Swift/XRT, NICER, NuSTAR and AstroSat.

MAXI J1820+070 is a galactic LMXB, discovered in 2018. It consists of a ’failed-
transition’ outburst followed by a successful one. It is one of the brightest X-ray transients,
having a soft X-ray flux of ~ 4 Crab in 2 — 6 keV (Shidatsu et al., 2019). There are many
studies (Shidatsu et al., 2018; Buisson et al., 2019; Kara et al., 2019; Mufoz-Darias et al.,
2019; Paice et al., 2019; Stiele & Kong, 2020; Mudambi et al., 2020; Wang et al., 2020;
Tetarenko et al., 2021; Bhargava et al., 2021; Wang et al., 2021; Paice et al., 2021; Zdziarski
et al., 2021a; Dzietak et al., 2021; Ma et al., 2021; Rodi et al., 2021; Marino et al., 2021;
Mastroserio et al., 2021; Kawamura et al., 2022) that address various spectral and temporal
properties of the source. But these works mainly focus on the LHS of the source. A
comprehensive spectral study of the outburst, particularly in the HSS, has not been done.
We aim to understand the spectral and timing properties of the 2018 double outbursts of the
source in total using multi-instrument data. The reflection modelling of NuSTAR data alone
has been performed for selected observations before but never throughout the outbursts.
Here, we considered the entire 2018 outburst for reflection studies and extended it to
the lower energy band using simultaneous observations of NICER-NuSTAR, XRT-NuSTAR,
AstroSat. We attempt to understand the accretion scenario of the source during the outburst.

4U 154347 1s a galactic LMXB that was first discovered in 1971 and has undergone
five outbursts. The fifth outburst, which occurred in 2021 (Negoro et al., 2021a), marked the
source as the brightest BH-XRB ever discovered with a peak X-ray intensity of ~ 11 Crab
in 2 — 4 keV with MAXI/GSC (Negoro et al., 2021b). There has been no comprehensive
study in the literature based on the 2021 outburst of 4U 1543 — 47. In this study, we aim to
provide a detailed analysis of the wideband spectral and timing characteristics of the 2021
outburst using data from three different instruments: NICER, NuSTAR and AstroSat. We
report the presence of strong and dynamic absorption features in the 2021 outburst spectra,
which has not been observed in any previous outbursts of 4U 1543 — 47. These absorption

features are observed between 8—11 keV, which is in contrast to the absorption signatures
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(~ 6.4-7 keV) generally observed in XRBs. We quantitatively examine these features using
phenomenological modelling of NuSTAR data and attempt to determine the origin of this

unique absorption feature.

23






Chapter 2

X-ray Telescopes, Data Reduction and Anal-

ysis

The first space X-ray telescope Uhuru (Giacconi et al., 1971) was launched in 1970 on
December 12. Collimated proportional counters were used to carry out all-sky monitoring.
The instrument detected hundreds of X-ray sources and determined the positions of sources
Cyg X-1, Cyg X-2, Sco X—-1, and Cas A (Tananbaum et al., 1971). It also detected X-ray
emissions from several extragalactic sources including NGC 1275, NGC 4151 and NGC
1068 (Gursky etal., 1971). A new revolution in X-ray astronomy occurred with the launch of
Einstein (Giacconi et al., 1979) observatory in 1979, which introduced the grazing incidence
focusing optics with imaging proportional counters. Another big technological advance was
the introduction of X-ray-sensitive charge-coupled devices (CCD) by the launch of ASCA
(Tanaka et al., 1994). The current generation of X-ray telescopes, for example, XMM-
Newton (Jansen et al., 2001), Chandra X-ray observatory (Weisskopf, 1999), eROSITA
(Merloni et al., 2012; Predehl et al., 2021), are highly sensitive and provide high-resolution
spectroscopic data.

In this thesis work, we used four X-ray instrument data for the broadband analysis:
Swift/XRT, NICER, NuSTAR and AstroSat. The important features of these observatories

and the data reduction techniques are covered in the following sections.

2.1 X-ray Observatories

An X-ray instrument’s spatial (or angular) resolution refers to its ability to distinguish two
nearby sources. It is determined by the point spread function (PSF), which indicates the
photon distribution from a point source. The measure of spread is quantified either with
the half-power diameter or with its full width at half maximum (FWHM). The effective area
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of the instrument determines the photon collection rate. The detector cannot register any
events during read-out, leading to a dead time. Therefore, the actual effective exposure
time of an observation requires correction for dead time. The product of the effective area
and effective exposure time determines the instrument’s sensitivity. For extremely bright
sources, multiple photons may be recorded as a single event with energy equal to the sum
of individual photon energies. This effect is known as pile-up (Ballet, 1999) and can
lead to inaccurate measurements of the source properties. It distorts the measured energy
spectrum. Sometimes pile-up leads to the rejection of the event if the sum of energies
exceeds a limiting value, resulting in a dip in the centre of the source PSF. Removing a few
pixels from the central region of the detector can avoid the pile-up effect. It is much less of

a problem with proportional counters than with CCD detectors.

2.1.1 Neil Gehrels Swift Observatory

Swift (Gehrels et al., 2004) mission was developed by an international collaboration led by

NASA and launched in November 2004. Gamma-ray burst (GRB) astronomy is the primary

Spacecraft

Figure 2.1: A schematic diagram of the Swift satellite. Credit: Gehrels et al. (2004)

objective of this mission, but it has also made significant contributions to the study of X-ray
binaries. It consists of three instruments; Burst Alert Telescope (BAT), X-ray Telescope
(XRT) and Ultraviolet/Optical Telescope (UVOT). A schematic picture of the Swift satellite
with all its instruments is shown in Fig.. 2.1. For this study, we only use XRT (Burrows
et al., 2005) telescope data, so other instruments’ features are not discussed further.
Swift/XRT is a grazing incidence Wolter type I telescope, in which the X-rays undergo
two reflections, first by a paraboloid mirror and then by a hyperboloid mirror, before being
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Figure 2.2: NICER onboard the International Space Station (left). Credit: NICER mission
website.

focused. A CCD detector of 600 x 600 pixels is placed at the focal plane. The instrument
operates in the energy range 0.2—10 keV with an energy resolution of about 140 eV at 6 keV.
There are four operating modes available for XRT, namely Imaging mode (IM), Photo-Diode
mode (PD), Windowed Timing mode (WT) and Photon Counting mode (PC). We have used
observations in WT mode, which provides one-dimensional imaging of the source. In this
mode, the CCD is continuously clocked in a parallel shift direction, resulting in an image of
a vertical streak across the sensor. The time resolution of this mode is 1.7 ms. The pile-up
in WT mode occurs when the source intensities reach ~100 counts s~!. A few pixels in the

central streak can be removed in WT mode to eliminate the pileup problem.

2.1.2 NICER

The Neutron star Interior Composition Explorer (V/CER) (Gendreau et al., 2016) was placed
onboard the International Space Station (ISS) on 3 June 2017. Fig. 2.2 shows a schematic
picture of NICER'. It's X-ray Timing Instrument (XTT) is a non-imaging telescope intended
to obtain soft X-ray emissions from compact X-ray sources, particularly neutron stars, to
probe their interior composition, dynamic processes, and radiation mechanisms. The focal
plane of X717 consists of 56 Silicon Drift Detectors (SDD), each with its own set of compact
X-ray focusing optics (X-ray concentrators, XRC) (Okajima et al., 2016). Each detector

'https://heasarc.gsfc.nasa.gov/docs/nicer/
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package is called a Focal Plane Module (FPM). These FPMs are arranged into a 7 x 8
array with an effective area of 1900 cm? at 1.5 keV. Every 8 FPMs are part of a single
Measurement and Power Unit (MPU). The labelling of the FPMs is done with two digits;
the first digit corresponds to the MPU (0-6) it belongs to, and the second corresponds to
the FPM slot (0—7) in the MPU. For instance, the first FPM on the first MPU is ‘00’. Out
of the 56 focal plane modules, FPM 11, 20, 22 and 60 are not functional. The SDD detects
individual photons and records their energies and times of arrival with an unprecedented
resolution of 100 nanoseconds. It is suitable for the spectral and timing study of XRBs in

the energy range 0.2—12 keV.

2.1.3 NuSTAR

The Nuclear Spectroscopic Telescope Array (NuSTAR) satellite (Harrison et al., 2013) is
the first focusing optics X-ray telescope to detect hard X-rays with high sensitivity. NASA
launched it on 13 June 2012. The mission employs advanced hard X-ray optics and solid-
state detector technologies. It operates in the energy band 3-79 keV and is suitable for
observing bright sources without pile-up. The mission’s objectives include observing
obscured AGN activity at a redshift of < 2, hard X-ray emission from compact objects,

non-thermal radiations from supernova remnants, etc.
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Figure 2.3: The obsolete (bottom) and deployed (top) configurations of the NuSTAR
observatory. Credit: Harrison et al. (2013)
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NuSTAR consists of two co-aligned grazing-incidence X-ray telescopes, named Focal
Plane Modules A and B (FPMA and FPMB). The X-ray mirrors are multi-layer-coated
and are arranged in Wolter-type I geometry with two independent focusing units. The two
benches are separated by a mast deployed after the launch (see Fig. 2.3). The mast connects
the optics and the focal plane modules. This setup provides a focal length of 10.14 m for
the instrument. The low graze angle X-ray optics and the multi-layer coatings with a large
collection area of around 850 cm?, extend the X-ray detection capability up to an energy of
~ 79 keV.

thereby extending the X-ray reflectivity at high energies, that is why NuSTAR is capable
of providing X-ray focusing upto 79 keV. Its unprecedented combination of sensitivity and
spatial and spectral resolution (400 eV at 10 keV) makes it the most suitable instrument for

studying emission and absorption features in the spectra of XRBs.

2.1.4 AstroSat

AstroSat (Agrawal et al., 2017) is the first Indian multi-wavelength astronomy mission de-
voted to broadband studies. It was launched by Indian Space Research Organization (ISRO)
on 28 September 2015. Fig. 2.4 shows a schematic diagram of AstroSat>. It consists

Large Area X-Ray Ultra Violet Imaging
Proportional Counter Telescope (UVIT)

Cadmium Zinc
Telluride

Imager (CZTI)

Soft X-ray Telescope#®
(SXT)

Scanning Sky Monitor
(SSM)

Figure 2.4: A schematic diagram of AstroSat with its five instruments, SX7, LAXPC, CZTI,
UVIT and SSM. Credit: ISSDC, ISRO

of five instruments, namely, the Soft X-ray Telescope (SXT), Large Area X-ray Propor-

2https ://www.issdc.gov.in/astro.html
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tional Counters (LAXPC), Cadmium-Zinc-Telluride Imager (CZTI), Ultraviolet Imaging
Telescope (UVIT) and Scanning Sky Monitor (SSM). Of these five, SXT, LAXPC, CZTI
and SSM contribute to the X-ray regime. SSM is designed to continuously monitor the
transient X-ray sky, enabling the detection and localization of X-ray sources. LAXPC is
the only non-imaging telescope. In this work, we have used simultaneous SX7 and LAXPC

observations for broadband studies.

SXT (Singh et al., 2017) is a grazing incidence Wolter type I telescope operating in the
energy range 0.3—8 keV. It focuses X-rays into a CCD detector of size 600 x 600 pixels.
SXT has an effective area of about 120 cm? at 1 keV. It has four operational modes: Photon
Counting (PC) mode, Fast Windowed (FW) mode, Bias Map (BM) mode, and Calibration
Mode (CM). SXT is comparatively less affected by pile-up; hence it is ideal for observing

bright sources.

LAXPC (Yadav et al., 2016) is operating in the energy range 3—80 keV. It consists of
three identical proportional counters, namely LAXPC10, LAXPC20 and LAXPC30 with a
total effective area of ~6000 cm? at 5 keV. Each LAXPC detector operates independently
with a time resolution of 10 us, making it suitable for studying periodic and non-periodic
variability of X-ray sources. The energy resolution of LAXPC is ~18% at 6 keV. The
detectors LAXPC10 and LAXPC20 are filled with a xenon-methane mixture and LAXPC30
is filled with xenon-argon-methane (to improve the energy resolution) mixture at 2 atm

pressure.

The characteristics of all the X-ray telescopes used in this work are summarized in
Table 2.1.

Table 2.1: Characteristics of different X-ray telescopes used in this study.

Mission| Instrument |Energy range|Energy resolution|Time resolution Effective area
(keV)

Swift XRT 0.2-10 140eV @ 6keV | 1.7 ms (WT) |[~125cm? @ 1.5 keV
NICER XTI 02-12 |137eV@6keV| <300ns [1900cm? @ 1.5 keV
NuSTAR|FPMA & FPMB 3-79 400 eV @ 10 keV 2 us 847 cm? @ 9 keV

SXT 0.3-8 90 eV @ 1.5 keV 245 90 cm? @ 1.5 keV
AstroSat
LAXPC 3-80 18 % @ 6 keV 10 us 6000 cm” @ 5 keV
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2.2 Multi-instrument Data Reduction

The data recorded onboard (raw data) various instruments are transmitted to their ground
stations for further processing. The initial data processing is instrument-specific and is
performed by the instrument team. First, the raw data is converted to Level 1 data using
different attributes of an event and housekeeping information. Further, it is processed
to generate Level 2 data which contain more physical aspects like the position of the
source in the sky, event rate, event time at Earth, events produced by high-energy cosmic
particles, etc. These data are well organized and archived at the instrument website and
common repositories like the High Energy Astrophysics Science Archive Research Center

(HEASARC?) for scientific utilization by the astrophysics community.

Each instrument has specific data reduction packages called ‘pipelines’ to produce
cleaned, calibrated event lists and standard high-level scientific products. The incoming
photon (event) produces an amount of charge in the detector depending its energy. This is
called Pulse Height Amplitude (PHA). Data processing uses the latest calibration informa-
tion encoded in the detector response matrix to convert this PHA into PI (Pulse Invariant),
which has a linear relationship with the energy of the incoming X-ray photon. The detector
responses are of two types, Ancillary Response Files (ARF) and Response Matrix Files
(RMF). ARF provides the effective area of the detector at each channel in units of cm?,
and RMF is a matrix containing information about the energy redistribution of the photon.
Each mission provides response files for their respective instruments or can be generated as

per their instructions.

We use NASA’s HEASARC software or HEAsoft* for datareduction. We use the imaging
software ds9° for visualizing the image and extracting the source and background regions.
A selected region around the source contains both source and background events. Therefore,
we need an additional background region near the source to subtract the background events
from the source information. The data in the entire duration of observation are not useful
due to the presence of the Sun and the Moon, the occultation of Earth, the belt of high-
energy charge particles, and many other factors. Therefore, a good time interval (GTI) is
chosen to filter out the science product. The useful events are selected by various aspects
such as regions, GT1s, etc. Scientific products (spectra, lightcurves, etc.) are extracted from

such events of interest using the respective pipelines of each instrument. These products

3https ://heasarc.gsfc.nasa.gov/
Yhttps://heasarc. gsfc.nasa.gov/docs/software/lheasoft/
Shttps://sites.google.com/cfa.harvard.edu/saoimageds9?pli=1
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are used for further analysis to extract scientific outputs. In the next sections, we discuss

the data reduction process of the instruments used in our study.

2.2.1 Reduction of Swift/XRT Data

We used Swift/XRT data for the spectral analysis of the source MAXI J1820+070. XRT
observed the source in windowed timing mode. It covers a field of view of 8 arcmin and
provides one-dimensional imaging information. Data reduction is performed using standard
procedures according to the instrument website®. Level 2 products are generated from Level
1 data using xrtpipeline script. We select a circle of radius 30 pixels around the image centre
(the brightest pixel) as the source region, and an annular region of 70 — 130 pixels radii is
taken as the background region (see Fig. 2.5)). The pile-up limit for WT mode data is ~ 100
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Figure 2.5: Image of the BH-XRB source MAXIJ1820+070 using Swift/XRT in logarithmic
scale. The red inner circle with a radius of 30 pixels represents the source region. The
green annulus with an inner radius of 70 pixels and an outer radius of 130 pixels represents
the background region.

counts s~!. For pile-up data, we select an annular source region with an outer radius of 30
pixels and a varying inner radius for the analysis. The size of the inner radius is determined
such that the data in the annular source region remain pile-up free. We use XSELECT
(V2.4g) to produce standard spectra corresponding to the source and background regions.

Then, we edit the BACKSCAL keyword in the source and background spectrum header files

Shttps://www.swift.ac.uk/analysis/xrt/
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for each observation according to the size of the corresponding regions selected. ARF files
are generated using the xrtmkarf tool with the source spectra and exposure map. We
group the source spectra into 20 photons per bin, and no systematics are added. We use the
RMF files from the CALDB version 20190910”.

2.2.2 Reduction of NICER data

We used NICER data for spectral and timing analysis of MAXI J1820+070 and 4U 1543—-47
since it has good coverage for both sources over the entire study period. We reduced the
NICER data using the NICERDAS® tools in HEAsoft v6.26.1 with the 20200722 caldb
version for MAXI J1820+070 and HEAsoft v.6.29 with the caldb version 20210707 for
4U 1543-47. Out of the 56 focal plane modules of NICER/XTI, FPM 11, 20, 22, and 60
are not functional. In addition, we excluded FPM 14 and 34 due to their increased noise
level. During the brightest phase of the outbursts, most detectors were turned off to avoid
telemetry saturation. We checked the total number of active detectors in each observation
to account for the reduction in the effective area. Level 2 standard calibration and filtering
are done with the help of nicerl2 task and applied barycenter corrections using task
barycorr with refframe=“ICRS”. The resulting event files are used to generate spectra
and lightcurves with a time bin of 0.003 s using XSELECT. The ARF and RMF files are
computed for each observation based on the number of active detectors. The background
files are generated using nibackgen3C56° (Remillard et al., 2021). We grouped the source
spectra of both sources with 25 photons per bin and added systematics of 1.5% (Fabian
et al., 2020) for MAXI J1820+070 and 1% (as suggested by the instrument team) for 4U
1543-47.

2.2.3 Reduction of NuSTAR Data

We used NuSTAR observations for the simultaneous broadband spectral studies of the
sources MAXI J1820+070 and 4U 1543-47. The data reduction is carried out using
NuSTARDAS'? software. The data processing involves three major stages: creating the
calibrated event files, screening the files, and generating high-level scientific products.

We used the nupipeline task for filtering event files with the keyword saamode set to

7https ://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/data/swift/xrt/index/cif_
swift_xrt_20190910.html

Shttps://heasarc.gsfc.nasa.gov/docs/nicer/nicer_analysis.html

9https ://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_est_tools.html

10https ://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
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strict, tentacle to yes and statusexpr=“STATUS==b0000xxx00xxxx000” since we
are dealing with extremely bright sources (Buisson et al., 2019). We used a circular region
of radius 30 and 35 pixels, respectively, for MAXI J1820+070 and 4U 1543—-47 centred to
the brightest pixel as the source region to extract the science products for both telescopes,
FPMA and FPMB. Background spectrum is extracted using a circular region of similar size
away from the source position. The NUPRODUCTS task is used to generate science products
such as lightcurves, energy spectra, RMF, and ARF for both FPMA and FPMB. The spectra

of both sources are grouped with a minimum of 50 counts per bin without any systematics.

2.2.4 Reduction of AstroSat Data

We have used simultaneous SX7 and LAXPC data for broadband spectral studies of MAXI
J1820+070 and 4U 1543—47. Also, we used LAXPC data for timing studies of 4U 1543—47.

SXT observations of both sources are in the photon counting mode. The orbit-wise SXT
cleaned Level 2 event files are merged to get a single event file for each observation using
event merger python routine'! based on Julia v 1.1.1. The merged event file is then loaded
into XSELECT, where we select single-pixel events by applying a grade O filter to avoid
optical data leakage (Singh et al., 2021; Prabhakar et al., 2022). The extracted SX7 images
for two observations (MJD 58309 and MJD 58355) of MAXI J1820+070 show no counts
in the central region because of high pile-up'?. Additionally, we observed a pile-up in the
energy spectra beyond 4 keV. Therefore, for these two observations, we excluded the central
dark patch through annular extraction with an inner radius of 3’ and an outer radius of 16'.
In the case of 4U 1543—47, the first two offset observations have a count rate of < 40 counts
s~!; hence, the corresponding spectra wouldn’t have pileup issues. We selected a circular
region of radius 10" in the image to extract the source spectrum and lightcurves for two
offset observations. However, in all the pointed observations of 4U 1543—47, we find the
central region of the image to be very bright, which could cause a pile-up effect. Therefore,
source files are extracted from an annular region of the outer radius of 15’ and inner radius
of 2’ for these observations. The AstroSat/SXT image of the BH-XRB 4U 1543 — 47 in
MJD 59457 is shown in Fig. 2.6 with source region marked. We used the standard SXT
background spectrum and instrument RMF file provided by the instrument team'. ARF
for the selected region is obtained from python-based tool sxtarfmodule provided by the

SXT team. The final spectrum is grouped into 30 photons per bin for all the observations of

ttps://www.tifr.res.in/~astrosat_sxt/dataanalysis.html
Zhttp://www.iucaa.in/~astrosat/AstroSat_handbook.pdf
13https ://www.tifr.res.in/~astrosat_sxt/dataanalysis.html

34


https://www.tifr.res.in/~astrosat_sxt/dataanalysis.html
http://www.iucaa.in/~astrosat/AstroSat_handbook.pdf
https://www.tifr.res.in/~astrosat_sxt/dataanalysis.html

20:0

[¢]

30:00.0

Q
o
=
o
N
~
<

46:00.0 45:00.0 RA 44:00]

.0 0.4 1.2 27 58 12.0 242 48.6 97.7 195.0 38

Figure 2.6: The AstroSat/SXT image of the source 4U 1543 — 47 during observation on
MID 59457 obtained using PC mode.

MAXT J1820+070 and the four pointed observations of 4U 1543—-47. However, we chose

20 counts per bin based on the source brightness for the two offset observations of 4U
1543-47.

We utilized data from LAXPC20 only, out of the three LAXPC proportional counters,
due to its steady gain (see also Bhuvana et al. 2021; Baby et al. 2021; Bhuvana et al. 2022;
Prabhakar et al. 2022). We make use of the latest version of single routine LAXPC software
LaxpcSoftversion 3.4.3!% (Antia et al., 2022) to extract the spectrum, lightcurve,
and response files for source and background from Level 2 LAXPC data. We used only
single events and the top layer of LAXPC unit to avoid the instrumental effects at high-
energy. For 4U 1543-47, the software generated LAXPC response files are used for pointed
observations, and a 40’ offset LAXPC response file provided by the instrument team is used
for the offset observations (see also Baby et al. 2020; Katoch et al. 2021). The LAXPC
spectra for MAXI J1820+070 and pointed observations of 4U 1543—47 are grouped into
30 photons per bin. However, the spectra of the offset observations of 4U 154347 are
grouped with 20 photons per bin.

For both SXT and LAXPC, we used systematics of 2% as prescribed by the instrument
team for both sources.

“http://www.tifr.res.in/~astrosat_laxpc/LaxpcSoft.html
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2.3 X-ray Spectral Analysis

The standard method used for spectral analysis (modelling) involves fitting observed and
model spectra. It is carried out using dedicated spectral fitting software. In such a platform,
we can combine the observed spectra, detector response, and different astrophysical spectral
models for estimating the spectral parameters.

The spectrum is nothing but the observed counts in different detector channels. The

relationship between the source counts and the observed counts is given by
C(k) =Teoxpo / R(k,E) A(E) S(E) dE, (2.1)

where C(k) is the observed counts in the detector channel number k, T, is the effective
exposure time of the observation in seconds, A(E) is the energy-dependent effective area
(ARF) of the detector, R(k, E) is the response matrix (RMF) and S(E) is the source flux
density in photons/cm?/s/keV. Based on the physical processes taking place in the source, a
model spectrum is presumptively assumed. The model flux is convolved with the spectral
responses of the instrument to predict the flux from the instrument. It is now compared to
the observed flux using any fitting statistics. Two statistics commonly used in data analysis
are C—stat and y2, which correspond to Poisson and Gaussian probability distributions,

respectively. For example, the y? statistics is defined as:

oy By 02

2 b
X Ok

where M), is the model predicted number of counts in the detector channel k and oy is
the uncertainty (standard deviation) in C (k). Minimizing the value of y? is equivalent to
maximizing the likelihood function. Also, the background contribution in the source region
can be removed by subtracting the background spectrum from the source spectrum. The
obtained (background-subtracted) spectrum is utilized for modelling, where the spectral
parameters are adjusted until the best fit for the data is obtained by minimizing the statistics.
If the model is inadequate for fitting the data, a new model is defined, and the process is
repeated.

We carried out spectral fitting using the software XSPEC. It has a huge library of
models that represent various physical phenomena. The models can be of different types:
additive, multiplicative, convoluted, etc. Additive models represent various emissivity

models associated with the source, such as thermal emission models, powerlaw, emission
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lines, etc. In contrast, multiplicative models modify the spectrum produced by additive
models by an energy-dependent multiplicative factor, and convolution models modify the
spectrum as a whole. Different models can be combined according to their type to get a

possible physical picture of the system.

2.3.1 Models used in Spectral Study

The X-ray continuum spectrum is produced by thermal, for example, blackbody radiation,
and non-thermal, such as Comptonization. We have discussed different characteristic fea-
tures in the spectrum of an XRB in §1.6.1. Spectral modelling involves understanding the
observed spectral features and using appropriate physical models to address them. This

section will briefly detail the various models employed in this work.

(a) Interstellar Absorption
In spectral modelling, first, we must take care of the X-ray foreground absorption by the
interstellar medium (ISM), which attenuates the source signal. When X-ray photons from
the source interact with atoms in the ISM, it can ionize them by ejecting an electron from
it (photoionization or photoelectric absorption). The amount of absorbing material in the
line of sight is quantified as column density, which is the number of absorbing particles
per unit area within an absorption column extending from the source to the observer. The
net absorption is caused by the superposition of absorption column densities of different
elements, and it depends on their abundances. The spectral analysis software uses predefined
abundance tables. In X-ray data analysis, the total interstellar absorption is quantified by
the equivalent hydrogen column density (n), which gives the number of hydrogen atoms
per unit cross-sectional area along the line of sight in cm™2. The observed intensity of the
radiation is given by

I(E) = I,(E) e~ E)nn (2.3)

where I is the emitted source intensity and a(E) is the photoelectric cross-section. The
extent of absorption decreases with an increase in the photon energy. It is significant only
in the low-energy (< 2 keV) regime of the spectrum. There are several models in XSPEC
for ISM absorption. We use the model tbabs (Tuebingen-Boulder ISM absorption model)
(Wilms et al., 2000), which adopts the solar abundance table (executed by the comment
abund wilmin XSPEC) given by Wilms et al. (2000).
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(b) Thermal Continuum Models

The low-energy soft component in the spectrum that appears at < 1 keV is assumed to be
emitted from the accretion disc. The disc spectrum appears as a multicolour blackbody, as
discussed in §1.4.2. We can determine crucial features of accretion discs, such as the inner
radius, temperature, and accretion rate by fitting the spectra with a multicolour blackbody
model. There are several models for the X-ray spectrum of the accretion disc in XSPEC,
such as diskbb, kerrbb, bbody, etc. The diskbb (Mitsuda et al., 1984; Makishima
et al., 1986) is the most widely used multicolour disc blackbody model. It has two param-
eters: the temperature (7;, in keV) at the inner disc radius and the normalization given by
diskbb norm = (rin /D 10)*cost, where ry, is the ‘apparent’ inner disc radius in km, D is the
distance of the source in 10 kpc (kiloparsec) and 6 is the inclination of the disc in degrees.
The accretion rate (M) is related to these parameters as, T;, « M4 ri_f/ 4 (Frank et al.,
1992). The kerrbb model provides the multicolour blackbody spectrum around a rotating
black hole. It has several parameters such as efa, the ratio of the disc power produced by a
torque at the inner disc to that arising from the accretion, the specific angular momentum
of the black hole, the inclination angle of the disc, the mass of the black hole in units of
solar mass (My,), the effective mass accretion rate in units of 10'8 g s~!, and the distance of

the black hole from the observer in kpc.

(c) Non-thermal Models

The powerlaw nature of the spectrum in the high-energy regime is thought to arise from the
inverse-Compton scattering of the thermal photons emitted by the accretion disc by the ‘hot’
electrons present in the corona (Sunyaev & Titarchuk, 1980; Zdziarski et al., 1994; Sunyaev
& Titarchuk, 1985; Titarchuk, 1994). In the Compton scattering process, a high-energy
photon interacts with a free electron and transfers its energy to the electron. If the electron
has large kinetic energy that exceeds the photon energy, the inverse of Comptonization
scattering happens, i.e., the low-energy photon gains energy. This is the most efficient
mechanism to generate the high-energy spectrum in XRBs. For non-relativistic electrons
and low-energy photons where hy < 1/2mv2, the average energy gained by the photon
is AE/E = hv/(mec?), where m, is the mass of the electron and v, is the velocity of the

electron. If hy > 1/2mv2, the average energy gained by the electron per inverse Compton

scattering is AE /E = 3 (—e) . If this process happens in a thermal distribution of electrons,
c
it is called thermal Comptonization. In this case, the average energy gain per scattering can

be expressed as AE/E = 4kgT,/ (mec?), where T, is the electron temperature. Therefore,
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considering both cases, the average energy gain per Compton scattering is given by

AE _ 4kgT, —hy

3 (2.4)

E MmecC
The Compton y-parameter quantifies whether a photon’s energy will be significantly changed
while passing through a medium of free electrons. It is the product of the average fractional
energy change (AE/E) per scattering and the mean number of scatterings, Max(t, 7%).

Here, 7 is the electron scattering optical depth of the medium and is given by

T= / or ne dx, (2.5)

where o7 is the Thomson scattering cross-section and #, is the electron density. If 7 > 1,
the mean number of scattering is 2, and if T < 1, it is just 7 itself. If y < 1, the Compton
process is insignificant, and if y > 1, the spectrum will be significantly modified by
Comptonization. For multiple electron scatterings, the final photon energy can be amplified

by a factor of e” if the scattered photon energy is less than 4kgT,.

The repeated electron scattering in an optically thin medium (v <« 1) results in a
powerlaw photon distribution. Assuming monoenergetic photons of initial energy e;, after
m number of scatterings, the mean energy of the final photon is e,, ~ ¢;A™, where A is the
mean amplification of photon energy per inverse Compton scattering. In an optically thin

medium, the intensity of the emergent radiation can be expressed as:

I(em) ~ I(ei)(%) , (2.6)

1

—Int

InA
has a powerlaw nature, and the parameter I' is called the spectral index (or photon index).

where I = (Rybicki & Lightman, 1979). That is, the inverse-Comptonized spectrum

In XRBs, it is believed that the high-energy electrons in the corona (Sunyaev & Truem-
per, 1979) surrounding the accretion disc inverse Comptonize the soft thermal photons from
the disc, producing a non-thermal photon distribution. In XSPEC, the powerlaw is one
of the models to fit the non-thermal spectrum, where the radiation intensity is given by
I(E) = KE™T. Here K represents the normalization (photons/keV/cm?) and " (> 0) rep-
resents the spectral index. At higher photon energies, the electron scattering cross-section
is low. Also, the electrons do not have enough energy to transfer to the incoming photons,
leading to an exponential cut-off in the photon spectrum at higher energies. There are sev-

eral models in XSPEC to account for the powerlaw spectrum with high-energy cut-off, such
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as cutoffpl, nthcomp, thcomp etc. The intensity of radiation in the cutoffpl model
describes as, I(E) = KE Yexp(-=E | E..;), where E_,; is the exponential cut-off energy. The
thermally Comptonized continuum model, nthcomp (Zdziarski et al., 1996), uses bbody
(blackbody) or diskbb (multicolour disc blackbody) as the seed photon population. In
this model, the high-energy cut-off is parameterized by the electron temperature. It has
four parameters: the photon index I', electron temperature (k7,), seed photon temperature
(kpTpp) and the normalization. The thcomp (Zdziarski et al., 2020) model is an updated
form of nthcomp model. This convolution model allows a variable fraction (cov_frac) of
seed photon to undergo up and down scattering through Comptonization. Other parameters

are the photon index (I") and electron temperature (kgT,) of the corona.

(d) Models for Spectral Lines

A fraction of the high-energy photon emitted from the corona can irradiate the disc (mostly
the inner disc), and it causes atomic transitions in the elements of the accretion disc. It can
give rise to discrete emission or absorption lines at the characteristic energy of different
elements. Generally, it is assumed that the disc material comprises ionised hydrogen,
helium, and other neutral elements. The most dominant process in the interaction of X-rays
and the neutral disc matter is photoabsorption. The de-excitation of the atom can happen
in two ways: the vacancy in the inner shell is filled by another electron at a higher energy
level by releasing radiation (fluorescence emission, and the process is called radiative de-
excitation), or that energy is transferred to another electron (Auger electron) in the same
atom. The fluorescence yield (probability of radiative de-excitation) is directly proportional

to the atomic number Z.

The spectrum of XRBs occasionally shows an emission line at ~ 6 — 7 keV produced by
the iron K, fluorescence. This feature can be modelled using the XSPEC model gauss to

some extend, which is the Gaussian profile given by

K

oV2r

I(E) =

M] 2.7

exp| - £

Here, Ej is the transition line energy (centroid energy of the Gaussian), o is the line width,

and K is the normalization in units of photons/cm?/s.

Also, the X-ray spectrum sometimes shows the absorption lines, which can be modelled

40



by gabs!°in XSPEC. It has the Gaussian absorption profile:

(E- Eo)z)]

202

I(E) = exp[ — (2.8)

D
. mexp( -
where D is the line depth (strength).

K-shell has the largest photoabsorption cross-section at a particular photon energy. A
sudden onset of absorption in a specific energy level of an atom happens when the photon
energy exceeds this threshold value. This creates a sharp absorption edge feature in the
spectrum. The edge and smedge models in XSPEC are generally used to represent the

absorption edge. The edge model has the functional form,

1 if E<E,
I(E) = _ 2.9)
exp[-D (E/Eg)_3] if E > E,,

where Ej is the threshold energy. The smeared edge (smedge) (Ebisawa et al., 1994) model
has three parameters: the threshold energy, the maximum absorption factor at the threshold,
and the smearing width.

Besides emission and absorption features, the hard photons may also get Compton
scattered by the free or bound electrons. The photons which are Compton back-scattered
out of the disc produce the ‘bump’ like feature in the spectra between ~ 20 — 30 keV, called
the Compton hump (shown in Fig.. 1.5). The process of modelling the reflected spectrum,
which is generated by the combined effect of photoabsorption, fluorescence, and Compton
scattering, is referred to as reflection spectroscopy. It is possible to probe the physical
conditions of the inner accretion disc, which is very significant in studying strong gravity
regions around the BH, through reflection spectroscopy. This thesis involves modelling

reflection spectra, and I will discuss this briefly in the next section.

2.3.2 Reflection Spectroscopy

The advent of high-resolution spectroscopy reveals the presence of reflection features in the
spectra of many BH-XRBs. Irrespective of the geometry of the corona, it is believed that
the photons up-scattered by the corona, the primary photons, interact with the disc material
and a part of which produces the reflection features, as we discussed in §2.3.1. Fig.. 2.7

represents the reflection spectrum produced by an incident powerlaw spectrum (dashed

15https ://heasarc.gsfc.nasa.gov/xanadu/xspec/manual /node246.html
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Figure 2.7: X-ray reflection spectrum (dashed line) produced by a powerlaw continuum of
photon index 2, and the reprocessed spectrum (continuous line) contains the Ko emission
lines from different elements. Credit: Reynolds (1999)

line) with photon index I" =2, for an optically thick disc with a slab geometry (Reynolds,
1999). The reprocessed/reflected X-ray spectrum from the disc surface consists of a soft
thermal continuum, fluorescent line emission from various elements, and a Compton hump.
The strongest spectral features are the K-edge and fluorescent K, line of iron as iron has
the highest values for both the photoabsorption cross-section and fluorescent yield. For a
neutral disc environment (temperature < 1 keV), the iron line peaks at 6.4 keV (Makishima,
1986). If the disc surface is photoionized, the absorbers are ionized, and the transition
line energy is higher than their neutral ones. For example, the helium-like (Fe XXV) and
hydrogen-like (Fe XXVI) iron species have transition energy at 6.68 keV and 6.97 keV,
respectively“’. The ionization parameter, £, measures the degree of ionization of the disc
matter. It is defined as & = 47 F (r)/n.(r), where F(r) is the incident X-ray flux at a radius
r from the BH and n,(r) is the local electron number density.

For a distant observer, the reflection features appeared to be diluted/broadened and
distorted (asymmetric) due to several reasons like the ionization state of the accretion
disc surface (Fabian et al., 1989; Ross et al., 1999), Doppler effect and general relativistic
effects of the strong gravity (Fabian et al., 1989, 2000). These effects are more pronounced

for systems with high inclination, while in face-on systems only the transverse Doppler

16https ://heasarc.gsfc.nasa.gov/docs/software/xstar/xstar.html
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effect and gravitational redshift affect the spectrum. The relativistic reflection spectrum
can give insights into the spin of the BH. The spin is strongly related to the radius of the
last stable orbit (Equation 1.1) around the BH. The line emitted from the inner disc is
broadened/distorted more as the disc gets closer to the BH. Also, for a rapidly spinning BH,
the red wing of the line extends down to much lower energies. The reflection modelling may
further provide a perception of the disc emissivity profile, which is the radial distribution of
the illumination to the accretion disc by the primary photons (Wilkins & Fabian, 2011). It
is parametrized as a powerlaw, F' oc r~4, with emissivity index g. The steeper the emissivity
profile, the broader the line feature. Small values of g correspond to the disc’s outer region,

whereas high values represent the inner regions.

Models for Reflection Spectroscopy

In our study, we performed reflection spectral modelling using a few different flavours of
the relativistic reflection model RELXILL'" (Garcia et al., 2014). This is currently the most
accurate model for addressing the reflection features. It combines the capabilities of the
xillver (Garcia & Kallman, 2010; Garcia et al., 2013) reflection code and the relline
(Dauser et al., 2010, 2013) ray tracing code. The remarkable aspect is that the xillver code
calculates the reflection spectrum for each point on the disc by taking care of the proper
emission angle at the disc surface instead of following an angle-averaged approach like
many other reflection models. These individual spectra are then relativistically smeared by
the model relline and then integrated to provide the total reflection spectrum. relline
uses the transfer function method (Cunningham, 1975) to calculate the photon trajectory
from the point of emission in the accretion disc to the observer.

In the RELXILL model, the primary photon source is assumed to be either an isotropic
point-source at a height on the rotation axis (lamp-post corona) of the BH or an extended
source at the inner part of the disc without any geometric assumption. Fig. 2.8 illustrates
the lamp-post geometry, where the corona (blue dot) is located at a height 4 from the disc
surface on the rotation axis of the BH. Strong light bending forces the radiation (red line)
to illuminate the disc at a distance r from the BH at an angle 9; to the surface normal.

The RELXILL model provides various flavours of models: relxill, relxillCp,
relxilllp, relxilllpCp, relxillD,etc. The ‘/p’ models assume a lamp-post corona.
Other models lack a specific coronal geometry and assume a broken powerlaw radial
emissivity profile of the corona: F o r79! for r < rypeax and F oc 792 for r > rprea

where ek 1S called the breaking radius, and ¢; and g, are the emissivity indices. All

17http ://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/index.html
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D>

Figure 2.8: An illustration of the lamp-post geometry; where the corona (blue dot) is
located at a height /4 from the disc surface on the rotation axis of the BH. The illumination
of the disc at a radius r is shown in red. Credit: Dauser et al. (2013)

models assume a cut-off-powerlaw (photon index I" and cut-off energy E.,;) as the incident
primary radiation. However, the ‘Cp’ models consider a thermal Comptonization continuum
(nthcomp) as the primary photon source. Both I" and E.,; (or equivalently k3T, for ‘Cp’
flavour) are free parameters; however, the ‘D’ flavour of models (relxillD, relxilllpD,
etc.) assumes a fixed E.,; at 300 keV. The density of the accretion disc is frozen at
n = 10 ¢cm™3 except for the ‘D’ models, which allows even higher values of disc density.
The geometry of the accretion disc is constrained through its inner and outer radius (R;;, and
R,u1), and the inclination (€) of the inner accretion disc surface normal to the line-of-sight.
The iron abundance (Afr,.) of the disc surface is measured in units of the solar abundance
(Anders & Grevesse, 1989). The ionization parameter (log &) is a measure of the degree
of ionization of the disc surface. Furthermore, the model includes the reflection fraction
(Rr) and model normalization as additional parameters. Reflection fraction is the ratio of
the intensity of the primary photons illuminating the disc to that reach the observer (Dauser
et al., 2016). The model output is the direct coronal emission and reflected radiation for a

positive value of R, whereas a negative Ry provides only the reflected radiation.

2.4 X-ray Timing Analysis

As discussed in §1.6.2, XRB lightcurves show time variability, best characterised by the

PDS. It generally carries the signature of the variation in the source flux and the Poisson

44



counting noise. An approximately flat PDS, since it does not depend on frequency, is called
‘white noise’, and that with a powerlaw nature is called ‘red noise’. The Poisson power
component must be removed from the PDS for scientific studies.

Let x(t) be the lightcurve that measures the photon flux continuously. In practice,
X-ray the instrument records photons in discrete time intervals or bins (At), resulting in
the measurement of the number of events (x,,) that occur within each bin. If a lightcurve
segment of length T consists of N successive bins (7' = NAt), the discrete Fourier transform

of x,, gives the spectral density,

N-1
X; = mee—zm"‘m/N . (2.10)

m=0

If segment length N = 2™, the PDS computation becomes easier using the fast Fourier trans-

k k
form. In general the Fourier frequency f; = T = WA is defined over k € [-N/2,N/2].

Therefore, the minimum possible frequency will be the length of the lightcurve segment,
i.e., fmin = 1/T, and the maximum frequency (Nyquist frequency) will be f,,,, = 1/2At.
The usual practice is to divide the total lightcurve into multiple segments and compute the
spectral density (periodograms) for each segment and average the periodograms. Finally,
the PDS is a squared Fourier amplitude with a normalization,

P, = (Normalization) | X; | . (2.11)

There are mainly two types of normalization for the periodogram; Leahy normalization
(Leahy et al., 1983) and root-mean-square (RMS) normalization. The Leahy normaliza-
tion of PDS for pure Poissonian data gives a constant value of 2 ()2 distribution with
2 degrees of freedom). The RMS normalization expresses the PDS in units of (RMS
variability/mean)?/Hz. In X-ray timing analysis, we first compute the PDS using Leahy
normalization, then subtract the Poisson power component and apply RMS normalization

to obtain the intrinsic source PDS.

2.4.1 Modelling the Power Density Spectrum

The variability in power density spectra of XRBs is generally aperiodic since the accretion
process is turbulent. Modelling the aperiodic variability helps to understand the dynamics of
the system. We use the tool powspec to generate PDS from lightcurves. The powspec task

with normalization = -2 gives the Poisson noise subtracted RMS variability. The integrated
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amplitude of the continuum gives the ‘fractional RMS amplitude’. We generated a flat
response and used XSPEC to model the PDS using different models such as powerlaw,
cut-off powerlaw or a combination of several Lorentzian functions. The broad noise
features in the PDS are modelled with zero-centred Lorentzians. While a combination
of Lorentzian is used to identify the QPOs or QPO-like features in the PDS. The functional
form of Lorentzian in XSPEC is written as,

Lo A

B TEA

(2.12)
where v is the frequency, and v, (characteristic frequency of QPO) is the line centre. Here,
A is the line’s half-width at half maximum (HWHM), and L is the normalization. The
coherence of the QPO feature is expressed using a quantity called the Q-factor, Q = v./2A
(van der Klis, 2000). The significance of the QPO feature is the ratio of Lorentzian
normalization (Lg) to its negative error (Alam et al., 2014; Sreehari et al., 2019). The area
under a Lorentzian is given by

Lo

LT:7

2
1+= tan™! (%)] , 2.13)

and the fractional RMS amplitude is calculated as /L.
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Chapter 3

Accretion Scenario of MAXI J1820+070
during 2018 Outbursts with Multimission

Observations

We are investigating the spectral and timing properties of the source MAXI J1820+070
during its 2018 outbursts. Our analysis involves utilizing data from multiple instruments,
including Swift/XRT, NICER, NuSTAR, and AstroSat. Throughout the outburst, a total of 15
epochs of wideband simultaneous observations (five XRT-NuSTAR, seven NICER-NuSTAR
and three AstroSat pairs) were identified. We perform phenomenological and reflection
modelling of these observations. Swift/XRT and NICER have good coverage over the entire
outburst; hence we perform phenomenological modelling of all the data available from these
instruments. Also, we carry out timing analysis, using NICER observations of the entire
outburst. The findings of this work have been published in the journal Monthly Notices of
the Royal Astronomical Society (MNRAS) (Prabhakar et al., 2022).

3.1 MAXI J1820+070: Properties

MAXI1J1820+070 (ASASSN-18ey) is a galactic low-mass X-ray binary discovered in optical
by All-Sky Automated Survey for SuperNovae (ASAS-SN, Shappee et al., 2014) on 3 March
2018. A week later, on 11 March 2018, it was discovered as an X-ray transient by Monitor
of All-sky X-ray Image/Gas Slit Camera (MAXI/GCS, Kawamuro et al., 2018; Denisenko,
2018; Tucker et al., 2018). Tt is located at RA = 18"20"214.9, DEC = +07°11'07".3
(J2000) (Kawamuro et al., 2018). MAXI J1820+070 is one of the brightest X-ray transients
ever discovered, having a soft X-ray flux of ~ 4 Crab in 2 — 6 keV (Shidatsu et al., 2019).

There are several follow-up observations by various X-ray missions such as Swift, NICER,

47



NuSTAR, HXMT, etc. The source is also observed in radio (Bright et al., 2018). Tetarenko
etal. (2021) detected highly relativistic and confined jet emission from the system in the hard
state. An optical disc wind has been discovered (Mufioz-Darias et al., 2019) in the hard state,
whereas Sanchez-Sierras & Munoz-Darias (2020) reported the presence of near-infrared
winds in the soft state of MAXI J1820+070.

Studies of the optical counterpart of MAXI J1820+070 by Torres et al. (2019) derived a
mass function f (M) of 5.18+0.15M, which is the dynamical confirmation of the black hole
nature of the source. The estimated mass of the BH is in the range of 7 — 8 M. The distance
to the source is obtained as 2.96 + 0.33 kpc (Atri et al., 2020) by radio parallax method
using VLBA (Very Long Baseline Array). The VLBI (Very Long Baseline Interferometry)
observation provides an inclination angle (6) of 63 + 3% and mass of 9.2 + 1.3Mg (Atri
et al., 2020). Later, Torres et al. (2020) did a more accurate calculation of the mass ratio
g = 0.072 £ 0.012, which leads to M = 8.48"079 M, using 0 = 63 + 3% (Atri et al.,
2020). Buisson et al. (2019) estimated the inner radius of the accretion disc using NuSTAR
observations in the hard state and suggested a low-spinning BH. Guan et al. (2021) reported
a spin of O.ZJ:%% by continuum fitting method in the soft state data of MAXI J1820+070
using Insight-HXMT observations. Bhargava et al. (2021) carried out the spin measurement

using the Relativistic Precession Model (RPM) on NICER observations, and the estimated

+0.016

value of the spin as 0.799_0_015

under the assumption of a BH mass of 8.48M.

3.1.1 Observations

We carry out the present study using four different instrument data, i.e., Swift/XRT, NICER,
NuSTAR, and AstroSat, from 12 March 2018 to 21 November 2018. Table 3.1 gives an
observation summary for various instruments. We analyze and model all the data from
Swift/XRT, NICER and AstroSat observations in this period and consider NuSTAR data only

for simultaneous observations with NICER or XRT.

3.2 Spectral Modelling of MAXI J1820+070

MAXI J1820+070 underwent two successive outbursts (Outburst-I1 & Outburst-1I) in 2018.
Near the peak of Outburst-1I, the source became extremely luminous, and XRT data suffered
from a huge pile-up. A large area of the source region needs to be removed for pile-up

correction, possibly severely affecting the instrument’s overall PSF. Therefore, we ignore
all Swift/XRT observations between MJD 58298 and MJD 58386 from the spectral analysis.
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Table 3.1: Summary of observations of MAXI J1820+070 under study.

Mission Start date (MJD) End date (MJD)
Swift/XRT" | 12-03-2018 (58189.02) | 12-11-2018 (58434.35)
NICER | 12-03-2018 (58189.58) | 21-11-2018 (58443.82)
NuSTARTY | 14-03-2018 (58191.90) | 29-10-2018 (58420.00)
31-03-2018 (58208)
AstroSat: 10-07-2018 (58309)
25-08-2018 (58355)

T Swift/XRT observations from MJD 58298 to MJD 58386 are ignored due to a huge pile-up.
71 Only the NuSTAR observations simultaneous to NICER or XRT during this period are
considered.

I There are only three AstroSat observations throughout our study.

Similarly, the NICER instrument suffers from telemetry saturation due to a high count
rate during this bright phase. Several detectors were switched off to reduce the issue of
telemetry saturation. Hence we used the data with a reduced number of active detectors and
properly took care of the reduction of effective area in each observation. The data reduction
procedure of various instruments to extract the scientific products is discussed in §2.2. The
source is very bright, and we find residual in the NICER data below 0.8 keV (Fabian et al.,
2020), therefore, we ignore the data below 0.8 keV for NICER as well as for XRT to keep a
common energy range for the spectral analysis.

3.2.1 Phenomenological Modelling of Swift/XRT and NICER

We independently performed the spectral analysis using Swift/XRT and NICER (though
both operate in a similar energy range) data to consider all the available observations in this
energy range and scan the entire parameter space during both outbursts. Also, we aim for a
comparative study of the spectral parameters estimated between these two instruments. The
data analysis methodology and the description of various models used for data modelling are
presented in §2.3. The XSPEC absorption model tbabs accounts for interstellar absorption.
We fixed ny = 1.5 x 10*'cm™2 (Uttley et al., 2018) for the line of sight column density
throughout the study.

We consider MJD 58189.02 as day O of the analysis; henceforth, all results are pre-

sented with respect to this reference date. At the very beginning of the Outburst-I and end
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Figure 3.1: Lightcurve in the energy range 0.8 — 10 keV generated using the NICER
and XRT observations of MAXI J1820+070. The red circles represent the XRT data,
and the green squares represent the NICER data. The flux in the 10 — 60 keV band for
the simultaneous pairs for XRT-NuSTAR, NICER-NuSTAR and AstroSat observations are
marked with magenta, green and blue stars, respectively. Different evolutionary phases of
the outbursts are marked from I to VII (see text for details).

stages of the Outburst-II, only a powerlaw component and the ISM absorption component
(tbabs X powerlaw) are enough to model the XRT data. However, an additional diskbb
component is required to model the XRT data in-between (tbabs(diskbb+powerlaw)).
NICER data show a line signature at around 6—7 keV throughout Outburst-I. Therefore,
we used an additional gauss component to represent the line, and the overall model is
tbabs (diskbb+powerlaw+gauss). For Outburst-II, the model tbabs (diskbb+powerlaw)
is adequate for fitting the NICER data. We use y statistics to represent the goodness of the
fit. The y?/do f varies in the range 0.79 — 1.38 and 0.72 — 1.33, respectively, for XRT and
NICER analysis. The uncertainties in the spectral fitting parameters are calculated within

the 90% confidence range using the modified Levenberg-Marquardt (1even) algorithm.

3.2.2 Outburst Profile and HID

We estimated the flux in 0.8 — 10 keV for individual NICER and XRT observations from
MID 58189 to MJD 58443, and plotted the lightcurve in Fig. 3.1. The red circles represent
the XRT data, and the green squares represent the NICER data. We notice that the overall
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fluxes of both instruments are comparable. However, as discussed in Appendix-A, there
may be (10—20%) discrepancies in the estimated source flux due to calibration uncertainties
between both instruments. Also, a slight deviation may result due to the variation of the
source itself, as the XRT and NICER observations are not simultaneous. Furthermore,
we suspect that a small discrepancy may be attributed to the high pile-up observed in the
XRT data, despite our meticulous removal of the pile-up effect. Therefore, most of our

conclusions are based on NICER data, and we present XRT results for comparison.

We marked different phases (I to VII) in the lightcurve to identify the evolution of the
outburst. At the beginning of the outburst, MAXI J1820+070 showed an increase in flux
with a short rise time (Phase-I) of ~ 10 days to reach the peak and then started to decay
slowly (Phase-II, also referred to as plateau phase) between ~ 10 — 60 days followed by a
much steeper decline (Phase-III) till 100 days. After this phase, Outburst-1I is triggered,
with a rapid increase in flux (Phase-IV), and at around day 110, the X-ray flux reached the
second peak (9.38 + 0.01 x 1078 erg/s/cm?), with flux approximately 1.5 times higher than
the peak flux value of Outburst-1in 0.8 — 10 keV band. Then the source flux decays linearly
(Phase-V) for the next 80 days, followed by an exponential decline of flux (Phase-VI).
Finally, at around day 220, the source reached the quiescence (Phase-VII). We noticed that
the peak flux of Outburst-I in the 2 — 10 keV bands is larger (a factor of 2.4 for NICER and
3 for XRT) than the flux in the 0.8 — 2 keV band, whereas the same for Outburst-II is lower
by a factor of 1.2 (NICER). A similar trend is observed in 10 — 60 keV band, represented
by star symbols in Fig. 3.1, obtained from broadband spectral studies (see also Swift/BAT
lightcurve in Fabian et al. (2020); Buisson et al. (2019) and Insight-HXMT lightcurve in
You et al. (2021); Ma et al. (2021)) discussed in §3.3.1. Here magenta, green, and blue stars
represent simultaneous pairs for XRT-NuSTAR, NICER-NuSTAR and AstroSat observations,
respectively. It indicates that Outburst-I is harder than Outburst-1I, and we explore the
details in §3.2.3.

We also separately estimate the flux in 0.8 — 2 keV (low) and 2 — 10 keV (high) for all
XRT and NICER observations. We define the hardness as the ratio of flux in 2 — 10 keV
band to that in 0.8 — 2 keV band. The hardness-intensity diagram (HID) for the outburst
is plotted in Fig. 3.2. Here also, the red circles represent the XRT data points, and green
squares represent the NICER data points. The HID of the two instruments shows an offset
in HR, particularly when the source is bright during Outburst-I. Compared with XRT, the
NICER flux is ~ 10% higher in the low-energy band but ~ 10% lower in the hard energy
band, maintaining a comparable total flux (see Appendix-A). This results in a ~ 22% lower
HR for NICER data than XRT. Enhancing the NICER HR by this factor makes both HID
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Figure 3.2: The Hardness-Intensity diagram of the source MAXI J1820+070 during the
2018 outburst. The hardness is calculated as the ratio of fluxes in 2 — 10 keV to 0.8 — 2 keV
for both NICER and XRT. The red circles represent the XRT data, and the green squares
represent the NICER data. Various phases (I-VII) of the lightcurve are marked. See text for
details.

comparable. Various phases are marked from I-VII to indicate the evolution of the source
in the HID. The outburst starts with low-luminosity LHS (Phase-I) with the highest HR and
then evolves approximately at a constant flux level (Phase-II) with a significant change in
HR. The source flux decreases roughly at a constant HR (Phase-III) between ~ 60 — 100
days. During Outburst-I, the source remains only in the LHS (Phase-I to III in Fig. 3.2),
and is identified as a ’failed-transition’ outburst. Outburst-II is triggered through Phase-1V
(very short intermediate state) with an enhancement of flux, and the source reaches the HSS
(Phase V). The source transitions back to the LHS (Phase-VII) during the decline phase
through an intermediate state (Phase-VI), completing a g-shaped hysteresis cycle since the
hard-to-soft transition occurs at a higher flux than soft-to-hard. It is a complete outburst

since it covers all the spectral states.

3.2.3 Evolution of Spectral Parameters

The aim is to study the evolution of the spectral parameters during the progress of the
outbursts to understand the accretion geometry and the associated physical process. We
modelled all the XRT and NICER data using a combination of the phenomenological models
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Figure 3.3: Evolution of (a) inner accretion disc temperature (7;,) and (b) disc normal-
ization for XRT and NICER data. The red circles represent the XRT data, and the green
squares represent the NICER data. The uncertainties are within the 90% confidence range.
Different evolutionary phases are marked from I to VII. The star marks represent the values
estimated from the wideband spectral analysis using phenomenological models discussed
in §3.3.1.

powerlaw, diskbb and gauss (required only for NICER data).

The evolution of the diskbb parameters, 7;, and diskbb normare presented in Fig. 3.3a
and Fig. 3.3b respectively, estimated from both XRT and NICER observations. Here, XRT
data points are marked by red circles and NICER by green squares. The uncertainties are
within the 90% confidence range. The star marks represent the values estimated from the
wideband spectral analysis using phenomenological models discussed in §3.3.1. We see that
the diskbb component is required to model all observations of Outburst-I (first ~ 100 days).
T;, is low at the beginning of the outburst and subsequently increases with the accretion
of matter in the brief rising phase (~ 10 days). Both 7}, and diskbb norm remain almost
constant (though two parameters from XRT data show some random variation) during Phase-
II. However, a slow decline (Phase-III) is observed towards the end of Outburst-I. It means

that the thermal component does not change much in Phase-1I while it is decreasing slowly
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(Phase-III) in the decline part of Outburst-1. The diskbb norm is directly proportional to
the inner radius of the accretion disc, R;,. The source is in the LHS during Outburst-I, and
the high value of diskbb norm indicates that the disc is truncated at a large radius (see
also, Zdziarski et al. (2021a,b)).

Around day 100 (MJD 58290), the Outburst-II is triggered, and the source becomes
extremely luminous with a very sharp increase of 7j, (~ factor of 3) and an order of
magnitude decrease in the diskbb norm. The source transits to the HSS via a very brief
intermediate state. The large value of T;, signifies strong accretion activity, and the low
value of diskbb norm reveals that the inner edge of the accretion disc extends close to
the central object. Also, the nearly constant value of the diskbb norm during the HSS
indicates that R;, does not evolve during this period. However, T;,, gradually decreases
along with the decline of the source flux, and the thermal radiation regulates the evolution
of the source in this phase. As mentioned earlier, we have ignored the XRT observations
during this period due to huge pile-up issues and have used only NICER data for spectral
modelling. As the source returns to the LHS, 7;, declines to a low value, and eventually,
the contribution from the disc becomes insignificant after ~ 210 days (MJD 58400). The
outburst ends with the disc truncated again at a large distance, and diskbb norm becomes

large.

We use a powerlaw model to quantify the contribution of the non-thermal component,
which is believed to be produced by the inverse-Compton scattering of the disc photons.
The evolution of the powerlaw model components is shown in Fig. 3.4. The XRT and
NICER data are shown in red circles and green squares, respectively, as before. Fig. 3.4a
represents the evolution of photon index (I') with time, whereas Fig. 3.4b shows the evolution
of powerlaw normalization (norm). Again the star marks represent the same quantities
estimated from the wideband spectral analysis using phenomenological models (see §3.3.1).
In LHS, the contribution of Comptonized hard photons is larger than the soft disc photons
and therefore, I' is low (harder spectrum) with a high value of powerlaw norm. We
noticed two distinct patterns of evolution of the powerlaw component in the LHS. Phase-
IT shows a gradual increase in I' (Fig. 3.4a) with a constant powerlaw norm (Fig. 3.4b)
such that the lightcurve appears as a plateau (Fig. 3.1). However, I" remains constant
and a gradual decline of powerlaw norm is observed in Phase-IIl. In both cases, there
is a gradual decrease in the non-thermal flux. In the former case, the non-thermal flux is
reduced due to the steepening of the spectral index caused by a steady thermal photon flux.
In contrast, in the latter case, the non-thermal flux is decreased due to the reduction of

thermal photon flux without changing the nature of the non-thermal spectrum. Therefore,
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Figure 3.4: The time evolution of (a) photon index and (b) powerlaw normalization
for XRT and NICER data. The red circles represent the XRT data, and the green squares
represent the NICER data. The uncertainties are within the 90% confidence range. Different
evolutionary phases are marked from I to VII. The star marks represent the same estimated
from the wideband spectral analysis (§3.3.1).

the non-thermal radiation regulates the dynamics in Phase-1I, while in Phase-III, both the
non-thermal and thermal fluxes change slowly. We noticed that I' (Fig. 3.4a) measured from
NICER is higher (~ 0.24) than that of XRT during the LHS (Outburst-I), possibly due to
the reasons mentioned in §3.2.2. In Outburst-II, spectrum becomes very soft (I' > 3) as the
source rapidly enters the HSS, and this characteristic is maintained throughout the entire
HSS (Phase-V), despite a reduction in the non-thermal flux (powerlaw normreduces) over
time. In the declining phase, the source moves through the intermediate state (I' ~ 2) and
finally reaches the LHS (Phase-VII) with a hard spectrum.

The spectral modelling of NICER data shows an excess residual in the 6 — 7 keV range,
which is generally assumed to be Fe K, feature produced due to the reflection of hard
photons onto the cold accretion disc. We used a Gaussian profile wherever this feature is
visible. The evolution of Fe K, line energy and the Gaussian normalization estimated using
NICER data are shown in Fig. 3.5a and Fig. 3.5b, respectively. The star marks show the
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Figure 3.5: Time evolution of (a) Gaussian line energy and (b) Gaussian line normalization
obtained from NICER data. The uncertainties are within the 90% confidence range. Differ-
ent evolutionary phases are marked from I to VII. The star marks represent the parameters
estimated from the wideband spectral analysis (§3.3.1).

same quantity obtained from the broadband spectral modelling. The Gaussian line width
is frozen at 0.6 keV for some observations, which otherwise give very high values. At the
beginning of the outburst, the source is in LHS, and more hard powerlaw photons from
the corona illuminate the accretion disc surface. We notice an increasing line contribution
during the rising phase. Afterwards, a gradual decrease of powerlaw photons reduces the
amount of reflected radiation. This trend can be visible in Fig. 3.5b. Other factors, such as
the slope of the hard photon spectrum from the corona, the ionization of the disc surface,
and so on, may also contribute to the observed changes in the iron line profile (Buisson
et al., 2019; Kara et al., 2019; Axelsson & Veledina, 2021). The Fe K, line emission
energy is 6.4 keV, but it can vary slightly due to the relativistic effects. Fig. 3.5a displays
a systematic increase in the Gaussian line energy, which lies in the range 6.53 — 6.89 keV.
In Outburst-II, the source immediately enters the HSS, the disc photons dominate, and no
more line features are visible in the spectra. However, the NICER observation around ~

200 day shows a reflection feature at ~ 7.1 keV.
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Table 3.2: Simultaneous broadband (XRT-NuSTAR, NICER-NuSTAR and AstroSat) obser-

vations of the source MAXI J1820+070.

Obs. ID
Epoch NuSTAR (MID) XRT (MID) NICER (MJD) AstroSat
(MJD)
1 90401309002 (58191.94) 1200120103 (58190.99)
2 9000001994
(58208)
3190401309013 (58224.95) | 00010627042 (58224.87)
4 90401309013 (58224.95) | 00010627043 (58224.95)
5 90401309014 (58225.28) 1200120131 (58225.03)
6 |90401309019 (58255.60) | 00088657004 (58255.90)
7 90401324002 (58259.24) | 00010627062 (58259.35)
8 |90401309021 (58297.17) 1200120189 (58297.19)
9 9000002216
(58309)
10 90401309025 (58314.75) 1200120207 (58314.19)
11 90401309027 (58327.05) 1200120220 (58327.89)
12 9000002324
(58355)
1390401309033 (58388.91) | 00088657010 (58388.92)
14 90401309037 (58404.95) 1200120277 (58405.20)
15 90401309039 (58420.05) 1200120290 (58420.05)

3.3 Simultaneous Wideband Spectral Modelling

To understand the spectral characteristics over a broad range, we performed simultaneous
wideband spectral analysis using data from four instruments: Swift/XRT, NICER, NuSTAR,
and AstroSat. We considered all simultaneous or quasi-simultaneous (with a time difference
not exceeding 1 hour) observations (XRT-NuSTAR, NICER-NuSTAR and AstroSat SXT-
LAXPC) which are listed in Table 3.2. For each pair, either XRT or NICER data contributes
to the low-energy regime (0.8 — 10 keV), and NuSTAR data (4 — 75 keV) contributes to the
high-energy regime. For AstroSat, we used SXT (0.7 — 8 keV) and LAXPC (3 — 60 keV)
data, respectively for low and high-energy bands. The SXT data below 1.3 keV for Obs. ID
9000001994 (Epoch 2 in Table 3.2) shows a high systematic residual, which has also been
reported by Chakraborty et al. (2020). Therefore, we used SX7 data between 1.3 - 7.0 keV
for this observation. A temporal filter is applied to extract the spectrum from the NuSTAR

57



data according to the exposure time of the corresponding simultaneous NICER or XRT data
to ensure they are strictly simultaneous. The spectra from both focal plane modules (FPMA
and FPMB) of NuSTAR data are fitted together. A normalization constant accounts for the
calibration difference, if any, between FPMA and FPMB.

We consider 15 epochs (5 pairs of XRT-NuSTAR, 3 pairs of AstroSat and 7 pairs of
NICER-NuSTAR) of simultaneous observations (Table 3.2) and model them using a combi-
nation of phenomenological models and compare the parameters obtained from the spectral
modelling of individual NICER/XRT data. Also, we modelled the broadband data using
reflection models to estimate various parameters such as the BH spin, inclination of the
system, accretion disc characteristics, etc. The ny value is fixed at 1.5 x10*'cm~2, same as
the NICER/XRT spectral modelling (§3.2.1). AstroSat/LAXPC data show an instrumental
feature ~ 30 keV due to Xe K fluorescence X-rays since the detector is filled with a mixture
of xenon and methane (Antiaet al., 2017, 2021; Sreehari et al., 2019). Additional absorption
edges address this instrumental feature of LAXPC. Brief descriptions of various models
used for data modeling in XSPEC are discussed in §2.3.

3.3.1 Wideband Phenomenological Spectral Modelling

We attempted to model the XRT-NuSTAR, NICER-NuSTAR and AstroSat observations using
a combination of the phenomenological models diskbb and nthcomp with a motivation
to estimate the temperature of the corona and exponential cut-off, if any. But we could
neither constrain the electron temperature nor the cut-off energy. Therefore, we continue
to model the broadband data with diskbb and powerlaw to maintain consistency with the
spectral modelling of individual NICER/XRT data. We also used components like gauss
and smedge if required. The estimated parameters are presented in Table 3.3 and marked
with star symbol in Fig. 3.3,3.4,3.5.

The diskbb parameters are consistent with NICER/XRT, though Epoch 2 (AstroSat)
records a higher 7;, and lower diskbb norm than NICER/XRT. Epoch 1 — 8 and Epoch
14 — 15 in Table 3.3 belong to the LHS, and the estimated powerlaw index is consistent
with the same from XRT data alone (Fig. 3.4a). Epoch 9 — 12 corresponds to the HSS, and
the estimated I" (< 3) is significantly harder than that estimated from the NICER data (Fig.
3.4a). During Epoch 13, the source possibly transited through an intermediate state with
I' = 1.94:0)'.%12. Additional Gaussian component is required for three broadband (Epoch 1,
5 & 8 in Table 3.3) observations and the line parameters differ significantly from that of
NICER data (Fig. 3.5).
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Table 3.3: Spectral parameters of simultaneous broadband X-ray data (XRT-NuSTAR, NICER-NuSTAR and AstroSat) fitted with
phenomenological models. The XRT-NuSTAR pairs and AstroSat observations are highlighted with dark-grey and pale-grey colours,

respectively; others are NICER-NuSTAR pairs. The uncertainties are within the 90% confidence range.

diskbb gauss smedge powerlaw
Epoch )(fe d
T; norm line E sigma norm edge E width r norm
(keV) (x10%) (keV) (keV) | ( photons/cmz/s )| (keV) (keV) ( photons/keV/cmz/s )
1] 026700 | 1.2793 16.47*000 10.25400 | 0.0029+0000% 16.57+0%% | 8.973% | 1.403+00% 16704 1.17
2 0.3917000 1 1.624009 | — — — 8.1703 | 3.8%04 11.50670,0% 4.37+0.0¢ 1.43
3] 02300 1 17.5%% | — — — 7.24400 1 3.7+08 | 1.578+0.003 4.93+0:0% 1.33
4 1 0227900 | 16273 | — — — 7.2400 | 3708 11.578%000 4.947003 1.28
5103254099 | 6.04702 | 6.46*%9% 1 0.28*003 | 0.0083*+00008 | 7.33+0:06 1 32404 | 1.580*0001 5.05+000 1.89
6 | 0.19%90 |58.2%289 | — — 7.2401 | 44716 11,677+ 4.85+004 1.06
7 | 021790 12957071 — — — 7.2403 | 48731 | 1.68*000 4.76790%% 1.10
8 0.325*0002 1 3.7+40.1 1 6.46*00% 10.12700° | 0.0009*90002  17.33+004 | 5.1#0. 1 1.608*0.000 2.395+0.00¢ 1.55
9 0.7496 225700 | — — — 7.58+007 116.5*0:6 | 2.20*%00 3.58+00% 1.7
1007134500, | 1.8919% | — — — 6.87000 | 14,3432 | 2,550 6.9*0:2 1.42
11 {0.711#%1 11664092 | — — — 6.76*0:08 | 13.9°0:5, 1 3.086*0.09 7.5%0:2 1.09
12 0.618*000212 014004 | — — — 8.9704 | 8.847 | 3147002 6.5%02 1.80
13 | 0357001 | 3.0%04 — — — 7.8%02 | 13.877 | 1.94700) 1.86*0.05 1.03
14 | 020799 | 0.3*92 — — — — — | 168379000 0.124+0.003 0.97
15 — — — — — — — | 182179906 | 0.0383*%:900% 1 1.00

tParameter uncertainty can’t be estimated.




This is because NuSTAR has a broad coverage to capture the reflection features and has
a better energy resolution in this range. Inclusion of NuSTAR data results in constraining
the gauss line energy and width (Table 3.3). We also notice an absorption edge (6.75—-9.3
keV) in all the simultaneous data except Epochs 14 and 15 (towards the quiescent state). It

possibly indicates a significant amount of hard X-ray irradiation during the outbursts.

3.3.2 Spectral Modelling for Reflection Features

There are studies related to the reflection features in the spectra of MAXI J1820+070 on a
selected number of observations using various flavours of reflection models (Buisson et al.,
2019; Chakraborty et al., 2020; Buisson et al., 2021; Marino et al., 2021; You et al., 2021;
Kawamura et al., 2022). We performed broadband spectral modelling using a few flavours
of the relativistic reflection model RELXILL, discussed in §2.3.2.
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Figure 3.6: (a) Simultaneous NICER-NuSTAR observation on MJD 58191 (Epoch 1 in
Table 3.2) fitted using the model tbabs (diskbb+relxilllpCp). Black represents NICER
data, and red and green for NuSTAR FPMA and FPMB, respectively. (b) Quasi-Simultaneous
XRT-NuSTAR observation on MJD 58224 (Epoch 3 in Table 3.2) fitted using the model
tbabs (diskbb+relxilllpCp). Black represents XRT data, and red and green for NuSTAR
FPMA and FPMB, respectively. The diskbb and reflection components are shown in light
blue and black dotted lines, respectively.

We used a combination of diskbb and relxilllpCp models to fit the data except
for Epoch 9 — 12. During these four epochs in the HSS, relxilllpCp model did not
produce a good fit, and the value of a few parameters became unphysical. However,
relxilllp provided a better spectral fitting. The fitted broadband spectra of simulta-
neous NICER-NuSTAR (Epoch 1) and XRT-NuSTAR (Epoch 3) observations using reflec-
tion modelling are shown in Fig. 3.6a and Fig. 3.6b, respectively. We used the model
tbabs (diskbb+relxilllpCp) to fit the data for both cases. Black represents the XRT
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Figure 3.7: Broadband energy spectrum of AstroSat observation (Epoch 9) is best fitted
with the model tbabs(diskbb+relxilllp). The SXT and LAXPC data are plotted in
magenta and green, respectively. The diskbb and reflection components are shown in light
blue and black dotted lines, respectively.

data in Fig. 3.6a and NICER data in Fig. 3.6b, whereas red and green represent NuSTAR
FPMA and FPMB, respectively. Fig. 3.7 represents the AstroSat observation (Epoch 9)
fitted with the model tbabs(diskbb+relxilllp). SXT and LAXPC data are shown in
magenta and green, respectively. A thermal disc component is needed for the low-energy
data. Note that in phenomenological modelling (§3.3.1), the reflection features are managed
by a gauss component at ~ 6.4 keV and smedge component at ~ 7 keV for most of the
epochs. On the other hand, reflection features such as the iron line, edge and Compton
hump are self-consistently calculated in the RELXILL model.

Similarly, all the pairs in Table 3.2 are fitted with RELXILL models. The important
parameters are estimated and summarised in Table 3.4, while other parameters are frozen
at their default values. The uncertainties are within the 90% confidence range. The inner
disc temperature, 7;, and photon index, I" estimated for each epoch from phenomenological
(Table 3.3) and reflection modelling (Table 3.4) are generally agreed well. However, T;,
estimated from reflection modelling is marginally lower, and I" is slightly higher. A possible
reason could be that the soft excess from the reflection model contributes to lower energy,
reducing the temperature of the diskbb component. Also, the primary spectrum may
become marginally softer since the reflection reduces the number of hard X-ray primary

photons.
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Table 3.4: Spectral parameters of simultaneous broadband XR7T-NuSTAR, NICER-NuSTAR and AstroSat observations fitted using
RELXILL group of models. The highlighted rows indicate the same as in Table 3.3/ The uncertainties are within 90% confidence

range.
Epoch diskbb relxilllpCp szed
T; norm h 6 r log ¢ AFe, Ry kT, norm
(keV) (x10%) (GM/c*) | (deg) (ergcms™) | (Afpeo) (keV) | (x107%)
1| 023749907 | 1.59*02 1202.25* %0 | 63.07T | 1.553*0:003 1 2.017008 | 2.4*01 10.39*001 | 100.077 | 5.9*01 |1.09
2 | 033790 | 2376 100.0™" | 63.0"" | 1.54*000 | 3.70*00) | 44755 | 07703 1100.077| 165735 | 1.46
30 0179 | 44.6108 | 29.46403° 156.9726 | 1.727001 1.697 2.4%03 1 0.6707 |116.677| 18.2%;3 |1.20
4 | 01700 | 4717538 | 30447688 159.8793 | 1.73*000 | 1.70%000 | 23704 |0.61*008 1 100.077 | 17.6*0% | 1.14
5 1029670005 | 7.0249 30" 63.07 | 1.729*0002 1 1.70*000 |2.14*00% 10.67+001 | 100.07" | 18.0%0] |1.13
6 | 0.16%000 11059719041 23.1*3 | 63.0"7 | 1.808*000% | 1.707003 | 27703 0.657002 1 100.07" | 13.7*03 | 1.08
7| 0.17H0 | 58.4%230 | 23113 | 63.07T | 1827000 | 1707007 | 2.7*03 |0.677009| 100.07T | 13.2*03 | 1.11
8 | 0.30670003 | 4,002 20.3105  163.0%0% | 1.74170000 | 1.699*000% |2.81700510.59*007 1 100.077 | 8.57*003 | 1.52
9* | 0.710%000 | 1917003 | 3.0703 | 63.077 | 2.32*00% | 3.09*001 | 10.0° | 3.6703 | — | 14.83% 1158
10*10.7398*0001 | 1.67*002 2.0* 63.077 | 2.57*000 | 3317002 | 7.9+0L 131040211 — 1 125.3700 11,19
11 0.7198*0000 | 1670003 | 2.23*008  159.9*0-3 13.273+00% | 2.70700) | 10.0% | 3.8*01 | — 424.5%)2011.28
12¢ | 0.6917000° | 0.557001 | 2.69709% | 63.077 | 3127000 | 4.3*00¢ | 10.08 |3.597037 ) — | 15.8*]0 |1.37
13 | 035000 | 238704 | 1125835 | 63.07 | 2.07+992 | 1.7492 | 477907 | 0.8*01 1 100.0"7 | 3.9*05 11.10
14 — — 8.67 63.077 | 1.73*000 | 2.8%01 | 1.4*01 10.38*099 1 54347 | 0.5*02 | 1.0
15 — — 3.03" 63.07" | 1.84*00% | 1.7f0F | 5.017% 10.38*0071100.07" | 0.38+090% 1 0.98

* HSS where relxilllp model is used instead of relxilllpCp. Here, kT, is not a parameter and norm is the relxilllp
normalization.
tParameter uncertainty can’t be estimated. {fFrozen parameter. ZParameter hits the boundary.




The spin parameter a. is found to be pegged near the highest allowed limit. Therefore
we freeze a,. = 0.998. Bhargava et al. (2021) predicted the BH spin of MAXI J1820+070 as
O.799f%‘%11§ using timing study, but they expected an underestimation in the calculation, and
this value should be regarded as a lower limit. Therefore, the high-spin approximation used
in our study is justified. The inclination angle, 8, of the system has been estimated to be 63°
(Atri et al., 2020). Through reflection modeling, we were able to estimate the inclination
angle for a few observations (Epoch 3, 4, 8, and 11). For the remaining observations, we
freeze 6 = 63° since we were unable to constrain it from the fitting. The inner radius of
the accretion disc R;;, is frozen at R;sco and the outer radius R,,, is frozen at the default
value (400 rg). In most cases, the electron temperature in the corona kg7, is hitting the
upper boundary. Therefore, in such cases, we freeze it to a more reasonable value of 100
keV. We used lamp-post height /4, inclination angle 6, photon index of the incident radiation
I', ionization parameter log &, iron abundance (Af,) of the accretion disc, and reflection

fraction Ry as the free parameters.
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Figure 3.8: Evolution of the reflection parameters: (a) lamp-post height (%), (b) ionization
parameter (log &) and (c¢) reflection fraction (Ry) obtained from simultaneous wideband
spectral study. Different evolutionary phases are marked from I to VII.

The evolution of the reflection parameters is shown in Fig. 3.8. The number of primary
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source photons illuminating the disc increases in the rising phase of the outburst, and
hence the ionization (log &) (Fig. 3.8b) of the disc material increases. As a result, the
amount of reflection, Ry, increases during the rising phase of Outburst-1. Therefore, Ry
shows a positive correlation with the luminosity of the source in the hard state (Atri et al.,
2020). During Phase-II, the lamp-post height, log &, and Ry decrease from the rising
phase, whereas these parameters remain steady in Phase-III. R s shows a slight decrease for
Epoch 8 (Phase-IV), which is the very beginning of the second outburst and has a lower
flux. However, You et al. (2021) considered a lamp-post corona for the hard state of MAXI
J1820+070 and reported an unusual decreasing trend in the reflection fraction due to the
effect of the bulk motion of the corona. We are considering a point-like static lamp-post
corona, where this effect is not coming into the picture. Thermal reverberation lags (De
Marco et al., 2021) showed that the relative distance between the primary photon source
and the disc decreases as the source softens.

Dauser et al. (2016) found that reflection is strong for low source height (%) and high
inclination angle. In the HSS (Phase-V in Fig. 3.8), we observed that the corona is close
to the central object with a high reflection fraction Ry ~ 3.5, a high ionization parameter
(log & ~ 4) and an over-abundance of iron (Ar.). Buisson et al. (2019) and Bharali et al.
(2019) also reported the chances of overestimation of Ar,. The decline phase (Epoch
13 — 15) shows a reduction of ionization and reflection fraction. The lamp-post height
shows a momentary increase (Epoch 13) when the hard flux takes over the soft flux and then
declines as the source becomes faint. Thus, the broadband reflection modelling indicates
the presence of a dynamically evolving corona (with the lamp-post height changing) during
both outbursts except in the HSS.

3.4 Timing Analysis of MAXI J1820+070

For the timing analysis (see §2.4) of MAXI J1820+070, we consider all the NICER data
of the source and the three available AstroSat/LAXPC observations during the period of
study. We generated lightcurves for NICER observations with more than 1 ks exposure,
with a bin size of 3 ms in the full energy range. We did not subtract any background from
the lightcurve and we generated PDS using the tool powspec. The PDS are Poisson noise
subtracted (Zhang et al., 1995) and normalized to squared RMS fractional variability. For
Outburst-I, we rebinned the NICER data such that f,,;, = 0.01 Hz and f,,,,, = 55.55 Hz. A
geometrical rebinning factor of -1.09 is applied. For Outburst-II, particularly for the soft

state data, we prefer a larger bin size to get good statistics, therefore, we have f,;, = 0.001
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Figure 3.9: Representation of PDS for (a) NICER observation on day 56.43, fitted using
multiple Lorentzian components, and (b) AstroSat observations are shown. Three AstroSat
observations on Epochs 2, 9, 12 (Table 3.2) are plotted in black, green, and red colours,
respectively. The Lorentzian components for Epoch 2 are shown in the inset.

Hz and f,,,x = 2.564 Hz. Here, we rebin the PDS with a geometrical rebinning factor of
-1.2. For AstroSat/LAXPC data, we created lightcurves with a time resolution of 0.1 s in
the 3 — 60 keV energy band. The PDS is geometrically rebinned by a factor of -1.03. For
the observation ID 9000002216 (Epoch 2, in Table 3.2), the PDS is generated only from

segments 10-19 since the other segments have low exposure time.

We used XSPEC to model the PDS, as discussed in §2.4.1. The broadband noise features
in the PDS are modelled with zero-centred Lorentzian and a combination of Lorentzian
to identify the QPOs or QPO-like features. We also used powerlaw components for fitting
the PDS in the HSS observations since the PDS are almost featureless. A typical example
of fitted PDS for NICER observations on day 56.43 is shown in Fig. 3.9a. The feature at

v=0.42*20° Hz is a QPO with Q-factor 3.19 + 1.4, significance 2.3 and fractional RMS
(in percentage) is 5.9 + 0.6. In Fig. 3.9b, we present PDS of the AstroSat observation
IDs 9000001994 (Epoch 2), 9000002216 (Epoch 9), and 9000002324 (Epoch 12) in black,
green, and red colours respectively. Various Lorentzian components for ID 9000001994
are shown in the inset. A QPO is detected at O. 05+% %%71 Hz with a Q-factor of 4.1 + 0.7, the
significance of 9.1 and fractional RMS of 9.1 + 0.3 (in percentage) only during Epoch 2 of

AstroSat observations.

The detection of QPOs in this source in X-rays has been investigated in previous literature
(Buisson et al., 2019; Mudambi et al., 2020; Homan et al., 2020; Stiele & Kong, 2020; Ma
et al., 2021). Buisson et al. (2018) reported QPOs with evolving frequency (0. 036+g %%% to
0.428*0:9% Hz) in the LHS of MAXI J1820+070. Homan et al. (2020) reported a QPO type

switching, from type-C to type-B (rapidly became 4.5 Hz then decreased to 3 Hz) during
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(MJD 58305.67 to MJD 58305.81) the LHS to HSS transition followed by a strong radio
flare detection which provides the connection between them. Ma et al. (2021) observed
LFQPOs above 200 keV in the LHS using Insight-HXMT observations, and such a high-
energy LFQPO has not been observed before in black hole binaries. They found an increase
in frequency from 0.02 Hz (MJD 58194) to 0.51 Hz (MJD 58257) was observed, followed
by a decrease to 0.22 Hz (MJD 58286). Here, we study the evolution of the total fractional
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Figure 3.10: The time evolution of the total RMS (green square) and the flux in 0.8—10
keV (blue dot) is shown for all the NICER observations. Different evolutionary phases are
denoted from I through VII.

RMS power in the PDS and the characteristic frequency (v.), and the RMS of QPO or
QPO-like features. Also, we study the dependency of RMS with the QPO characteristic
frequency. Finally, we present the RID and HRD, which can be used to track the behaviour
of the BH transient throughout the outburst and provide fundamental information regarding

the system.

3.4.1 Evolution of total RMS and Characteristic Frequency

We calculate the total RMS (in percentage) in the PDS and present their variation (green
squares) over the outbursts in Fig. 3.10. We also plot the evolution of NICER 0.8—10 keV
flux in blue dots. Different evolutionary phases of the system are denoted from I through

VII. Both quantities show an anti-correlation throughout the period, except for Phase-II.
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Figure 3.11: (a) Time evolution of the characteristic frequency (v.) of different Lorentzian
features corresponding to each NICER observation. The first four Lorentzian of each PDS,
in the increasing order of v., are indicated using green, red, blue and orange colours,
respectively. Different evolutionary phases are marked from I to VII. (b) The variation of
fractional RMS (in percentage) under Lorentzian with the characteristic frequency for the
first four Lorentzian of NICER observations are presented with the colour scheme. The v,
whose uncertainty can’t be estimated are shown using filled boxes.

The evolution of v, for different Lorentzian features (say, QPO-like features) used in
each NICER observation is shown in Fig. 3.11a. We have plotted the first four Lorentzian
of each observation in the increasing order of the value of v, indicated using green, red,
blue, and orange colours, respectively. We could not estimate the uncertainty in v, for
a few observations, shown using filled squares. The characteristic frequency of all these
Lorentzian features increases with time in Phase-II though the overall flux decreases
(Fig. 3.1). This is contrary to the general understanding that as the source moves in the
LHS, the changes in v, of the Lorentzian features are correlated with the source flux
(Belloni, 2010). However, the behaviour of v, in Phase-III is expected as the source flux
gradually declines in the LHS. The presence of type-C QPO is observed in both Phase-II
and Phase-III. We discuss the possible physical scenarios to understand the evolution of
ve in §3.5. In the HSS (Phase-V), the PDS is almost featureless and is fitted using weak
Lorentzian and powerlaw components. In this state, the Lorentzian components have
lower v, than the previous state and no QPO is observed. During the decay towards the
LHS (Phase-VII) in Outburst-II, v, shows a similar trend as in Phase-III, which is expected
in the LHS.

The fractional RMS (%) under each QPO-like feature is calculated and plotted against
v in Fig. 3.11b. The same colour scheme (as in Fig. 3.11a) is followed. The figure shows

some interesting characteristics. Two clustering can be distinguished here; one is at the
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top-right, corresponding to the LHS with higher values of RMS, and the other is at the
bottom-left, representing the HSS with very low RMS. The fractional RMS shows a clear
anti-correlation with QPO frequency v. > 2 Hz (marked with a vertical line), generally

observed in the LHS. However, no clear correlation is observed at the lower frequency.
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Figure 3.12: RID: The flux versus total RMS (in percentage) is presented with various
phases identified as in Fig. 3.1 to understand the trend of evolution.

3.4.2 RMS-Intensity Diagram (RID)

Fig. 3.12/shows the flux (0.8 — 10 keV) versus total fractional RMS with various evolutionary
phases marked (I-VII). The arrow marks indicate the evolution track of the system. We can
see the anti-correlation between the flux and RMS throughout this plot except in Phase-II,
where RMS decreases with a decrease in flux. However, in Phase-VII, flux decreases at a
constant RMS. It shares a similar pattern as in HID (Fig. 3.2).

The flux is very low at the beginning of the outburst (Phase-I), and the total fractional
RMS is greater than 40%. The flux then increases suddenly and reaches Phase-II. In
this phase, RMS decreases to 20% due to spectral softening. Therefore, the hard photons
contribute to both the reduction of RMS and flux. The RMS increases to ~ 30% in Phase-1II
since there is no spectral softening due to the reduction in thermal flux. The spectral state
transition to HSS (Phase-V) takes place very fast, and RMS drops to the lowest possible
value. The flux declines gradually (Phase-V), and the source has a low RMS (< 1%) in this
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state. The flux then decreases faster (Phase-VI) and reaches the quiescent state (VII) as the

outburst ends. At the same time, RMS increases quickly and stays constant.
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Figure 3.13: Hardness-RMS diagram (HRD) for the NICER observations. Total fractional
RMS corresponds to the frequency range 0.02 —40 Hz in the full energy range and is plotted
against hardness.

3.4.3 Hardness-RMS Diagram (HRD)

Total fractional RMS versus hardness (Hardness-RMS diagram) is shown in Fig. 3.13.
This figure represents an overall combination of spectral and temporal characteristics. The
evolutionary track is marked from I to VII as before.

The outburst starts (Phase-I) with a high value of hardness and the total fractional RMS
> 40%, but as it proceeds, hardness decreases along with the RMS, and the source enters
into Phase-1I where RMS decreases to 20%. Here, both quantities are correlated due to the
spectral softening. Then RMS increases slightly in Phase-III with a very little change in the
hardness. Outburst-I ends here, spanning almost a linear region with higher values of HR
and RMS. During the HSS (Phase-V), there is a significant variation in the hardness with
approximate constant (< 1%) RMS. Phase-VI possibly shows a transition in the intermediate
state as there are significant variations in HR and RMS. Still, no high-frequency variability
in the lightcurve is observed to confirm it. Finally, the source returns to the quiescence with

high HR and RMS. The Outburst-II spans a wider parameter space in HRD and completes
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a figure-eight shaped hysteresis loop.

3.5 A Possible Accretion Scenario

We attempt to understand the accretion scenario of MAXI J1820+070 during the 2018
outburst using standard accretion disc (Shakura & Sunyaev, 1973) picture. We find from
the spectral modelling of NICER data (Fig. 3.3b) that the minimum value of diskbb norm
is, Ny ~ 1.5 x 10* during the HSS of Outburst-II. The corresponding inner disc radius of
the diskbb model is r;, = D1oy/Ng/cos() (§2.3.1b), where, D is the distance to the
source in 10 kpc, € is the inclination of the system in degree and r;, is in km. By setting
0 = 63° and Do = 2.96 kpc (Atri et al., 2020), the value of r;, is calculated as 122 km and
it is consistent with the true inner radius R;, ~ Risco = 0.44 * r;, (Kubota et al., 1998)
of a Schwarzschild BH of mass 8.5M (Torres et al., 2020) with x = 1.7. This shows that
the accretion disc has reached close to the ISCO during the HSS of Outburst-II. Outburst-I
starts with low 73, ~ 0.15 keV (Fig. 3.3a) and N; ~ 1.6 X 10* (Fig. 3.3b). The flux reaches
its peak just in 10 days. Notice that N, is very similar to the value during the HSS, and
hence R;, is close to the ISCO. Therefore, both outbursts start close to the central object
and have a shorter rise time.

The generally accepted disc instability model (Osaki, 1974; van Paradijs & McClintock,
1994; Lasota, 2001) suggests that an outburst can be triggered due to the thermal-viscous
instability when the temperature of the disc crosses the hydrogen ionization temperature (see
§1.5). The instability raises the disc’s temperature, forming a hot propagating ionizing front
which enhances the accretion of matter. An outburst can be triggered either at the outer part
of the accretion disc (outside-in) or the inner part (inside-out). Since the accretion happens
at the viscous timescale, the outside-in trigger will have a longer rise time (~ 50— 100 days),
whereas the inside-out trigger produces an outburst of shorter rise time (~ 10 — 20 days).
Most of the outbursts of GX 339-4 are examples of the former category (Aneesha et al.,
2019) whereas that of GRO J1655-40 and H1743-322 belong to the second class (Aneesha
& Mandal, 2020) of outbursts.

The observed short rise time and low R;, are indicative of an inside-out triggering
mechanism for the source MAXI J1820+070. Therefore, the hot ionizing front moves
outward, pushing the disc outward (N, increases sharply, Fig. 3.3b) with an enhancement
of T;, (Fig. 3.3a) due to a surge in accretion rate, 7j, o M/ 4Rl._n3/ 4 (Equation 1.17). During
the decay phases (Phase-II, III), the accretion rate continues to decline with a very slow

inward movement of the disc, keeping the disc temperature approximately constant. The
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disc is truncated in the range 13 — 18 r, and a similar conclusion is drawn by Zdziarski et al.
(2021a) using Insight-HXMT, NuSTAR and INTEGRAL data.

At around ~ 100 days (Phase-IV), one more inside-out triggering (Outburst-1I) takes
place, and the subsequent 20 days are a repetition of the rising phase of Outburst-I. But
the difference is that Outburst-I has been triggered from quiescence (low T;,,), whereas the
second triggering has happened when the disc is sufficiently hot (7}, = 0.28 keV). Therefore,
the accretion process is more dramatic, particularly in the last 5 days of the rising phase.
The disc becomes so hot (7;, increase by a factor of 2.6) that the viscous timescale is
reduced and the R;, approaches (reduce by a factor of 3.5) R;sco in just 5 days. The soft
flux under the diskbb component at the peak of the Outburst-IT is 5 x 1078 erg/cm?/s, and
it corresponds to a luminosity of 5.3 x 10%7 erg/s for an assumed distance of 2.96 kpc (Atri
et al., 2020). It means the source is accreting only at the 5% of its Eddington accretion rate
(Mggg = 1.2 % 109 gm/s) with an assumed mass of 8.5M (Torres et al., 2020) and 10%
accretion efficiency. Even though the source has a low accretion rate, the system appears
very bright due to proximity and low column density along the line of sight. An inside-out
triggering is expected to result in a low-luminosity outburst due to the limited size of the
disc in the hot state, as predicted by Lasota (2001). The source continues to be in the HSS
with approximately no change in R;,, whereas T;, continues to decrease due to the decline
of the accretion rate. Finally, the disc becomes cooler once the accretion of hot matter is

over and the source reaches the quiescence.

The broadband spectral study using reflection modelling (§3.3.2) reveals the presence
of a dynamical corona in the LHS (Phase-II and Phase-III), while the inner disc remains
truncated and evolves marginally. Therefore, the evolution of spectral and timing properties
in this state are regulated by the dynamical evolution of the corona. Fig. 3.11a shows that
the characteristic frequency of QPOs, v, increases with time in Phase-II but decreases with
time in Phase-III. Among the few possible physical scenarios for the origin of LFQPOs,
Stella et al. (1999); Motta et al. (2018) and Ingram & Motta (2019) proposed Lense-Thirring
precession of inner accretion can be an effective mechanism. The lense-Thirring precession
mechanism required a misalignment of > 5° between the BH spin axis and the binary orbital
plane (Ingram & Motta, 2019; Miller-Jones et al., 2019). Poutanen et al. (2021) recently
reported a misalignment of at least 40° between the black hole spin and the orbital angular
momentum of MAXI J1820+070. Also, the inner radius of the disc needs to be dynamic
to produce the QPO evolution with time. That means R;,, has to move inward and outward
during Phase-II and Phase-III, respectively. However, we understand from the spectral
modelling (§3.2.1 and §3.3) that the R;, decreases marginally (R;, ~ 13 — 18r,) during the
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LHS (Phase-II and III). Done et al. (2007) suggested that R;, derived from diskbb norm
using simple spectral models such as diskbb + powerlaw may not always be reliable.
This is because the standard disc theory demands a zero-torque boundary condition at the
inner edges of the accretion disc (Shakura & Sunyaev, 1973). On the other hand, the diskbb
model assumes a non-zero torque at the inner edge of the disc. However, other studies in the
literature support the truncated disc geometry and dynamic corona in the LHS of this source.
For example, Kara et al. (2019) and Wang et al. (2020) used reverberation time lags between
the emission from the corona and the irradiated accretion disc and suggested a contracting
corona in the LHS rather than a changing inner radius of the accretion disc. Buisson
et al. (2019) and You et al. (2021) also arrived at a similar conclusion using reflection
modelling of the NuSTAR data. Similarly, Zdziarski et al. (2021a) performed reflection
modelling of HXMT, NuSTAR and INTEGRAL data and suggested R;, > 10 r, in the LHS.
Also, Zdziarski et al. (2021b) supported the presence of a truncated disc using thermal
Comptonization and reflection modelling of NuSTAR and INTEGRAL data. Therefore, the
Lense-Thirring precession of inner accretion flow cannot explain the evolution of the QPO

frequency of the source completely.

However, the other competing picture for the origin of LFQPO is the propagation of
shock oscillation model (Molteni et al., 1996; Chakrabarti et al., 2004, and reference therein).
Here, oscillation of the ‘hot” corona due to the resonance between the cooling timescale
and the local dynamical timescale can produce LFQPOs. During Phase-II, the supply of
soft photons remains steady as the disc is not evolving. Therefore, the photon number in
the corona is approximately constant (powerlaw norm remains constant, Fig. 3.4b). The
soft photons will cool the electrons in the corona, and a slow but steady spectral softening
takes place. It reduces the cooling timescale of the electrons in the corona. If the LFQPOs
are produced due to the resonance between the cooling timescale and the local dynamical
timescale, the QPO frequency will increase with time. On the other hand, in Phase-III, the
number of thermal photons decreases gradually, increasing the cooling timescale, and hence
a reverse evolution is observed. Note that in Phase-II, the inverse-Comptonization of soft
photons in the ‘hot’ corona is significantly high as the soft photon source remains steady.
The hard photons lag behind the soft photons due to the inverse-Comptonization effect. The
reflection modelling (Fig. 3.8a) shows that the corona is dynamic and moving closer to the
central source in Phase-II. It means that the size of the corona becomes smaller, and optical
depth decreases in this phase. In an optically thin medium, the inverse-Compton spectral
index isI' = —In 7/ In A (Rybicki & Lightman, 1979), where 7 is the optical depth and A is

the mean amplification factor per scattering. The decrease of optical depth or/and reduction
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of amplification factor due to cooling can cause spectral softening observed in Phase-II. In
the former case, considering A to be constant, the number of scatterings required to produce
a high-energy photon remains constant. The soft photon stays longer inside the corona due
to an increased mean free path. In the second case, assuming a constant mean free path, the
number of scatterings required to produce a high-energy photon increases as A reduces, and
the soft photon spends a longer time inside the corona. The physical situation is possibly
a combination of both effects mentioned above. Therefore, spectral softening is associated
with the increase of hard lag in Phase-II, as Wang et al. (2020) reported. However, in
Phase-III, the soft photons flux decreases gradually, spectra become slightly harder due to
a reduction of cooling, and the hard lag decreases (Wang et al., 2020). Also, we have seen
in Phase-II, the size of the corona decreases (Fig. 3.8a) as the local dynamical timescale
decreases and a reverse trend is expected in Phase-III. However, it is difficult to determine
if the corona moves outward based on only two closely spaced simultaneous data points in
Phase-III (Fig. 3.8a).

The geometry of the corona is generally described either as vertically elongated (Mar-
tocchia & Matt, 1996; Uttley et al., 2014; NiedZzwiecki et al., 2016) or radially extended
(Chakrabarti & Titarchuk, 1995; Wilkins & Gallo, 2015; Poutanen et al., 2018). We un-
derstand that the reflection modelling of the broadband spectral data supports a vertically
elongated corona. In contrast, the evolution of LFQPO caused by the propagation of the
shock oscillation model suggests a radially extended corona inside the truncated disc. The
comprehensive spectral and timing studies suggest a complex geometry of the corona (Fiirst
et al., 2015; NiedZwiecki et al., 2016; Wilkins et al., 2016; Gonzalez et al., 2017; Zoghbi
et al., 2020) in the LHS of the source. It demands further investigation of the coronal

geometry, which is beyond the scope of the present work.

3.6 Summary and Conclusion

We independently performed spectral analysis of NICER and Swift/XRT data (§3.2.1) during
Outburst-I and Outburst-1I. The lightcurve of the source obtained from the NICER and XRT
data shown in Fig. 3.1, reveals two successive outbursts during the period of study. The
Outburst-I is dominated by the non-thermal photons (peak flux in 2 — 10 keV is 2.4 times
higher than that in the in 0.8 — 2 keV), whereas the Outburst-1I is very bright and soft.
The same trend from simultaneous broadband spectral modelling is found in 10 — 60 keV
(filled star in Fig. 3.1). The HID with different spectral states is presented in Fig. 3.2.

The Outburst-I is evolved only in the LHS and classified as a ’failed-transition’ outburst,
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whereas the Outburst-II shows a transition from LHS to HSS via a very brief intermediate
state. There is an overall offset (~ 22%) in the HR between XRT and NICER due to the
difference in the spectral responses (discussed in Appendix-A). We have done broadband
spectral modelling of all available simultaneous data of NICER-NuSTAR, XRT-NuSTAR and
AstroSat (SXT-LAXPC) to understand the presence of various model components (§3.3.1)
in the spectra. Also, the broadband reflection modelling (§3.3.2) shows the presence of a
strong reflection signature during both outbursts and an evolving corona in the LHS. The
timing analysis shows multiple QPO-like features, and we have studied the time evolution
of their characteristic frequency (Fig. 3.11a). We find a clear anti-correlation between the
fractional RMS and v, (Fig. 3.11b) for v, > 2 Hz. This is a signature of type-C QPO
and is commonly observed in LHS (Belloni, 2010; Athulya et al., 2022). However, no
clear correlation is observed at the lower frequency. Below, we summarise the important
findings of this work, combining the spectral and timing studies during various phases of

the evolution of the source.

* Phase-I (Rising phase, Outburst-I)
Fig. 3.3 and Fig. 3.4 show that both thermal and non-thermal flux increases in the ris-
ing phase with an increase of 7;,, and powerlaw norm with a hard spectrum (I"' ~ 1.5).
The NICER and NuSTAR data show the presence of Fe K|, line (Fig. 3.5 and Epoch
1 in Table 3.3) and the presence of significant reflection. The lamp-post height is
significantly large (~ 200rg) with a high ionization parameter (log & = 2.01*0:%) and
iron abundance Ar, = 2.4 £ 0.1. PDS show the presence of QPO-like features in

0.1 — 5 Hz (Fig. 3.11a) and the fractional RMS ~ 40% (Fig 3.12).

* Phase-II
In this phase, the thermal disc component is very steady with 7;,, ~ 0.27 keV (Fig. 3.3a)
and R;, evolves very little (15 — 18r,). The non-thermal photon flux remains steady
with the gradual spectral softening (Fig. 3.4a). We observe the reflection signature
of Fe K, line (Fig. 3.5) with an increasing trend in the line energy and absorption
edge (Epoch 2 — 5 in Table 3.3). The reflection modelling (Epoch 2 — 5 in Table 3.4)
of broadband data shows a gradual decrease of lamp-post height to ~ 30r, with an
enhancement in the reflection fraction Ry ~ 0.6. The disc iron abundance remains
similar to the rising phase, but there is a reduction in the ionization parameter (log
& ~ 1.7). The timing results show that the characteristic frequency (v.) increases
with time from ~ 0.1 to 10 Hz (Fig. 3.11a) as the flux decreases. This is generally not
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observed in outbursting sources. As discussed in §3.5, one possible reason could be
the spectral softening due to the reduction of the cooling timescale of electrons in the
corona as the thermal component remains steady. And the resonance oscillation be-
tween the cooling timescale and dynamical timescale produces the LFQPOs (Molteni
et al., 1996; Chakrabarti et al., 2004). The spectral softening leads to a correlated
reduction of the fractional RMS (Phase-II in Fig. 3.12) with the observed flux. The
RMS lies in the 30 — 20% range with a reduction in HR in this phase (Fig. 3.13).

Phase-I11

A steady decrease in the thermal and non-thermal components of flux is observed
in this phase. A steady decrease in 7j, (Fig. 3.3a) and powerlaw norm (Fig. 3.4b)
is observed without any spectral softening (I"' ~ 1.7). The NICER data possess a
reflection signature of Fe K, line (Fig. 3.5). The wideband spectral study shows the
presence of Fe absorption edge (Epoch 6-7 in Table 3.3). The reflection parameters
(Fig. 3.8) are similar to the previous phase. We observed that the characteristic
frequencies (v.) in the PDS decreases (Fig. 3.11a) with time. The total fractional
RMS increases with the decrease in flux (Phase-III in Fig. 3.12), which is consistent
with the general characteristics in the LHS. This is due to the overall decrease in the
number of photons in the corona, and it becomes difficult to cool it further. The RMS
increases to 30% with almost constant HR (Fig. 3.13) since thermal and non-thermal

flux decrease similarly.

After this, the source moves to Outburst-II through a rising phase (Phase-IV) similar to
Outburst-1. The simultaneous broadband data show the reflection signature (Fig. 3.8)
with similar parameters as in Phase-1I. The characteristic frequency, v., increases
with time (Fig. 3.11a) as flux increases. Both fractional RMS and HR reduce, and
the source moves to the HSS very fast.

Phase-V (HSS, Outburst-II)

The thermal emission flux dominates the spectrum in this state. The disc moves close
to the inner edge with 7;,, ~ 0.7 keV (Fig. 3.3a), and the spectrum becomes very soft,
I' > 3.0 (Fig. 3.4a), though simultaneous spectral modelling (Epoch 9-12) in Table
3.3 and Table 3.4 provide a relatively lower index. The NICER data do not show any
Fe line signature though simultaneous broadband data show high reflection fraction

Ry ~ 3.5, high ionization parameter (log & ~ 4), and over-abundance of iron. The
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timing properties show featureless PDS with very low RMS (Phase-V in Fig. 3.12)
and HR varies between ~ 0.5 — 0.7 (Fig. 3.13).

* Phase-VI & VII (Decay towards quiescence)

The lightcurve in the decline phase of Outburst-1I is initially linear and becomes ex-
ponential towards the end. T;, decreases (Fig. 3.3a), R;, gradually move outward and
the spectrum becomes harder (Fig. 3.4a). The reflection modelling (Fig. 3.8) shows
that the reflection fraction and the lamp-post height decrease gradually. Fig. 3.11a
shows that v, increases at the end of the HSS and decreases with the declination of
the flux. The spectro-temporal properties indicate that this phase passes through the
intermediate state (Phase-VI in Fig. 3.13) with a fractional RMS of 10% and HR ~ 1.
In the end, the source returns to the LHS (Phase- VII in Fig. 3.13) with RMS of ~
30% and HR of ~ 3.

Finally, we discuss the possible accretion scenario during the 2018 outburst in §3.5.
We propose that both outbursts are triggered as inside-out propagation of thermo-viscous
instability, producing outbursts with a short rise time. The spectral modelling shows that
the Outburst-I has been triggered close to the inner edge, and the disc remains truncated.
The rise of flux in Outburst-1II is dramatic since the outburst triggering has happened when
the disc is sufficiently hot, and the viscous timescale becomes short enough that the inner
disc moves close to ISCO very fast and produce bright HSS. The accretion disc remains
truncated (~ 10 r,) once the source reaches the quiescence. The comprehensive spectral
and timing studies reveal that a lamp-post corona or a radially extended corona is inadequate
to interpret the observed data. The results suggest a complex corona geometry in the LHS
of MAXI J1820+070. The outcome of this study challenges the present understanding
of coronal geometry and suggests further investigation of disc-jet geometry around black

holes.
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Chapter 4

Wideband Study of the Brightest Black
Hole X-ray Binary 4U 1543—47 in the 2021
Outburst

We aim for a detailed analysis of the wideband spectral and timing characteristics of
the 2021 outburst using three instruments NICER, NuSTAR and AstroSat. We carry out
wideband phenomenological and reflection modelling of the data and attempt to understand
the accretion scenario of the source during this period. Also, we perform a timing analysis
using all three instruments. This chapter is based on our publication in MNRAS Prabhakar
et al. (2023).

4.1 4U 1543—47: Properties

4U 1543 — 47 is a BH-XRB, discovered by Uhuru satellite in 1971 (Matilsky et al., 1972).
Since its discovery, the source has undergone five outbursts; the first four are in an interval
of ~ 10 years, in 1984 (Kitamoto et al., 1984), in 1992 (Harmon et al., 1992), and in 2002
(Park et al., 2004). After a gap of 19 years, the fifth outburst happened in 2021 (Negoro
et al., 2021a), which marks the source as the brightest BH-XRB with a peak X-ray intensity
of 11 Crab in 2 — 4 keV of MAXI/GSC (Negoro et al., 2021b). The 2002 outburst was
also brighter (4 Crab in 2 — 12 keV), while the previous three outbursts have comparable
intensities (Park et al., 2004). Its optical counterpart, IL Lupi, was discovered by Pedersen
(1983). The central engine is a dynamically confirmed BH with a mass of 9.4 + 1.0 Mo,
and the companion is an A2V star of mass 2.45 + 0.15 Mg (Russell et al., 2006). It is
located at at a distance of 7.5 + 0.5 kpc (Jonker & Nelemans, 2004), its coordinates are
RA=15"47"85.27, Dec=—47°40"10".8 (J2000) (Park et al., 2004). Orosz (2003) estimated
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the orbital inclination of the system as 20.7° £ 1.5°. Multiple attempts were made to
estimate the BH’s spin (a.) in 4U 1543 — 47 using RXTE observations of the 2002 outburst.
Shafee et al. (2006) estimated a spin of ~ 0.75 — 0.85 using continuum-fitting of RXTE
data. Miller et al. (2009) and Morningstar & Miller (2014) estimated the spin value as
0.3 +£0.1 and 0.43J:%§21 respectively using relativistic disc reflection and disc continuum
modelling. These three estimations are based on a BH mass of 9.4 + 1.0 My, and a distance
of 7.5 £ 0.5 kpc. Shafee et al. (2006) and Morningstar & Miller (2014) used the binary
inclination (6) of 20.7 £+ 1.5 degree, while Miller et al. (2009) used a 6 of 32ff1 degree for
the spin estimation. Dong et al. (2020) reported a spin of 0.67*0-15 and 6 of 36.3*3 degree
by reflection modelling of RXTE data using the model RELXILL. However a recent study
by Draghis et al. (2022) determined the spin of the BH to be 0.98f%:%12 and 6 to be 683
degrees by reflection modelling of NuSTAR data from the 2021 outburst.

The Giant Metrewave Radio Telescope (GMRT) detected radio flares from the source in
2002 outburst (Park et al., 2004). Multiple flaring occasions are reported at different phases
of the outburst. Russell et al. (2020) reported the presence of a compact jet in the SIMS of
the 2002 outburst of 4U 1543 — 47 using multiwavelength observations (X-ray, optical, IR,
and radio). Russell et al. (2020) tested the chances of jet contribution to the luminosity of

the system and renounced that possibility.

4.2 Observations

We perform the present study based on the 2021 outburst of 4U 1543 — 47 using NuSTAR,
NICER and AstroSat observations over a period from 17 June 2021 (MJD 59382) to 14
September 2021 (MJD 59471). We consider simultaneous NICER-NuSTAR and AstroSat
observations in this period. The list of observations is given in Table 4.1, which comprises
10 NuSTAR and 6 AstroSat observations. Seven NICER epochs with simultaneous NuSTAR
coverage are also listed. Therefore, total of 13 simultaneous observations (7 NICER-
NuSTAR and 6 AstroSat) are studied. The first two AstroSat observations are having an
offset of 40/ since the source was too bright to have pointed observation (Garg et al., 2021),
while the other four are pointed observations. Also, we perform timing studies using all the
AstroSat/LAXPC, NuSTAR, and NICER observations with exposure time > 500 sec.
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Table 4.1: The list of observations (NuSTAR, NICER and AstroSat) of 4U 1543 — 47
considered in this study.

Epoch Obs. ID
NuSTAR (MJD) NICER (MID) AstroSat Exposure
(MID) ksec
1 80702317002 (59382.42) | 4655060101 (59382.44) 1.15(Nu), 5.25(Ni)
2 | 80702317004 (59389.47) | 4655060201 (59389.47) 2.95(Nu), 1.55(Ni)
3 T04_018T01_9000004494> 39.2
(59396.04)
80702317006 (59396.18) | 4655060301 (59396.19) 3.88(Nu), 2.42(Ni)
80702317008 (59403.02) | 4655060401 (59403.04) 3.71(Nu), 6.11(Ni)
T04_021T01_9000004526" 36.6
(59405.36)
7 T04_030T01_9000004588¢ 17.9
(59421.19)
8¢ 190702326002 (59421.67) 3.94
9 190702326004 (59428.18) | 4202230143 (59428.13) 6.73(Nu), 0.89(Ni)
10 T04_035T01_9000004622¢ 69.1
(59430.59)
114 190702326006 (59450.19) 7.79
124 190702326008 (59455.55) 3.63
13 T04_046T01_9000004680¢ 117.9
(59457.06)
14 T04_051T01_9000004686¢ 55.2
(59461.05)
15 90702326010 (59465.67) | 4202230166 (59466.07) 6.00(Nu), 1.72(Ni)
16 | 90702326012 (59471.51) | 4202230171 (59471.43) 5.34(Nu), 1.02(Ni)

@ Standalone NuSTAR observations.
b Offset observations.
¢ Pointed observations.

4.3 OQOutburst Profile and Hardness ratio

During the 2021 outburst of 4U 1543 —47, the flux reached the peak value within a few days
of the commencement of the outburst, which is monitored by multiple X-ray instruments.
The MAXI/GSC' daily lightcurve of the outburst is generated for two different energy bands,
2 — 10 keV and 10 — 20 keV and are plotted in Fig. 4.1. The MJD 59370 (05 June 2021)

is defined as day O throughout the study, and according to this, the outburst continued for

lhttp://maxi.riken. jp/mxondem/
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a duration of ~175 days. The lightcurve reveals that the source is extremely luminous in
low-energies with a very high count rate (Fig. 4.1a). In contrast, the contribution to the
luminosity in the high-energy band (Fig. 4.1b) is an order of magnitude lower. The highest
flux value in the 2 — 10 keV band is 32.67 photons/s/cm? (~ 10 Crab) on day 9, whereas the
same in 10 —20 keV is just 0.19 photons/s/cm? (~ 0.5 Crab). The source flux reached 11.65
Crab in 2 — 4 keV, the highest value observed among the BH-XRBs. We define hardness
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Figure 4.1: MAXI/GSC daily average lightcurve in the energy bands (a) 2 — 10 keV and
(b) 10 — 20 keV with flux in units of photons/s/cm? and Crab in the left and right Y-axes
respectively. The hardness ratio (c¢) is defined by the flux in 4 — 10 keV to 2 — 4 keV. The
NICER, NuSTAR and AstroSat observations are marked using lines with cyan, blue and red,
respectively.

(HR) as the ratio of flux in 4 — 10 keV to 2 — 4 keV since beyond 10 keV, the contribution is
significantly low. The HR evolution (Fig. 4.1c) shows that the source mostly remains in the
soft state during the outburst. The NICER, NuSTAR and AstroSat observations are marked
with dashed lines in cyan, blue and red, respectively. There are no simultaneous broadband

observations in the rising phase of the outburst.

4.4 Wideband Spectral Study

The data reduction methodology, the grouping of spectra, and instrumental systematics

are discussed in §2.2. This outburst was extremely bright, and NICER suffered telemetry

80



saturation. Therefore, the number of active detectors were reduced, and we corrected the
effective area while extracting the scientific products. Similarly, AstroSat/SXT data also
suffers pileup issues as discussed in §2.2. We studied the spectral properties of the 2021
outburst of 4U 1543 —-47 from day 12 (MJD 59382) to day 101 (MJD 59471). We carried out
phenomenological and reflection modelling of simultaneous observations (NICER-NuSTAR
and AstroSat) listed in Table 4.1 to understand the nature of the broadband spectrum. The
NICER data below 0.8 keV shows large residuals; hence we ignored it. Therefore, we used
the spectra in the energy range 0.8 — 10 keV for NICER and 4 — 60 keV for NuSTAR. Spectra
from both FPMA and FPMB telescopes of NuSTAR give similar results. Hence we present
only the FPMA spectra throughout the study. We used SXT spectra in the energy range
0.5 —=7keV, and LAXPC spectra in 3 — 30 keV as significant data is unavailable for LAXPC

beyond this range.

Ratio

Energy (keV)

Figure 4.2: The ratios (model to data) of the spectral fitting of NuSTAR observations (Table
4.1) using tbabs(diskbb+powerlaw) model. The colours black, red, green, blue, cyan,
pink, magenta, orange, yellow and grey represent the NuSTAR epochs in ascending order
(Table 4.1). For all the epochs, a strong absorption feature exists between ~ 8 — 11 keV. The
absorption depth increases till Epoch 9 (pink in colour) and then decreases as the outburst
progresses. The figure is zoomed around the absorption feature for better clarity.

4.4.1 Phenomenological Modelling and Evolution of Parameters

We performed wideband spectral modelling using phenomenological models in XSPEC.

A brief description of various models and their parameters is provided in §2.3.1. To
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accommodate the interstellar absorption, we used the tbabs model where line of sight
column density, ny, is a free parameter. We initially modelled the NuSTAR observations
with tbabs(diskbb+powerlaw) model. A broad absorption feature at ~ 8 — 11 keV
is detected in all the epochs of NuSTAR. The ratio of data to the model of all NuSTAR
observations are shown in Fig. 4.2. The different NuSTAR epochs are shown in black, red,
green, blue, cyan, pink, magenta, orange, yellow and grey colours in ascending order. It
shows that the depth of absorption feature starts with a low value (black) and then keeps
on increasing as the outburst progress, reaching the maximum on Epoch 9 (pink in colour).
Finally, the absorption depth decreases towards the end (grey) of our study. We also found
a similar absorption feature in the AstroSat/LAXPC data.

We tried several other models, for example, the thermal Comptonization model nthcomp
(Zdziarski et al., 1996) or thcomp (Zdziarski et al., 2020) in place of powerlaw, and the
diskbb was replaced by kerrbb (Li et al., 2005). The model combination with kerrbb as
the seed photon source did not provide a good fit; moreover, it failed to constrain the BH
mass and spin. So, we prefer to use the diskbb model in combination with thcomp, which
is an improved version of nthcomp. Fitting using various combinations of these models

also retains the absorption feature at ~ 8 — 11 keV.

Since the observed absorption feature has a symmetrical profile, the inclusion of a
Gaussian absorption model, gabs, fits the absorption feature well. The parameters of gabs
component are line energy (line E, Ey), line width (o) and line depth (strength). We have
attempted to apply a smeared absorption edge model, smedge (Ebisawa et al., 1994), in order
to account for the absorption feature. However, this resulted in an unusually high value
of absorption width due to the asymmetric nature of the model. Consequently, we chose
to exclude this approach. In addition to the strong absorption feature, the NuSTAR data
show a weak presence of a Fe K, absorption edge at ~ 7.1 keV. Therefore, we also used an
edge component to improve the fit residual for NuSTAR. The model parameters for the edge
component are the threshold energy of the absorption edge (line E, E,) and the corresponding
absorption depth (D). Therefore, the final model combination for the phenomenological
modelling is thabs (thcompxdiskbb)edgexgabs (model M1, hereafter). The parameters
of diskbb models are T;, and diskbb norm. Similarly, parameters of thcomp are I,
electron temperature (kg7,), seed photon temperature (kpTjp) and the covering fraction
(cov_frac). We tie the parameter kT, with T;, in the spectral fitting. In contrast, the
neutral absorption feature ~ 7.1 keV was not visible in the AstroSat/LAXPC data, possibly
due to the low spectral resolution of LAXPC. Therefore, the model M1 for AstroSat data
becomes tbabs (thcompxdiskbb)gabs. However, the AstroSat data of Epoch 3 & 6 show
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Figure 4.3: (a) Simultaneous NICER-NuSTAR pair on Epoch 2 (black) and Epoch 9 (red)
fitted with the model tbabs (thcompxdiskbb)edgexgabs. Epoch 2 spectrum is harder
compared to that of Epoch 9. (b) The AstroSat spectra on Epoch 3 (black) and 7 (red)
respectively modelled using tbabs(thcompxdiskbb)gabs. We include an additional
gauss component for AstroSat (Epoch 3) data. Both instruments show spectral changes
during the outburst.

the presence of a weak Fe K, emission line feature in the residual, and we include a gauss
component for these two epochs of AstroSat data. The parameters of gauss model are line
E, width (o) and normalization (norm). All the seven NICER-NuSTAR simultaneous pairs
and six AstroSat observations are fitted with the model M 1. Fig. 4.3a and Fig. 4.3b show the
wideband spectra of NICER-NuSTAR (Epoch 2 & 9) and AstroSat (Epoch 3 & 7) respectively
modelled using M1. In each case, the spectrum in the red colour is relatively softer than
that in the black colour; therefore, both figures illustrate moderate spectral changes during
the outburst decay.

The goodness of the fit is determined using y statistics. The value of reduced x> ()(re J
varies between 0.9—1.3. All the parameters estimated from the wideband phenomenological
modelling are presented in Table 4.2. The parameter uncertainties are calculated within the
90% confidence range. Note that the NuSTAR observations on Epoch 8, 11 & 12 (Table 4.1)
are omitted here as no simultaneous NICER observations are available. The ny is left free
and it varies between (0.45 — 0.54) x 10?2 cm™2. We aim to find out the evolution of
various parameters with the progress of the outburst. Fig. 4.4 gives the variation of the
inner disc temperature 7;,, photon index I' and gabs optical depth (7) with time. Here,
points in green and red colour represent the parameter values estimated from the modelling
of NICER-NuSTAR and AstroSat, respectively.
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Table 4.2: Wideband NICER-NuSTAR simultaneous pairs and AstroSat observations (highlighted in grey colour) using the model M 1:
tbabs (thcompxdiskbb)edgexgabs and tbabs (thcompxdiskbb)gabs respectively. The error values represent 90% confidence
interval. The NuSTAR data on Epoch 8, 11 & 12 are not included here as no simultaneous NICER observations are available. The
bolometric (0.5 — 100 keV) observed flux and estimated luminosity for each epoch is also shown.

78

diskbb thcomp edge or gauss”® gabs
Epoch ny Xred Fpol Lpot

(x10?2 T; norm r kT, |cov_frac| lineE | Doro | lineE o strength (x1078

cm™2) (keV) (x10%) (keV) | (x1072) | (keV) (keV) | (keV) (keV) (keV) ergem™2 s (Lega)
1 [0.470%0:002 112727000217 96+0:0312.44*006 | 20/ | 2.3*02 17.16700510.04*%91 1 10.0*0] | 1.60*0.9910.84*0%8 10.90 | 27.64*0.04 | 1.52%0.14
2 [0.458*000211.159*000216.07+0.0% | 2001 |11.6539] 0.9*02 17.19*00710.03*%0! | 9.9*01 11.65*007 | 1.2*0.1 1 1.00| 17.22*%92 | 0.95*0%%
301052409 | 0.99*0% | 154715 11.8470 101 207 10.39%99716.77*013 1 0.6/ |7.35%030 1 2F 173704971117 19570 | 1077000
41046175992 11.004*0:902 15.82+0.03 | 2.2%01 | 207 | 0.3*% [7.27097 10.05700] [ 10.4*01 11.9470.08 | 2.2%02 10.95] 12.38*002 | 0.68+0.06
5 10.458*000211.050*0.00215.77+000 | 2.3*02 | 207 | 0.2*%) 7.28*0.0310.06*091 | 10.7+01 11.97*0% | 2.7+02 1 1.02| 10.10*%9, | 0.56*%%
6 | 0507992 109790 | 12.1#15 | 23F | 208 | 03%0% 16777018 0.6/ [9.05703 | 257 (2277061127 13.9190 10.76+9%0
7 | 0547900 | 0.98*900 17647033 12267099 20F | 0.2f - - 1107797 1 1.46*020 11560231 1.29 | 9367030 051050
9 [0.451*990310.96670002 15.60*0.05 | 2.6*05 | 205 | 0.1702 |7.44700810.08+0:92 1 10.5%0:2 12.02*0.90 | 3.3*03 [1.05| 6.88*0.02 | 0.38*0.00
10 | 053490 | 0.96*0% 1563703 11.927030 1 20/ Jo.1170%5 ) - - 1100792 11.56%920 12,1303 11.28 | 7.597004 10.40*0,901
13 ] 052490 | 0.91*0% 17.48*02411.77:003 1 20/ |0.127905 ) - - 19.42402710.75*03810.47+013 1 1.10 | 6.59*0.0¢ 10.36*4:902
14 | 0487000 | 0.91#001 17.92+0.38 11.94*002 1 20/ | 0.4/ - - [10.7792011.34%0.18 11474008 1 131 6.22*L8 | 0.34*0%8
15 0.465*G0010.90479930 16.1070.90 12.09*0%0 | 207 | 1.670 [7.317998 10107005 | 9.6*03 | 2.177 | 11745 (127 5667000 | 0.310,03
16 |0.47179,99210.89770.002 16.220.0512.0470.04 | 207 | 1.6*01 17.35700610.1270021 9.4*04 | 1.5*04 1 0.5*01 11.00| 5.39*0%" 1 0.30*%%

* edge is used for NICER-NuSTAR pairs whereas gauss component is used only for Epoch 3 & 6 of AstroSat data.

/ Frozen parameters
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Figure 4.4: Evolution of (a) T;, and (b) I" from simultaneous NICER-NuSTAR pairs (green)
and AstroSat observations (red) fitted using the model M1. We calculate the (¢) optical
depth (7) of the absorber from gabs components for each epoch. The I' of Epoch 13 marked
with a blue circle carries a special signature, discussed in §5.4.

We find that T;, (Fig. 4.4a and Table 4.2) monotonically decreases throughout the
outburst decay. The evolution of the diskbb norm (Table 4.2) estimated using NICER-
NuSTAR observations decreases till Epoch 9 and a reverse trend is observed for later
epochs. The diskbb norm from the AstroSat data also shows a similar pattern though the
values are higher than that of NICER-NuSTAR. The photon index I'" variation is presented
in Fig. 4.4b. The value of I estimated from AstroSat data (red square) differs from that of
NICER-NuSTAR pairs (green square). This can be due to the non-availability of the high-
energy contribution (beyond 30 keV) in the LAXPC data. From NICER-NuSTAR fitting,
I" varies between 2 — 2.6, showing spectral softening until Epoch 9. We endeavoured to
estimate the electron temperature (kp7,) of the corona using the thcomp model. But the
broadband spectral fitting could not constrain the value of kpT,, except for Epoch 2, for
which we obtained kT, = 1 1.6f31'.g keV (Table 4.2). For all the remaining epochs, we freeze
kpT, at 20 keV. Only a tiny fraction, cov_frac < 3 % (Table 4.2), of the soft photons undergo
Comptonization in the corona. It gradually decreases till Epoch 10 and increases afterwards.
This behaviour is consistent with the spectral softening trend shown in Fig. 4.4b.

The broad absorption feature at ~ 8—11 keV in the spectrum is well represented by the
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gabs model. The strength shows an increasing trend, reaching the maximum in Epoch 9
and declining beyond that. We calculate the optical depth, T = strength/o\2n, associated
with the gabs component. The evolution of 7 is shown in Fig. 4.4c, which shows that the
absorption optical depth increases and reaches a maximum on Epoch 9 and then decreases.
The dynamic behaviour of the gabs absorption strength seems interesting. It deserves an
in-depth examination, attempted in Chapter 5, to identify the real cause. The evolution of
the edge component is listed in Table 4.2. We discuss a possible connection between edge

and gabs components in Chapter 5.

We estimate the observed bolometric flux (Fp,;) in 0.5 — 100 keV from the wideband
simultaneous spectral data, which is also shown in Table 4.2. The error values indicate
uncertainty in the 90% confidence interval. Corresponding bolometric luminosity (Lp,;) of
the source is also calculated by assuming the distance to the source as 7.5 + 0.5 kpc (Jonker
& Nelemans, 2004). The Eddington luminosity of the source is Lggq = 1.22 + 1 x 10%°
ergs s~! with an assumed BH mass of 9.4 + 1 M (Russell et al., 2006). It can be seen from
Table 4.2 that the luminosity of the source exceeds the Lg4, at the peak (Epoch 1 is close to
the peak) of the outburst, and the luminosity decreases gradually with the outburst decay.

4.4.2 Spectral Modelling for Reflection Studies

To understand the reflection features in the spectra of 4U 1543 — 47, we use the relativis-
tic reflection model RELXILL v1.4.3. Different flavours of the RELXILL model (see
§2.3.2) are tried. The unfolded NICER-NuSTAR spectra and data-to-model ratios using
various reflection models are shown in Fig. 4.5 for Epoch 2. We started with the model
tbabs (diskbb+relxill) which gives a sze 4 0f 2.46. The data-to-model ratio (Fig. 4.52)
shows that the reflection model cannot fit the absorption feature existed in the spectrum
at ~ 8 — 11 keV. We added the absorption model gabs with this, and the resulting model
tbabs (diskbb+relxill)gabs (Fig. 4.5b) improved the residual but still the )(fed for this
combination is 1.6. Then, we replaced the model relxill with relxillCp (Fig. 4.5¢c),
where a thermal Comptonizing continuum is assumed for the illuminating flux. This combi-
nation has sze 4= 1.63, which is also unacceptable. Then, we used relxill1pCp (Fig.4.5d)
as the reflection model, which also resulted in a large residual, with )(fe 4 = 1.79. We re-
placed relxilllpCp with relxilllp (Fig. 4.5e) where the illuminating flux is modelled
as a powerlaw with a high-energy cut-off just like the relxill. For this trial, we got a
reasonable fit with sze 4 = 0.91, and we decided to proceed with the model combination,
tbabs(diskbb+relxilllp)gabs (model M2, hereafter) as the final model to study the
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reflection features in the spectra. Note that no additional edge or gauss component is

required in the reflection modelling.
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Figure 4.5: Unfolded spectrum (top panel) of simultaneous NICER-NuSTAR
pair on Epoch 2 and ratio of the model to the data using various reflec-
tion models (a) tbabs(diskbb+relxill), (b) tbabs(diskbb+relxill)gabs, (c)
tbabs(diskbb+relxillCp)gabs, (d) tbabs(diskbb+relxilllpCp)gabs and (e)
tbabs(diskbb+relxilllp)gabs. The model and the value of sze 4 are mentioned at
the top left and bottom left corners, respectively, in each case.

Using the model M2, we did the spectral fitting of the simultaneous NICER-NuSTAR
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pairs and AstroSat observations. Here, ny is a free parameter. Inner and outer disc radii are
frozen at the innermost stable circular orbit R;sco and 400 r,, respectively. The powerlaw
cut-off energy, E.,;, is fixed at 60 keV since it is hitting the upper limit. All other parameters
of relxilllp are kept free; the lamp-post height /4 (in units of r,), the inclination angle
of the system 6 (in degree), I" of the incident radiation, ionization parameter [og & (erg
cm s~1), iron abundance (Af,) of the accretion disc in terms of the solar abundance A Fe.0s
and the reflection fraction Ry. We wish to estimate the spin parameter, a. of the system,
but it is found to hit the upper limit for almost all the epochs. Based on previous studies
(Morningstar & Miller, 2014; Dong et al., 2020) we freeze a. = 0.4 for this study.

The estimated reflection model (M2) parameters are listed in Table 4.3. The errors
represent a 90% confidence interval. The evolution of 7;, follows the same trend as that
observed in the phenomenological spectral modelling (Table 4.2). The value of I" varies
between 2 — 3.3 and appears slightly steeper than that of phenomenological modelling
(Table 4.2). It may be due to the additional low-energy contribution from the reflection
component over the diskbb component. However, reflection modelling also shows spectral
softening till Epoch 9. The NICER-NuSTAR results suggest that 4U 1543 — 47 is a low-
inclination system with 6 varying between ~ 32° — 40°. We could not constrain the
inclination angle from AstroSat data and we freeze it to 40°.

The evolution of a few important model parameters (h, log & and R ) are shown in Fig. 4.6
for better presentation. Simultaneous NICER-NuSTAR pairs and AstroSat observations are
marked in green and red squares, respectively. We could not estimate the uncertainty of &
in most epochs. The evolution of 4 (Fig. 4.6a) indicates that the primary source is moving
away from the BH till Epoch 6 and then gradually coming closer to the central object.
The ionization structure of the disc is established through the parameter log &. Its value
(Fig. 4.6b) gradually increases, reaches the maximum around Epoch 10, and gradually
decreases further. The high value of log ¢ (>3) suggests a highly ionized disc material
throughout the outburst. We could estimate iron abundance Ap, for Epoch 1, 2, 4 and 5,
and it hits the upper limit during the rest of the epochs. Our study reveals an overabundance
(3.6—10 Afr,) of iron in the disc. The reflection fraction Ry is estimated well at only
the first three and last two epochs. Fig. 4.6¢c suggests that the fraction of primary photons
reaching the disc increases until Epoch 9 and decreases afterward. The gabs strength

exhibits a similar behaviour as observed in the phenomenological modelling.
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Table 4.3: Reflection modelling of NICER-NuSTAR simultaneous pairs and AstroSat observations (highlighted with grey colour)
using the model tbabs(diskbb+relxilllp)gabs. The error values represent 90% confidence interval. The NuSTAR data on
Epoch 8, 11 & 12 are not included here as no simultaneous NICER observations are available.

diskbb relxilllp gabs
Epoch nyg Xiea
(x10?2 T; norm h 6 r log & AFe Ry norm line E o strength
cm™2) (keV) (x10%) [(GM/c?)| (deg) (erg cm s™M)| (AFe.0) (x1073) | (keV) (keV) | (keV)

0.01 0.001 0.03 a 3.4 0.03 0.09 1.2 0.1 84.3 0.1 0.1 0.1
1| 0497001 11.276*0001 1 6.3140.03 | 25.50¢ |32.7+34| 2.81#003 | 3.58*009 | g.5+1.2 | 14401 1282 7+843| 9.9+0.1 1205401 | 1.1*0:1 10.80

2 0 70+0.04 1 151+0.006 6 3+0.2 Q.44 36 3+1.6 2 94+0.04 3 65+0.05 7 7+1.2 3 5+049 200 4+47.8 9 8+0.l 1 94+0.09 1 3+0.2 0.91
. . . . S8 . . . . . . . . .

-0.05 —-0.005 -0.2 -0.08 -0.08 —-1.1 -0.7 -53.9 -0.1 -0.09 -0.2
301046109 1 1.017000 | 1174076 | 30/ | 40/ 3.0/ 477 19.37% 40155975851 0.3270.08 | 9.37+02T 10.75+0,3710.48+0.03 11.37
4 10.683*000 11.081+G90 1614700081 30,5343 135.7+3% | 3.23700L | 4234005 | 5.8*08 | 10.0¢ | 41.13% 10.04*008 11927004 11.99*02 10.83
5 1 0.67790L 11.044*0:001 1 5.83+0.01 184.0155 139.6+36(3.385*%9% | 4.7 7.1%96 | 10.0¢ | 33.6"57 |10.33700312.0670.0%12.76*0.02 10.83
6 | 0.49*001 | 0.99*0.07 19.23+146 1 100/ | 40/ 3f 4304020 | 102 | 7.184 | 7.1 | 10.079 13 11.30%01311.3970.28 11.30
7 | 0.53*003 1 0.99*0.093 16.94*0.16 | 8.26 | 407 | 2.46*03% | 3.70°075 | 10° | 9.99¢ |5.75%0% 1 10.5%010 11.45%020 11657030 11.44
9 ]0.496*40010.958+0.001 1 5.85+0.00 | 40.29¢ | 40/ | 3.7 | 4.7° 10° 107 | 4073 [10.11799%8 11.8670.0¢| 3.1*02 11.10
10 | 0.44*095 1098000 14,9590 | 707 | 40/ | 2.87%93 | 4.7° 10 | 8.10¢ | 1.33*928 1 10.2*0:13 11.78*01912.76*936 | 1.19

0.01 0.002 0.08 0.09 0.56 0.07 0.21 0.20 0.10
13 | 0477001 1 0.9470002 | 5001008 | 443« | 40 | 225/ | 3.64*0%% (3.56*03| 8.10% | 1.11*0.97 | 9.22+021 |0.84*02010.74*0.10 | 1.11

14 | 0.481901 | 91+0.002 | 7 95+0.21 | ¢ gga 407 | 2.61*0.08 | 3 96+0.07 10° 10.6% | 0.14*0.01 1 10.1#0-13 |1 03+0.121] 25+0.14 | | 74

-0.01 -0.002 -0.12 -0.19 -0.26 -0.01 -0.13 -0.13 -0.14
0.004 0.001 0.04 8.5 0.06 0.1 b 0.2 1.5 0.1 0.1 0.1

15 |0.475%0:90410.906+0.091 | 5.91+0:04 | 3374 |38.0%85 ] 2074006 | 27401 | 10.0° | 0.9%92 | 4915 | 9.1#01 | 15401 | 10%01 |1.12
0.004 0.001 0.05 a 9.4 0.05 0.1 b 0.2 0.8 0.1 0.08 0.2

16 |0.48210:90410.904*0.001 | 5.63+0.05 | 50,01 |36.7*%4| 2.05005 | 37401 | 10.0° | 0.9%92 | 4208 | g.7:01 |1.49+008| 12102 1087

¢ Parameter uncertainty can’t be estimated.
b Parameter hits the boundary.
I Frozen parameters.
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Figure 4.6: Evolution of (a) 4, (b) log & and (¢) Ry from reflection modelling of simul-
taneous NICER-NuSTAR pairs (green) and AstroSat observations (red) using the model
tbabs(diskbb+relxilllp)gabs. See text for details.

The RELXILL model (version v2.2) has recently undergone some modifications by
considering the effect of returning radiation in calculating reflected flux. Particularly
in relxilllpCp, where the effects of returning radiation, the density profile and ion-
ization gradient of the disc and the velocity of the primary source are also included.
However, the velocity of the primary source and the effects of returning radiation are
the new parameters added to the relxilllp model. We have applied this modified
relxilllp model to the broadband NICER-NuSTAR data but could not constrain the
source velocity. Also, we have tried to estimate the parameters using the v2.2 flavour of
relxilllpCp. We have fitted all the wideband NICER-NuSTAR observations using the
model tbabs(diskbb+relxilllpCp)gabs. But, we could not constrain most of the pa-
rameters since the number of free parameters is very large. Therefore, we need to essentially
freeze all the new parameters introduced in the updated version, and RELXILL v2.2 does

not improve the result.
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4.5 Comprehensive Study of the Outburst: The HID

We want to understand the evolution of the source during the 2021 outburst in the Hardness-
Intensity diagram (HID). NICER has a full coverage of the source 4U 1543-47 during its
2021 outburst. This analysis considers all the available NICER observations with exposure
time greater than 500 sec. The spectral modelling of NICER observations in 0.8—10 keV
energy band has been performed using model M1.

We estimated the flux in 0.8-2 keV, 2—10 keV and 0.8—10 keV bands separately for
each observation. Hardness is defined as the flux ratio in 2—10 keV to that in 0.8-2 keV.
The hardness-intensity diagram of the source is shown in Fig. 4.7a. The arrows track the

evolution of the outburst. The HID shows correlated behaviours of flux and HR in both
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Figure 4.7: (a) HID of 4U 1543-47 in 2021 outburst generated using NICER observations.
Hardness is the ratio of fluxes in 2—10 keV and 0.8-2 keV. (b) HID generated from
MAXI/GSC daily lightcurve information for a similar period of time. Here, hardness is
defined as the ratio of fluxes in 4—10 keV and 2—4 keV. The time evolution of the outburst

is shown in arrows.

the rising and declining phase of the outburst with a ‘loop’ structure due to a momentary
reduction of flux just after the peak. This shape of the HID departs from its standard
g-shape, and instead, it displays a linear connection during the outburst. This shape of the
HID is generic even if we change the definition of HR.

For comparison, the HID generated using the daily lightcurve of MAXI/GSC is shown
in Fig. 4.7b. Here, we use the same definition of HR as in Fig. 4.1c. The MAXI/GSC
lightcurve has a data gap of 9 days just after the peak of the outburst, which is shown in the
dashed line in Fig. 4.7b. Therefore, MAXI/GSC did not capture the sudden drop in the flux
after the peak observed in the HID of NICER.
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4.6 Timing Analysis of 4U 1543-47

The timing analysis of 4U 1543-47 is carried out using the NICER, NuSTAR and As-
troSat/LAXPC observations for around the first 100 days of the outburst, from MJD 59377
to 59471. We consider all 10 NuSTAR observations and 6 AstroSat/LAXPC observations.
NICER has good coverage during the outburst, and we consider observations with exposure
time greater than 500 sec for this study. Lightcurves are generated with a bin size of 0.003
sec for NICER, 0.01 sec for NuSTAR and LAXPC observations. To maintain a common
energy range between instruments, we generate NICER lightcurves in three energy bands,
0.8-3 keV, 3—-10 keV, and the total energy band from 0.8 to 10 keV. Similarly, we create
lightcurves in the energy ranges 3—10 keV, 10-20 keV for LAXPC, and only 3—10 keV
lightcurve for NuSTAR. Since the source is mostly in the HSS throughout the outburst
and the hard flux contribution is much less, NuSTAR timing results beyond 10 keV are
statistically insignificant.

We generated PDS in each energy band, and the Poison noise subtracted PDS are
modelled in XSPEC (see §2.4.1). The PDS are almost flat and featureless throughout the
outburst. A powerlaw, or combination of a powerlaw and broad Lorentzians, fits the
PDS. The RMS (in percentage) is estimated between 0.001—1 Hz from individual PDS, and
in most cases, the PDSs become noisy beyond this frequency range. The RMS evolution is
plotted against time (Fig. 4.8) for the first 100 days of the outburst. The blue and red stars
represent RMS in 0.8—3 keV and in 3—10 keV energy bands of NICER, respectively. The
green circles and magenta squares represent RMS in 3—10 keV of NuSTAR and LAXPC,
respectively. Orange squares represent RMS in 10—-20 keV of LAXPC. The overall RMS is
low as the source was in the HSS during the outburst. The RMS in 0.8-3 keV of NICER
varies between 0.1-0.8%, and the RMS in 3—-10 keV from NICER, NuSTAR and LAXPC
varies between 0.4—2.2%. For LAXPC, the RMS in 10-20 keV varies between 5.3—6.7%,
which is relatively higher than the RMS in the low-energy band. The PDS in 3—10 keV of
NICER observations, particularly beyond day 40, are noisy. Hence we have omitted such
observations from the study. The PDS from the higher energy bands has poor statistics,
leading to high uncertainties in the estimated RMS.

We did not detect QPO in the NICER and NuSTAR observations. However, LAXPC
observation on day 91 (Epoch 14) shows a QPO (Fig. 4.9) signature in the 3—10 keV energy
band. The observed QPO feature has a characteristic frequency of 2.45+0.08 Hz, Q-factor
of 7.42 and significance of 2.6.

Also, we checked if the data show any timing signature of the absorption features at
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Figure 4.8: Evolution of the RMS (in percentage) estimated between 0.001-1 Hz from
the three instruments. Blue and red stars indicate RMS in 0.8-3 keV and 3-10 keV
respectively of NICER. Green circles indicate RMS in 3—10 keV of NuSTAR. Magenta and
orange squares indicate RMS in 3—10 and 10-20 keV of AstroSat/LAXPC respectively.

~ 8—11keV in the spectra. To explore this, we generated NuSTAR and AstroSat lightcurves
in 3—-7 keV, 7-12 keV and 12-20 keV. But the nature of the PDS and RMS show similar
behaviour as shown in Fig. 4.8. Also, the lightcurves in various energy bands showed no

detectable time lag.

4.7 Discussion

The wideband spectral modelling of NICER-NuSTAR and AstroSat data have revealed that
the accretion disc is extremely luminous with a super Eddington peak luminosity on Epoch
1 (last column of Table 4.2). The estimated column density along the line of sight is
(0.44 — 0.7) x 10>2cm™2. The inner disc temperature 7T}, is highest (1.27 keV) on Epoch
1, and it keeps on decreasing during the decay of the outburst (Fig. 4.4a). The estimated
diskbb norm (Table 4.2, Table 4.3) suggests a marginal inward movement of the inner disc
radius r;, since diskbb norm o« rl.zn and r;;, is possibly close to ISCO. However, the decrease

~3/4

in r;, could not prevent the drop in T, due to the gradual decline in M as T}, o« M'/* r

(Equation 1.17). The extreme luminosity in the inner accretion disc may slow down the
accretion of matter to the BH. The gradual decline of T;, can be due to the reduced infall
of matter onto the BH through the inner disc. The source luminosity is completely soft-

photon-dominated due to the very little fractional Comptonization (cov_frac in Table 4.2),
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Figure 4.9: The power density spectrum of the Epoch 14 Astrosat/LAXPC observation in
3-10 keV band. A QPO feature is observed at 2.45+0.08 Hz with a Q-factor of 7.42 and a
significance of 2.6.

the low corona temperature, and the steeper photon index I' (Fig. 4.4b). Therefore, the

source was in the high/soft spectral state during our study, and it was the softest on Epoch
9.

The important parameters for reflection modelling are shown in Table 4.3 and Fig. 4.6.
The estimated inclination of the system is 6 ~ 32° — 40° (Table 4.3). The lamp-post height
comes closer to the central object as the source becomes softer. The reflection fraction (R )
increases and hits the boundary when the source is the softest. If the value of the ionization
parameter, log & > 3, the fluorescence yield of the highly ionized Fe line (more ionized than
Fe XXIII) increases (Matt et al., 1993). The high value of log £ (Table 4.3) obtained from

reflection modelling suggests a highly ionized accretion disc throughout the outburst.

An important characteristic of this source is the presence of a broad, symmetric and
dynamic absorption feature in the spectrum ~ 8 — 11 keV. Such a broad and wide feature has
never been observed in XRB systems. Both phenomenological and reflection modelling
show that the gabs strength shows an increasing trend, reaches the maximum in Epoch 9
and declines beyond that. We will examine the dynamic nature of this feature in detail in
Chapter 5.

The NICER and MAXI/GSC HID (Fig. 4.7a,b) show a roughly linear correlation between
flux and HR with a loop structure just after the peak flux. It differs from the standard g-
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Figure 4.10: (a) The RMS-intensity diagram and (b) the hardness-RMS diagram of the
source for the first 100 days of the outburst using NICER observations. The evolutionary
track of the outburst is shown in arrows.

shape profile observed in most complete outbursts. Also, contrary to other outbursts, the
source was in the HSS, even at quiescence. This is a sign that most of the observed flux is
contributed by the accretion disc, and therefore as the flux decreases, HR also follows the
same. A similar kind of loop behaviour followed by correlated decay in HID is observed
in the 2019 outburst of MAXI J0637-430 (Baby et al., 2021; Jana et al., 2021) and 2016,
2018 outbursts of 4U 1630—472 Baby et al. (2020).

The timing analysis of NICER, NuSTAR and AstroSat/LAXPC show featureless PDS
with very low RMS since the source was in HSS during the outburst. The estimated RMS
in 0.8-3 keV is less than 1% while the same in 3—10 keV is 0.4-2.2%. The LAXPC
observation on day 91 (Epoch 14) shows the occurrence of a QPO at 2.45+0.08 Hz in 3—10
keV. However, we detected no QPO in the LAXPC 10-20 keV band. The observed QPO
feature may be associated with the transient activity at the inner accretion disc (see §5.4,
Chapter 5). In contrast, the 2002 outburst of this source showed the presence of strong
low-frequency QPO (7.3—8.1 Hz) for several days (Park et al., 2004), with a significantly
higher RMS in the PDS.

The source’s RMS—intensity diagram (RID) is created using the NICER observations in
0.8—10 keV. Fig. 4.10a shows a loop structure in RID at the beginning due to the momentary
drop of the flux between rising and gradual decline. The flux declines weakly correlated
with the RMS (within uncertainties). Therefore, the variability in the lightcurve has an

accretion disc origin.

The spectro-temporal behaviour of the source is presented in the hardness-RMS diagram
(HRD) in Fig. 4.10b using NICER observations. The HRD also shows a loop structure at
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the beginning due to the momentary change in HR close to the peak of the outburst. The
RMS and HR change in a correlated fashion, along with the declination of the outburst.
Therefore, the source’s spectro-temporal behaviour is consistent with the accretion disc-

dominated nature of the outburst.

4.8 Summary and Conclusion

We studied the wideband spectral and timing properties of the 2021 outburst of 4U 1543 —-47.
The MAXI/GSC lightcurve (Fig. 4.1) shows that the outburst rises over 9 days followed by
a slow decay over ~ 175 days. We used multi-instruments data (NICER, NuSTAR and
AstroSat) for simultaneous broadband spectral study over 100 days from MJD 59370. We
performed the spectral study using the phenomenological model M1 and reflection model
M?2. We also did timing studies using all three instruments. The major findings from our

study are summarized below:

The source generally remains very bright during this outburst with a super Eddington

peak luminosity on Epoch 1 (Table 4.2).

* The source was in the HSS during our study, with a steep photon index (Fig. 4.4b)
due to a very small fraction (< 3%) of inverse-Comptonized photons and low corona

temperature.
* The reflection modelling reveals that the system’s inclination is between 32°—40°.

* The extreme luminosity, high ionization (log ¢ > 3) and an overabundance of iron
(3.6 — 10 Af, o) are observed.

* Presence of abroad, dynamic absorption feature at ~ 8—11 keV is observed throughout
our study. This detection is the first of its kind for X-ray binaries. The strength of the
feature (Table 4.2 & Table 4.3) increases between Epoch 1 to Epoch 9.

* The HID (Fig. 4.7a,b) of the source shows a correlated evolution of flux and HR,
consistent with the observed flux’s thermal disc origin.

* The multi-instrument timing analysis in various energy bands reveals mostly feature-
less PDS with very low total RMS. Though LAXPC observation on Epoch 14 showed
a strong QPO at 2.45+0.08 Hz in the 3—10 keV band.

96



* The RID (Fig. 4.10a) shows a loop pattern and then follows a gradual decline. As HR
and RMS are correlated with flux, combining the two in an HRD (Fig. 4.10b) showed
a gradual correlated decline. Therefore, the spectral and timing results reveal that the

2021 outburst of this source is thermal disc dominated.
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Chapter 5

Absorption Features in the Spectra of 4U
1543—-47: Detection of Relativistic Disc
Wind

In Chapter 4, we have performed a broadband spectral study of 4U 1543 — 47 during the
2021 outburst. The spectra reveal a strong and broad absorption feature at ~ 8—11 keV.
Such an absorption has never been observed in any X-ray binary system. Here, we present
a detailed analysis of the absorption signature and discuss its possible origin. This work
has been published in MNRAS Prabhakar et al. (2023).

5.1 Analysis of the Absorption Feature in the NuSTAR
Data

We choose only NuSTAR observations to characterise the observed absorption signature
since it has the best energy resolution. Also, multi-instrument spectral modelling may affect
the parameter estimation of the absorption component. Additionally, we aim to study the
variation of the absorption feature with the orbital phase of the system. Since 4U 1543 — 47
is a low-inclination system, 6 ~ 32° — 40° (Table 4.3), the expected orbital variation of the
absorption feature, if any, will be weak. Therefore, we avoid using multi-instrument data
as the calibration discrepancies in the spectral response between instruments may screw up
the variation.

We perform spectral modelling of 10 epochs (see Table 4.1) of NuSTAR data by the
same combination of models thabs(thcomp X diskbb)edge X gabs (model M1) and
tbabs(diskbb+relxilllp)gabs (model M2) used in Chapter 4. Fig. 5.1 displays the
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spectrum of Epoch 4 NuSTAR observation fitted using the model M1. Panel (a) shows the
absorption feature existed between ~ 8—11 keV, which is then fitted using gabs as shown in
Panel (b).

tE ]
:E 0.1 s 1
“; 0.01 - g ]
§ 10 L ™ ]
] 107 7 1 T 7;2:77777;7‘ ‘ 7
2 }3 iw ) HAH HHHH ﬁj( ‘(a) :
& oé e — Mmﬂ NHHH}M ﬁ Hﬁ—FQﬁ :
14 e | : + : ‘\ -
g 127 i A )
...
5 10 20 50

Energy (keV)

Figure 5.1: The spectra of Epoch 4 NuSTAR observation fitted using the model
tbabs (thcompxdiskbb)edge. The ratio of the model to the data in panel (a) displays the
absorption feature at ~ 8—11 keV, which is being fitted using an additional the model gabs
in panel (b).

The line-of-sight column density, ny, is frozen at 0.45 x 10> cm™2 which was deter-

mined from the broadband NICER-NuSTAR spectral modelling. Table 5.1 and Table 5.2
summarise the important model parameters obtained from the phenomenological and reflec-
tion modelling. The value of spectral parameters are consistent with that from the wideband
spectral study (Table 4.2 and Table 4.3). Again, we use the gabs model to characterize the
absorption feature. We calculated the gabs strength (say, S;) for each NuSTAR epoch
using both models. The evolution of S; is shown in Fig. 5.2. The black, red, green, blue,
cyan, pink, magenta, orange, yellow, and grey indicate the NuSTAR epochs chronologically
(Table 4.1). The absorption strength represented by the square symbol is estimated using
the model M1, whereas the same using M2 is denoted by the star symbol. We notice that
the value estimated using M2 are marginally higher than the same from M1. This can be
the effect of an additional edge component used in the M1 model. The gabs strength of
NuSTAR data is showing the same trend of wideband spectral data, getting more stronger as
the outburst progresses and reaches the maximum value on Epoch 9 (pink in colour), then

declines gradually.
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Table 5.1: Parameters of phenomenological spectral modelling of NuSTAR using the model tbabs (thcompxdiskbb)edgexgabs
(M1). Errors are in 90% confidence intervals.

diskbb thcomp edge gabs

Epoch Xiea

Tin norm r kgT, cov_frac line E D line E o strength

(keV) | (x10%) (keV) | (x1072) | (keV) | (keV) | (keV) | (keV) | (keV)
1| 1.238+0:99° 13.8170:96 12.73*0.0¢ 1150.00 | 0.088*99%07 | 7.2*01 10.04*001 1 10.0%02 | 1.3*%2 10.48*010 | 1.17
2 11297000 13.5870.05 | 2.3*01 | 24.53¢ |0.026*0.00717.20*%97 10.057901 | 9.82+0.07 | 1.27+0.0010.68*9%% | 1.14
4 | 1.055+090 13.58*00° | 2.4*02 | 24.754 |0.008*0007 |7.23*0.0910.08*0%1 110.0679%0 11.32*090 1 1.0*01 | 1.09
5 [1.024%%00 13.27+0.07 1 2,096 | 9.98¢ |0.00270.005 |7.28*0-0¢ 10.09*902 | 10.3*02 | 1.5701 | 1.5%02 |1.07
8 10.952+%9% 13.31*00%0 | 2.1793 | 7.539 10.002+0,%01 17.2770.0¢ 10107002 | 10.1#02 | 1.5%01 | 1.8703 11.13
9 0.940%%90% 13.29*0.08 1 2 7+04 1150.00¢|0.00479003 17.36*907 10.10*092 | 10.2701 | 1.6*0 | 2.0%%3 | 1.04
11 10.921#0,000 13.27+0:95 12,0070 18 | 21.049 {0.016*050 | 7.20700% 10.11#0,0° 1 9.4701 | 1.1#01 | 0.74¢1 1 1.03
12°10.920%%,004 12.94+0:98 12207002 | 19.90¢ | 0.087+G50 17.277000 10.1070,05 | 9.579% | 1.0*%3 [0.177995 | 1.06
15 10.901#%,00% 1 3.11+0:9¢ 11.987098 | 19.76% | 0.026*G00% | 7.07700), 10.07+0,05 | 9270, | 1.1%%] 10.5470 0 1 1.13
16 |0.897*0,00%13.0540:9% 1 1.92700% | 15.014 {0.026*050% | 7.3*01 10.09*00% | 9.0793 | 1.0%3 [0.33701 | 1.05

¢ Parameter uncertainty can’t be estimated.
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Table 5.2: Parameters of the reflection modelling of NuSTAR using the model tbabs(diskbb+relxilllp)gabs (M2). Errors are
in 90% confidence intervals.

diskbb relxilllp gabs
Epoch Xrea
Tin norm h 0 I log ¢ Afpe Ry norm line E o strength
(keV) (x10%) | (GM/c?)| (deg) (erg cm/s)| (AFe.0) (x1073) (keV) (keV) | (keV)

0.01 0.3 2.5 6.3 0.09 0.5 b 0.4 0.08 0.2 0.3 0.2
1| 1247900 | 7.2#03 140.0323 | 25.8763 |2.7270% 1 4.0103 | 10.0° [0.4794| 0237008 | 97402 | 1,6*03 | 0.6*02 | 1.16

0.002 0.05 4.6 3.6 0.1 0.2 b 0.3 0.08 0.1 0.1 0.08
2 [ 1112#9002 17447005 | 9.4+46 1289436 12,6001 | 4.1* 10 [1.2493] 8.16* 9.4*01 | 1.470:1 10.59*0.08 |1 02

-0.002 -0.05 -3.7 -0.05 -0.2 -0.2 -0.02 -0.1 -0.1 -0.09
0.003 0.089 13.8 2.3 b 2.3 0.1 0.1 0.2 0.3
4 |1.058%0.003 16 84+0.089| 16, 62+138| 33.6:23 | 3214 | 4.52¢ | 10.0° |4.823] 01701 | 98401 | 18492 | 15403 |10

0.001 0.2 8.7 2.8 0.01 b 0.8 0.0007 0.04 0.03 0.04
5 [1.03540:%01 1609102 132.42+87 134.49+28 133770011 470 19.13%08134.06%|0.0127+0.9907 1 10.03+0.04 | 1.95+0.03 |2.29+0.04 | 1 03

0.002 0.08 32.3 3.1 0.02 b b 0.006 0.14 0.03 0.06
8 [0.962+0002 16201008 | 41,9423 | 373431 133740021 470 | 10.0” [11.86%| 0.013*0%6 | 9.95+0:14 |1 76+0.03 13 53+0:06 || 17

0.001 0.01 6.2 0.03 b b 0.0003 0.03 0.02 0.04
9 |0.949*0001 | 6154001 | 81.35¢ | 43.5%2 13.16*003 | 4.7 | 10.0° |14.58%|0.0031+0:0903 | 9.94+0.03 |1 72+002 13 54+0.04 11 12

0.002 0.1 6.1 0.1 0.2 b 0.4 0.006 0.1 0.1 0.2
11 ]0.923700021 6.4*01 | 22.45¢ | 39,571 1239401 | 2,602 | 10.0” |2.6*04] 0.007*0:0% | 9.22+01 114801 | 1202 |1.04

0.01 0.5 a 4.1 0.06 0.4 0.2 0.03 0.3 0.3 0.3
12 ] 090101 | 6305 | 9.04¢ | 30.17%1 2241006 36704 | 8.90¢ [0.5%02] 0.03*0% | 8.6'03 | 1.3*93 | 0493 |1.01

0.005 0.2 0.06 0.3 b 0.3 0.002 0.09 0.1 0.2
15 [0.90370%% 1 6.0%2 | 32.3¢ | 21.05¢ [1.96*%% | 3.3703 | 10.0” 0.4*03] 0.004*0:992 | 906009 | 1.3+01 | 0.9°02 |1.10

0.01 0.3 27 0.1 0.4 b 0.3 0.004 0.1 0.2 0.3
16 [0.898*00L | 59403 | 26,04 |32.827 | 2.0101 | 3.3%%4 | 10,0 0.6:03| 0.005*0:00¢ | g8+l | 13402 | 0.9+03 | 1,04

¢ Parameter uncertainty can’t be estimated.
b Parameter hits the boundary.
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Figure 5.2: Evolution of gabs strength (S;) estimated from NuSTAR using the models
tbabs (thcompxdiskbb)edgexgab (square) and tbabs(diskbb+relxilllp)xgabs
(star).

5.2 Possible Origin of the Absorption Feature

In general, the absorption features in the spectrum could be due to multiple reasons, such
as the presence of obscuring cloud in the line-of-sight, occultation due to the companion
star, strong accretion disc wind and/or the stellar wind from the companion (Miller et al.,
2008; Szostek & Zdziarski, 2008; Koljonen & Tomsick, 2020).

We used a partial covering fraction absorption model pcfabs' in XSPEC to check if
this strong absorption feature can be due to an intervening absorber, but it did not improve
the fitting, and the low-energy residuals were high. Therefore, we discard the chances of
absorption due to obscuring clouds in the line of sight.

If the absorption feature is produced by the occultation or stellar wind of the binary
companion, it must show some orbital variations. Precise diagnostic of the orbital variations
provides significant insight into the understanding of the absorption features’ nature and

origin.

5.2.1 Investigating Orbital Variations of Absorption

Each epoch of NuSTAR observation consists of multiple GTIs, referred to as GTI-patches.

We consider GTIs with an exposure time greater than 500 sec for the study. However,

1https ://heasarc.gsfc.nasa.gov/xanadu/xspec/manual /XSmodelPcfabs.html
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Figure 5.3: Folded spectra of different patches in NuSTAR observation of Epoch 9 using
the model tbabs (thcompxdiskbb)edgexgab. The parameters are tied between the GTI-
patches except for the gabs strength. See text for details.

for those with lower exposure times, we merge them together as single GTI-patches. We
extracted spectrum from individual GTI-patch under each NuSTAR observation epoch, and
grouped the spectrum with 30 counts per bin. We performed a simultaneous joint spectral
fitting of all the GTI-patches under each epoch using the model M1. All parameters are
tied between the GTI-patches except gabs strength in the joint fitting. Fig. 5.3/ shows
the simultaneous joint fitting spectra of Epoch 9, which has 7 GTI-patches. The black, red,
green, blue, cyan, magenta and yellow colours represent them in the ascending order of

time.

We have estimated the gabs strength (say, S,) corresponding to each GTI-patch
for a given epoch from the simultaneous joint fitting of the patch spectra. The residual
strength (S, - S;) is estimated for each GTI-patch inside an epoch and is plotted against
the orbital phase in Fig. 5.4. As mentioned, S; (square symbol in Fig. 5.2) is estimated
using the same model M1 for an epoch. The binary orbital period (P) of 4U 1543 — 47 is
26.79377 £ 0.00007 hours (Orosz et al., 1998; Orosz, 2003). The orbital position of each
NuSTAR GTI-patch has been identified based on the start time (MJD 59382.42) of Epoch 1

as the reference time. For Epoch 12 (orange square in Fig. 5.2), the value of S; is unusually
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Figure 5.4: The residual strength (S, - S;) for different patches in each NuSTAR epoch with

the orbital phase. The black, red, green, blue, cyan, pink, magenta, orange, yellow and grey
represent the NuSTAR epochs in chronological order. See text for details.

low, and the estimated S, from the patch-spectra modelling of this epoch is not reliable.
Therefore, we ignore Epoch 12 in Fig. 5.4. The residual varies within +0.5 keV (except
one GTI-patch), and we see only a marginal variation (within uncertainties) in strength
within an orbit. This implies that the orbital position of the BH and the companion is
not responsible for the dynamic nature of the absorption features. We do not expect such

behaviour for a low-inclination system.

5.2.2 Role of Companion’s Stellar Wind

The X-ray luminosity of the source at the peak (see Epoch 1 in Table 4.2) of the outburst is
extremely high, and it may irradiate (see §1.5) the outer accretion disc and the companion
star. If the irradiation affects the companion star, either a fresh accretion of matter starts at
the hot spot or enhances the stellar wind in the companion star. The former may produce
multiple triggering in the same outburst event, which has been observed, for example, in
GX 339 — 4 (Aneesha et al., 2019). If the latter happens, the highly ionized wind material
may absorb the X-ray emission from the primary to produce the broad absorption feature.
The companion of 4U 1543 — 47 is an A2V type star with a mass Ms=2.45 My (Russell
et al., 2006) and radius Rg=2.84 Ry (Orosz et al., 1998). The escape velocity of the stellar
material from the companion’s surface is calculated as 573 km s~!. The binary separation
(a) between the BH and the companion is estimated as 7.18 x10'! cm by considering a BH
mass, Mpg=9.4 My (Russell et al., 2006) using the relation P?/a3 = 47%/ G(Mgy + M),
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where G is the Gravitational constant. Therefore, the stellar wind takes only a few hours
to reach the primary. The column density of stellar wind and the ionization state should
reduce with the decrease of the X-ray luminosity of the primary. Therefore, we expect that
the strength of the broad absorption feature should reduce along with the progress of the
outburst. Instead, we observe that the absorption strength enhances and becomes strongest
during Epoch 9. Moreover, the estimated stellar wind speed is insufficient to blueshift even
the highest ionized lines of Fe XX VI to produce the observed absorption feature. Therefore,

the stellar wind has no role in the dynamic absorption features in the spectra of 4U 1543 —-47.

5.2.3 Signature of Accretion Disc Wind in 4U 1543-47

As discussed in §1.7, accretion disc wind is generally observed in the HSS state where
the central X-ray luminosity of the source remains very high. The central X-ray photons
can irradiate the outer accretion disc enhancing the accretion rate, and the disc remains in
the hot phase longer. Therefore, the outburst source stays in the high luminosity state for
a longer duration (King, 1998; Lasota, 2001; Aneesha et al., 2019; Aneesha & Mandal,
2020). This is possibly causing the 2021 outburst of 4U 1543 — 47 to decline very slowly,
over ~ 175 days (see Fig. 4.1). The super Eddington peak luminosity (Epoch 1 in Table 4.2)
of the XRB source can launch strong disc wind (e.g., King et al. (2015); Mufoz-Darias
et al. (2018)). The accretion disc wind is more prominent in the soft state of X-ray binaries
(Miller et al., 2008; Neilsen & Lee, 2009; Ponti et al., 2012), though disc winds are not
exclusively confined to soft spectral state (Lee et al., 2002). Spectral analysis of 4U 1543—-47
(Table 4.2) suggests that the source was in the HSS during our study. Also, we notice spectral
softening happens till Epoch 9 (~ day 60) and beyond which spectra gradually become harder
(Table 4.2 & Table 4.3). Also, the reflection modelling parameters (Table 5.2) suggest a
highly ionized accretion disc. If the ionized disc wind is responsible for the absorption
feature, then the strength of the features would be maximum when the source is softest.
Surprisingly the strength of the absorption feature is maximum on ~ day 60 as per our
analysis (pink points in Fig. 5.2), and it is keeps-on decreasing further. The optical depth
(7) evolution (Fig. 4.4c) also suggests that the absorption column is maximum on ~ day 60.

The transition energy of the most ionized line with the highest absorption yield, i.e.,
Fe XXV and Fe XXVI, are 6.68 keV and 6.97 keV respectively (provided by XSTAR line
finding list?). Assuming the absorption feature (with line E ~ 10 keV) in the NuSTAR

spectra is produced due to the absorption of the accretion disc photons by the highly ionized

2https ://heasarc.gsfc.nasa.gov/docs/software/xstar/xstar.html
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blueshifted disc wind. The estimated wind speed is reaching 30% of the speed of light to
blueshift the Fe XX VI line energy to 10 keV. Such a fast disc wind has never been observed
in X-ray binary systems. Miller et al. (2006) and Kosec et al. (2020) found disc winds in
the range of a few hundred to a few thousand km/s. Also, a highly ionized wind is never
detected in low-inclination BH-XRB systems (Ponti et al., 2012); for example, GX 339 —4,
XTE J1817 — 330, 4U 1957 + 115, XTE J1650 — 500, GRS 1758 — 258 etc. Therefore,
this detection is the first of its kind for X-ray binaries. However, mildly relativistic disc
wind is not uncommon in quasars, ultra-luminous X-ray sources and AGNs (Reeves et al.,
2009; Tombesi et al., 2015; Walton et al., 2016; Pinto et al., 2017; Hagino et al., 2017).
The other difficulty is the width (o) of the absorption feature, which is as broad as 1.95
keV (Table 5.2). Known line-broadening processes due to turbulence or scattering will face
serious challenges in explaining the line width if it is from a single line. Instead, it is more

likely that a forest of lines of various ionization states of iron can produce the broad feature.

5.3 Evolution of the Absorption Features

The phenomenological spectral fitting of NuSTAR data with model M1 reveals the presence
of neutral Fe K, absorption edge (Table 5.1) and the broad ionized absorption features. We
calculate the equivalent width (EW), which is a measure of the strength of an absorption
line, of both absorption features to find if there exists any connection between these two
components. The EW is defined as (Arumugasamy et al., 2018),

EW = /mu — I(E)] dE, (5.1)
0

where the energy-dependent function /(E) for the gabs and edge components are given in
Equation 2.8 and Equation 2.9 respectively.

The evolution of EW calculated based on NuSTAR phenomenological modelling is
shown in Fig. 5.5 for both edge (red) and gabs (blue) components. The gabs EW increases
till Epoch 9 and then gradually declines, except in Epoch 12. The implication of this result

and the connection between both components (gabs and edge) are discussed in §5.4.

5.4 Discussion

The extreme central luminosity (last column of Table 4.2), high log &, and an overabundance

of Fe (parameter A, in Table 5.2) suggest that the disc is highly ionized with a significant
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Figure 5.5: Evolution of equivalent width of gabs (blue in colour) and edge (red in colour)
components from the NuSTAR epochs. The vertical lines (A-E) are used to describe the
figure.

yield of Fe XXV, Fe XXVI etc. A broad, symmetric, and dynamic absorption feature in the
spectrum is an important aspect of this outburst. We have presented various possibilities
regarding the origin of this feature in §5.2. Finally, we conclude that a fast-moving ionized
disc wind could absorb the primary X-ray photons and produce this broad absorption feature.
Usually, the disc winds are observed in high inclination (60° < 6 < 80°) XRB systems
(Frank et al., 1987; Ponti et al., 2012). Such systems may show intensity ‘dips’ in their
X-ray spectra, e.g., GRS 1915 + 105, 4U 1630 — 47, H 1743 — 322, MAXI J1305 — 704,
GRO J1655 — 40, MAXI J1820+070, etc. (Leahy, 1997; Kuulkers et al., 1998; Shidatsu
et al., 2013; Kajava et al., 2019). The dips are believed to be caused by obscuring material
associated with the accretion disc (Frank et al., 1987).

The phenomenological modelling of the NuSTAR data shows the presence of a neutral
Fe Ka absorption (edge) at ~ 7.1 — 7.4 keV, originating from the outer part of the accretion
disc. The initial steep rise of the EW of the neutral component (red star in Fig. 5.5) indicates
the enhancement of disc matter due to irradiation of the outer disc by the super Eddington
central luminosity. Due to the availability of more matter, the radiation pressure in the
highly luminous inner part could release more ionized matter. The source enters the HSS,
and the disc wind gradually becomes very active till Epoch 9 (possibly Epoch 10 also),
where the gabs EW is maximum (marked A in Fig. 5.5), and the disc spectrum is the
softest (Fig. 4.4b). Therefore, the evolution of the ionized EW (blue square in Fig. 5.5)
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followed the neutral component till day 60 (Epoch 9). If most of the accreted matter is
released as the disc wind, the amount of matter that transfers to the inner disc for falling
onto the BH is much less. Therefore, the accretion process is regulated by the disc wind.
After that, the EW of the ionized component declines gradually (AB in Fig. 5.5) because
the disc luminosity has reduced significantly, and a good fraction of inner disc matter has
already been lost in the form of wind. The neutral component remains unaffected as it takes

a viscous timescale to propagate the same to the outer disc.

The NuSTAR data on Epoch 12 reveals a sudden drop of the strength (orange points in
Fig. 5.2) and EW (marked ‘C’ in Fig. 5.5) of gabs component. We also notice the same
signature in the AstroSat data on Epoch 13, observed after 2 days of the NuSTAR’s Epoch
12 observation. The gabs strength (Table 4.2) on Epoch 13 is smaller by a few factors
compared to the nearby observations. We identify this sudden drop of ionized EW can be
due to the evacuation of the inner disc. The huge central luminosity may slow the accretion
onto the central object, and most of the accreted matter is released through disc wind. Once
the disc luminosity reduces, there is a sudden infall of matter onto the BH, leading to an

evacuation of the inner disc.

If this interpretation is correct, we expect a relatively harder spectrum due to a significant
drop in soft photon flux during Epochs 12 & 13. To characterise this, we calculate the
observed flux in 0.5 — 7 keV (soft) and 7 — 20 keV (hard) band for NuSTAR and AstroSat
data. The AstroSat soft and hard fluxes on Epoch 10 are 7.45 x 1078 erg cm™2? s~! and

2 57! respectively. The drop of AstroSat soft flux on the next observation

1.23x107% ergcm™
(Epoch 13) is 14%, whereas the hard flux increases by 5%. This resulted in a relatively
harder spectral index (marked by a blue circle in Fig. 4.4b) on Epoch 13. Similarly, the
NuSTAR soft (extending the response to low-energy) and hard fluxes on Epoch 11 are
6.48 x 1078 erg cm™2 s7! and 1.1 x 107 erg cm™? s~! respectively. The drop of NuSTAR
soft flux on Epoch 12 is 10%, whereas the hard flux increases by a factor of 2. Therefore,
the suddenly enhanced accretion at the inner disc resulted in these dramatic changes in the
EW and spectral properties. Also, AstroSat/LAXPC data on Epoch 14 (after 4 days) showed
the presence of a strong QPO at 2.45+0.08 Hz (Fig. 4.9). The appearance of QPO possibly
supports this transient activity at the inner disc. However, the inner accretion disc recovers
over the next 10 days (marked CD) due to the transfer of matter from the outer disc and the
ionized component returns to a gradual declination. Interestingly, the neutral component
(or the outer disc) follows the same trend as the ionized component, namely the decline and
refilling signature (red stars between BE), with a delay of the typical viscous timescale of
10 — 15 days.
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5.5

Summary and Conclusion

The absorption features between ~ 8 — 11 keV are thoroughly investigated using the spec-

tral modelling of NuSTAR observations. We search for the origin of this feature and its

implications in the accretion process. The results found are astounding and are listed below.

The detection of a broad, dynamic absorption feature at ~ 8 — 11 keV is the first of its
kind for X-ray binaries. We propose that this feature is due to the absorption of the
accretion disc photons by the blueshifted disc wind. The extreme luminosity, high
ionization (log & > 3), and an overabundance of iron (3.6 — 10 Af, o) reveal that the
disc wind is highly ionized with a significant yield of highly ionized iron species. The
strength of the ionized absorption feature (Table 5.1 & Table 5.2) increases between
Epoch 1 to Epoch 9 as the disc wind column density is expected to increase with the

spectral softening of the source.

The observed line energy of the absorption feature suggests an estimated wind speed
of nearly 30% of the speed of light to blueshift the most ionized line with the highest
absorption yield like Fe XXVI. Hence it would become the first X-ray binary source

to show a highly relativistic disc wind.

The initial steep rise of the neutral component EW (red star in Fig. 5.5) indicates
the enhancement of disc matter due to irradiation of the outer disc. It enhances the
accretion rate; hence, the source remains in the high luminosity and decays very

slowly.

The evolution of EW (Fig. 5.5) of the neutral absorption component (edge) and the
same of the ionized component (gabs) follow each other with a delay of the typical

viscous timescale of 10 — 15 days.

An evacuation of the inner accretion disc is observed during Epoch 12 — 13. This
event leaves a signature of the drop in the soft photon flux and an enhancement of hard

flux. Therefore, the spectrum becomes relatively harder (blue circle in Fig. 4.4b).

Finally, this study suggests that the disc wind regulates accretion dynamics of 4U

1543

— 47 during the 2021 outburst.
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Chapter 6

Summary and Future Perspectives

Studying the accretion scenario in outbursting black hole X-ray binaries provides insight
into the physics of these objects. This study deals with the broadband analysis of two
extremely bright BH-XRBs MAXI J1820+070 (bright due to proximity) and 4U 1543—-47
(intrinsically luminous) in our galaxy using multi-instrument X-ray data.

In Chapter 1, we have introduced two popular accretion scenarios, namely wind and disc
accretion, around compact objects. We briefly discuss the irritated disc instability model to
address the outburst events in XRBs. Also, we introduce the general literature on spectral,
timing variability, and state classification.

Chapter 2 briefly describes multiple X-ray instruments, data reduction processes, and
the methodology followed in the spectral and timing modelling.

We have conducted comprehensive spectral and timing studies of MAXI J1820+070
in its 2018 double outburst (Outburst-I and II) in Chapter 3. We have performed spectral
modelling using NICER and Swift/XRT for the entire outburst duration. Also, we have
done wideband spectral studies using simultaneous NICER-NuSTAR, XRT-NuSTAR, and
AstroSat observations. Spectral analysis reveals that the accretion disc remains truncated,
and the source was in the LHS during Outburst-1. The lightcurve of Outburst-I had a plateau
(Phase-II) followed by a gradual decline (Phase-I1I) after the peak. Phase-II showed spectral
softening without changing the thermal component. However, thermal and non-thermal
flux decline together in Phase-III, keeping a constant spectral index. Non-thermal photons
dominate the Outburst-1, while the Outburst-II is soft and extremely bright. The NICER
data shows the presence of Fe K, line during Outburst-I. The HID traces the canonical
g-shape and has shown state transitions.

The simultaneous wideband modelling reveals a strong reflection signature in both
outbursts, particularly Outburst-II has recorded a very high ionization parameter (log & ~ 4),

an overabundance of iron, and high reflection fraction (~ 3.5). We detect a vertical corona,
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evolving closer to the BH (Phase II) in the LHS, and it remains closer to the BH during
HSS. Therefore, it is believed that the dynamic nature of the corona is responsible for the

spectral properties of the system in LHS.

The NICER timing analysis showed multiple QPO-like features along with flat-top or
powerlaw noise in the power density spectra. The evolution of the characteristic frequency
(v¢) of QPO features reveals that v, initially increases (Phase-II) and then decreases (Phase-
III) over time (Fig. 3.11a) while the overall flux declines during Outburst-1. Therefore, the
evolution of v, in Phase-II defies the expectation that the source flux and the characteristic
frequency would be correlated in the LHS of outbursting XRB systems (Belloni, 2010). This
can be due to the reduction of the size of the corona, keeping a steady thermal component,
1.e., the spectral softening observed in Phase-II. The spectral softening and reduction of
corona size decrease both cooling and dynamical time. The resonance between these two
timescales may generate LFQPOs as suggested by the propagation of the shock oscillation
model (Molteni et al., 1996; Chakrabarti et al., 2004, and reference therein) and the QPO
frequency is inverse to the oscillation time. However, an opposite trend explains the
evolution of v, in Phase-III due to the correlated reduction of thermal and non-thermal
flux. Also, we find an interesting anti-correlation between the fractional RMS and v, for
ve > 2 Hz in the LHS. This is a signature of type-C QPO and is commonly observed in
LHS (Belloni, 2010; Athulya et al., 2022). However, no clear correlation is observed at the
lower frequency. The estimated RMS is high (~ 40%) in the LHS, and the same is < 1% in
the HSS. The total RMS is anti-correlated with the total flux except in Phase-11. Similarly,
the spectro-temporal behaviour in HRD shows RMS and HR are anti-correlated except in
Phase-II.

The source was accreting only at 5% of its Eddington accretion rate at the peak of
the outburst. However, the system seems very bright due to proximity and low column
density along the line of sight. The low luminosity and short rise time indicate both
outbursts triggered as inside-out propagation of thermo-viscous instability. We propose
that the Outburst-II was triggered when the disc was hot and the viscous timescale was

short enough for the inner disc to move quickly toward the ISCO and produce bright HSS.

The spectral analysis suggests a vertically elongated corona. In contrast, the evolution
of LFQPOs by the propagation of the shock oscillation model suggests a radially extended
corona inside the truncated disc in the LHS. It reveals that both models are insufficient
for addressing the observed trends. The findings of this study raise questions about our
current understanding of coronal geometry and suggest further investigation of the disc-jet

geometry around BHs.
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We have performed a comprehensive spectral and timing analysis of the 2021 outburst
of the source 4U 1543—47 in Chapter 4. We have done wideband spectral and timing
studies of simultaneous NICER-NuSTAR and AstroSat observations. Also, we have done

the spectral and timing analysis using all the three instrument data for the entire outburst.

The spectral modelling reveals that the source was super-Eddington at Epoch 1 and is
completely soft-photons-dominated due to very little fractional Comptonization (< 3%),
low corona temperature, and steep photon index. Therefore, the source was in the HSS
throughout the outburst and was the softest on Epoch 9. The inner disc temperature (T;;,)
is highest on Epoch 1 and keeps decreasing during the outburst’s decay. The extreme
luminosity in the inner accretion disc may slow the accretion of matter through the inner
disc, which causes T;, to decline. Reflection modelling suggests that 4U 1543—-47 is a
low-inclination system (6 ~ 32° — 40°) having a highly ionized accretion disc (log & > 3)
with an overabundance of iron. The corona comes closer to the central object as the source

becomes softer with an enhancement of the reflection fraction.

The hardness intensity diagram (HID) shows a correlated change of flux and HR with a
loop structure due to a momentary drop in the flux just after the peak. The HID suggests
that most of the observed flux is contributed by the accretion disc, and therefore as the flux
decreases, HR also follows the same trend. HID shape differs from the standard q-shape
profile observed in most complete outbursts. Also, the source was in the HSS even during

quiescence, in contrast to the standard outbursts.

The timing analysis revealed that the system possesses very low variability in the
lightcurves since the source stays in the HSS throughout the outburst. However, LAXPC
observation on Epoch 14 harbours a strong QPO feature at 2.45+0.08 Hz in 3—10 keV band.
The appearance of this QPO is possibly connected with the transient activity (evacuation
of the inner accretion disc) on Epoch 13, followed by the refilling of the disc during this
period.

The spectra of 4U 1543—47 in 2021 outburst possess a very strong and dynamic absorp-
tion feature between ~ 8—11 keV. This detection is the first of its kind for X-ray binaries. A
systematic study of the absorption feature is carried out in Chapter 5 to uncover its origin.
The extreme luminosity, high ionization, and an overabundance of iron may cause highly
ionized disc-wind with a significant yield of highly ionized iron species. The strength of the
ionized absorption feature increases between Epoch 1 to Epoch 9 as the disc-wind column
density is expected to increase with the spectral softening of the source. The line energy of
the observed absorption features points to the relativistic nature of the wind to blueshift the

most ionized line with the highest absorption yield, like Fe XXVI. Our results suggest that
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the strong and dynamic absorption feature is produced by the absorption of the accretion
disc photons by a highly ionized and relativistic (30% speed of light) disc wind in the
system.

The NuSTAR data also show the presence of a neutral Fe Ka absorption at ~ 7.1 — 7.4
keV, originating from the outer part of the accretion disc. The initial steep rise of the neutral
component equivalent width (EW) indicates an enhancement of disc matter due to the
irradiation of the outer disc. Therefore, the source remains in high luminosity and decays
very slowly. The evolution of the EW of the neutral and ionized absorption components
suggests that they follow each other with a delay of the typical viscous timescale of 10—15
days. We noticed a clear drop in the EW of the ionized absorption components during
Epoch 12—-13. This event leaves a signature of the drop in the soft photon flux and an
enhancement of hard flux resulting in a relatively harder spectrum. We interpret this as
evidence of the evacuation of the inner accretion disc and propose that the QPO observed
in the LAXPC data on Epoch 14 is connected with this. This study suggests that the disc
wind plays a significant role in controlling the accretion dynamics of the 2021 outburst of
4U 1543-47.

Future Perspectives

Our study of 4U 1543—-47 revealed strong, dynamic, and broad absorption lines in the
spectra, which could be attributed to the relativistic disc wind in the system. The present
study utilises phenomenological models to explain the characteristics of the absorption
features. An in-depth investigation utilizing physical models for disc wind would enable us
to obtain a more realistic picture of the scenario. A few such models are discussed below.
The DISK-WIND! model (Sim et al., 2008, 2010; Matzeu et al., 2022) in XSPEC is widely
used to study the properties of disc winds in X-ray binaries, including their origin, dynamics,
and the feedback they provide to the accretion disc and the surrounding environment.
This model can handle both absorption and emission from a disc wind by calculating the
flow’s local ionisation state and velocity field. It estimates several parameters, such as the
terminal velocity of the wind, mass outflow rate, and X-ray ionizing luminosity, etc. The
photoionization model XSTAR (Kallman & Bautista, 2001; Kallman et al., 2004) in XSPEC
is used to model the physical properties of astrophysical plasma. It is suitable to model the
absorption signatures of the disc wind and provide information about the ionization state

and column density of the wind.

1https ://gabrielematzeu.com/disk-wind/
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The broad absorption feature observed in the spectra of 4U 1543-47 is unique in its
nature. The typical line width expected for a neutral Fe line is around 50-60 eV (Ueda et al.,
2004; Torrejon et al., 2010; Ponti et al., 2019). When these lines are blueshifted by a strong
disk wind, they become smeared out. If these lines are coming from a large number of
ionized elements, they may get overlap and makes it difficult to differentiate them. If the
lines are contributed by only a few elements, there exists a possibility of detecting them.
We assume that the very broad (~ 2 keV) absorption feature observed in 4U 1543-47 could
possibly be produced by a forest of lines of varying ionisation states of different elements.
Identifying the elements responsible for the multitude of absorption lines that generated the
feature would be interesting.

The 2021 outburst of the system 4U 1543—47 is unique, as it only exhibits a soft state and
possesses a different (non-canonical) HID than other transient BH sources. We are planning
to extend the spectro-temporal study to other sources, particularly soft state dominated, non-
canonical outbursts for comparison. Until now, there has been a lack of studies specifically
addressing the evolutionary trends of non-canonical outbursts. Consequently, there are
numerous open questions regarding these systems. One crucial question is whether a
common evolutionary trend exists among non-canonical systems. Furthermore, it is yet
to be ascertained whether the unique features witnessed in these systems directly from
their non-canonical behavior. In the coming years, our aim is to explore the discrepancies
in the outburst HID profile among various sources. We intend to investigate whether
sources displaying non-canonical behavior exhibit distinct dynamics during their outbursts.
Furthermore, the presence of a disk wind signature in the high soft state (HSS) across
various sources raises questions such as: Is there a specific luminosity threshold linked to
the emergence of the disk wind? These inquiries could serve as central themes for a research
initiative focused on attaining a deeper understanding of the intricate behaviors exhibited
by these systems. By conducting a comprehensive spectro-temporal analysis of several
such X-ray binary systems, it is possible to explore and uncover potential commonalities or
unique aspects of non-canonical outbursts.

Also, I intend to prioritize and focus on X-ray polarization studies of XRB systems. The
future of X-ray binary system studies hinges on the integration of spectroscopic, temporal,
and polarimetric analyses. The X-ray polarization studies will provide valuable information
about the system’s geometry, magnetic field orientation, and more. The recent launch of
NASA’s Imaging X-ray Polarimetry Explorer (IXPE) (Weisskopf et al., 2016; Soffitta, 2017)
in 2021 and the upcoming ISRO mission POLIX (Paul et al., 2016) onboard XPoSat offer

exceptional prospects in this field.
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Appendix A
Swift/XRT and NICER Spectral Calibra-

tion Discrepancies

The estimation of spectral parameters gets affected due to the difference in spectral energy
calibration of XRT and NICER. To understand it better, we model two pairs of simultaneous
NICER and XRT observations; the first one is on MJD 58212 (Pair-I) and the second
observation (Pair-1T) is on ~ MJD 58401 (Pair-II is quasi-simultaneous, but the source did
not evolve significantly during the observations).

Pair-1 observation is close to the peak of Outburst-1, and the model tbabs(diskbb+
powerlaw) provides a good fitting for XRT data. In contrast, NICER data need an additional
Gaussian component due to Fe K, emission line signature. The fitted spectra for XRT and
NICER data are plotted together in Fig. A.la. Here, orange represents the XRT spectrum,
and the green represents the NICER spectrum. Pair-II observation is close to the quiescence
after Outburst-II. The tbabs (diskbb+powerlaw) model is needed to fit the NICER data,
but only tbhabsxpowerlaw is enough to fit the XRT data and the model fitting is presented
in Fig. A.1b. For a given simultaneous observation, the requirement of additional model
components for NICER data implies that the NICER calibration is still updating since
Swift/XRT is well calibrated with other instruments (Madsen et al., 2017).

We attempt an order-of-magnitude estimation of the spectral discrepancies between
the instruments from these simultaneous observations. The model-fitted parameters and
estimated fluxes in various energy bands are summarised in Table A.1. We find that the
overall (0.8 — 10 keV) flux matched well when the source was bright (Pair-I) though NICER
flux in the high-energy (2 — 10 keV) band is 7.1% lower than the XRT flux due to a
steeper spectral index (difference of ~ 0.24). However, the inner disk temperature, T;,, is
comparable, but a higher diskbb norm reflects 5.8% higher flux in the low-energy (0.8 — 2

keV) band. Therefore, there is a mutual balance between the low and high-energy fluxes,
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Figure A.1: (a) Simultaneous XRT and NICER spectrum on MJD 58212 fitted using
tbabs (diskbb+powerlaw) for XRT and tbabs (diskbb+gauss+powerlaw) for NICER,
The orange colour corresponds to the XRT, and the green
is for NICER. (b) Quasi-simultaneous observation on ~ MJD 58401 are fitted using
tbabsxpowerlaw and tbabs (diskbb+powerlaw) for XRT and NICER respectively with

and are plotted together.

the same colour scheme.

keeping the overall fluxes comparable when the source is bright. Note that the XRT flux in

the 0.8 — 10 keV band is used as a reference to calculate the percentage of flux difference.
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The spectral index for the Pair-1I data set appears comparable. But a higher powerlaw norm

Table A.1: Model fitted parameters and estimated fluxes in various energy bands from
simultaneous NICER-XRT fittings

Pair I Pair 11
Model Component
NICER XRT NICER XRT
0.004 0.07 0.01 0.03
powerlaw r 1.648%0on | 1417507 | 1707500 | 1.6970 55
0.04 0.05 0.003 0.004
norm 6.167 0, | 468770z [0.2147505510.17975 00
diskbb Tin(keV) ]0.283700001 0.30700% | 0.18*001 -
4 0.68 4.7 0.78
norm (x10%) | 1117523 | 6.78%5 | 1.43%5 -
gauss line E (keV) | 6.60*0:9% - - -

sigma (keV) 0.6" - - -

+0.002
norm 0.0347 02 - - -

X2, 1.02 1.16 1.04 0.86

Energy range| (x107%) (x107%) (x1079) (x1079)

0.8-10 keV |3.945%0.0021 4 +0.03 |1 189+0.004 | () 9g+0.01

) -0.002 -0.06 -0.007 -0.01

Flux (ergs/s/cm?)
0.001 0.003 0.007 0.002
0.8-2 keV 1.180f0'002 0.948f0.020 0.314f0.003 0.242f0'003

0.002 0.06 0.005 0.01
2-10keV |2.765*0:992 | 3,05+0.06 |0.874+0005 | (.74+001

T frozen parameter.

and the presence of additional disk components record 13.6% and 7.3% higher flux in
the high and low-energy band, respectively, for NICER. Therefore, we find considerable
discrepancies between fluxes in the high and low-energy bands due to the differences in
spectral response.

Finally, the simultaneous multi-mission observation campaign of quasar 3C 273 in-
volving NuSTAR, Swift, and NICER were performed on 2019-07-02, 2020-07-06, and
2021-06-09. The recent report (Madsen et al., 2021) of the International Astronomical
Consortium for High Energy Calibration (IACHEC) has mentioned that the data analysis

of these observations is underway. Therefore, the NICER calibration is still evolving, and
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proper NICER-Swift/XRT cross-calibration is very much required.
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