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Abstract

This thesis centers on the X-ray and optical investigations of Be/X-ray binaries (BeXRBs),
the largest subgroup within the high-mass X-ray binaries (HMXBs). Typically, a BeXRB
system consists of a neutron star as the compact object and a massive non-supergiant star
(with a mass range of 10-20 M) acting as the binary companion. In these systems, the neu-
tron stars derive their energy by accreting matter from the circumstellar discs of Be stars,
emitting predominantly in the X-ray band of the electromagnetic spectrum. Notably, the
companion Be stars in BeXRBs are also bright in optical and infrared wavelengths. These
binaries display two distinct types of X-ray outbursts: normal (Type I) and giant (Type II)
X-ray outbursts. The Be stars exhibit infrared excess and prominent emission lines such as
HI, Hel, and Fell at various stages of their evolution. These emission lines show variability
in shape and strength, influenced by the physical properties, orientation, and interactions
within the circumstellar disc. Hence, studying these line parameters during transient and
quiescent phases can enhance our understanding of the conditions within the circumstellar
disc that lead to normal and giant X-ray outbursts from the neutron star.

Accretion-powered pulsars in BeXRBs emit X-ray photons by accreting matter from
the circumstellar discs of Be stars. Neutron stars are among the most compact objects
in the universe, containing more than a solar mass within a radius of approximately 10
km. This leads to an average density of around 10'* g/cm3, comparable to nuclear matter.
Furthermore, these neutron stars possess a surface magnetic field of the order of 10'? G,
making them the most exotic objects in the universe. Studying the accretion mechanisms
in these systems provides a unique opportunity to explore the properties of matter under
extreme conditions, which cannot be replicated in laboratory experiments. During accretion,
matter from the optical companion interacts with the strong magnetic field of the neutron
star and follows the field lines to magnetic poles. This process results in forming an accretion
column on top of the magnetic pole of the neutron star, where numerous complex processes
give rise to X-ray emissions. The complex physical processes occurring in the accretion
column vary significantly with changes in the mass accretion rate. Hence, studying emissions
from accreting pulsars offers deeper insights into the dynamics of the accretion column.

In this thesis, we present results from the optical and X-ray studies of the Be/X-ray
binary 1A 0535+262/HD 245770 during the October 2020 giant X-ray outburst, using the
1.2 m telescope at the Mount Abu Infrared Observatory and AstroSat, respectively. The
peak flux of the source during the outburst is recorded at approximately 11 Crab in the 15-50
keV range, the highest ever observed from the pulsar. We conducted optical observations
in the 6000-7200 A band before, during, and after the X-ray outburst to examine the
evolution of the circumstellar disc of the Be star between February 2020 and February
2022. Our optical spectra display prominent emission lines at 6563 A(HI), 6678 A(HeI),
and 7065 A(Hel). We observe significant variability in the He line, with the single-peaked
profile appearing asymmetric with broad red and blue wings before and during the outburst.
Post-outburst observations, however, reveal a double-peaked profile with asymmetry in the
blue wing. Our pre-outburst observations confirm a larger Be disc that decreased in size
as the outburst progressed. Furthermore, the observed variabilities in the Ha line profile

and parameters suggest the presence of a highly misaligned, precessing, and warped Be disc.
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AstroSat observations of the pulsar detected pulsations at approximately 103.55 s in the
light curve up to 110 keV. We find strong energy-dependent pulse profiles with increasing
contributions of the pulsing component in hard X-rays. The broadband spectral fitting in
the 0.7-90.0 keV range confirmed the presence of the known cyclotron resonance scattering

feature at approximately 46.3 keV.

Additionally, we investigate another Be/X-ray binary IGR J06074+2205 during its Oc-
tober and December 2023 X-ray outbursts using NuSTAR and NICER observations. Timing
analysis reveals coherent pulsations from the neutron star at approximately 374.60 s. The
pulse profiles are found to be strongly dependent on luminosity and energy, highlighting the
complex nature of the emitting region. The 3-79 keV NuSTAR spectrum is well-described
by a negative and positive power-law with an exponential cutoff model. An iron line at
approximately 6.3 keV is detected in the NuSTAR spectra during the brighter phase at a

036 erg s

luminosity of 5.56x1 A cyclotron absorption line at 50.7 keV, corresponding
to a magnetic field of 5.69x10'? G, is detected during the brighter observation. An ab-
sorbed power-law model describes each NICER spectrum in the 1-7 keV band. Using the
MAXI/GSC light curve, we estimate the possible orbital period of IGR J06074+2205 to be
80 or 80/n (n=2,3,4) days. We also investigate the evolution of the circumstellar disc of
the Be star using optical spectroscopic observations between 2022 and 2024 from the Mount
Abu Infrared Observatory and the Indian Astronomical Observatory. The optical spectra of
the Be star reveal variable Ha and Fell emission lines with an increase in equivalent width
with time, indicating the presence of a dynamic circumstellar disc. Our results from optical
spectroscopy suggest that the circumstellar disc continuously evolves without any noticeable

mass loss, even during the 2023 X-ray outbursts.

A remarkable transient X-ray outburst between 2017 and 2018 led to the discovery of
Swift J0243.6+6124. Historically, the Swift/BAT (15-50 keV) telescope detected this source
at a flux level of approximately 80 mCrab on 3 October 2017, marking the onset of its
2017-2018 giant X-ray outburst. Swift J0243.6+6124 is considered the first Galactic ultra-
luminous X-ray (ULX) source due to its intense X-ray luminosity reaching up to an order of
1039 erg s~!. This thesis presents the results from detailed X-ray timing and spectral studies
of Swift J0243.64+6124 during its giant and normal X-ray outbursts between 2017 and 2023,
observed with NICER. Our study focuses on the timing analysis of the source during normal
outbursts. A distinct break is detected in the power density spectra of the source, with the
corresponding break frequency and slope of power-laws around the break varying with lumi-
nosity, indicating changes in accretion dynamics with the mass accretion rate. Interestingly,
we detect quasi-periodic oscillations within a specific luminosity range, providing further
insights into the underlying physical processes. We also study the spin period evolution of
the neutron star and the luminosity variation in pulse profiles during the 2023 outburst.
Our spectral analysis covers the giant and all other normal X-ray outbursts. We identify
a double transition at luminosities of approximately 7.5x1037 and 2.1x103® erg s=! in the
evolution of continuum parameters such as photon index and cutoff energy with luminosity.
This indicates three distinct accretion modes experienced by the source, particularly during
the giant X-ray outburst. A soft blackbody component with a temperature of 0.08-0.7 keV is

also detected in the spectra. The observed temperature undergoes a discontinuous transition
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when the pulsar evolves from a sub- to a super-Eddington state. In addition to an evolving
6-7 keV iron line complex, a 1 keV emission line is observed during the super-Eddington
state, implying X-ray reflection from the accretion disc or outflow material.

Through these comprehensive studies, this thesis aims to enhance our understanding on
the dynamic and complex processes occurring in Be/X-ray binaries, the cause of the giant
X-ray outbursts in these systems, and contributing valuable insights into the behavior of

matter under extreme astrophysical conditions.
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Chapter 1

Introduction

1.1 X-ray binaries: historical introduction

The history of X-ray binaries (XRBs) dates back to the 1960s. On June 18, 1962, an X-ray
instrument comprising three large-area Geiger counters was launched aboard an Aerobee
rocket. These are sounding rockets designed to carry scientific instruments to altitudes
higher than the weather balloons but lower than the satellites. These rockets were used
for a variety of scientific and technological experiments. The total flight time of Aerobee
rockets is relatively short, often just a few minutes, with the rocket spending only a tiny
fraction of that time at its highest altitude. The mission was designed to investigate the
production of fluorescence X-rays from the surface of the moon caused by solar X-rays and
to explore potential X-ray sources in the night sky. Launching the instrument through the
rocket was essential because the atmosphere of the Earth is opaque to X-ray radiation.
The total duration of the experiment was 350 seconds, conducted at an altitude exceed-
ing 80 km, unexpectedly discovered the first extra-solar X-ray source, Scorpius X-1 (Sco
X-1; Giacconi et al. 1962). Initially, the location of the source remained elusive. However,
subsequent observations pinpointed it within the Scorpius constellation, with precision up
to 1 arc-minute (Gursky et al., 1966). The name “Scorpius X-1” signifies its location and
status as the first extra-solar X-ray source, laying the groundwork for the development of
X-ray astronomy. Motivated by this discovery in the following years, various agencies and
countries endeavored to identify other cosmic X-ray sources, employing rockets and balloons
between 1963 and 1970. These efforts led to the discovery of 40 X-ray sources, including
supernova remnants, Crab pulsar, and M87 galaxy. However, the limitations of rocket and
balloon experiments, such as short duration and limited field of view, hindered a detailed

understanding of these sources.

The first satellite dedicated to X-ray astronomy was Uhuru, launched on December 12,
1970, by the National Aeronautics and Space Administration (NASA). This was the first
satellite of the Small Astronomy Satellite (SAS) series, which lasted for two years. The goal
of Uhuru was to scan the entire sky for X-ray sources comprehensively. The satellite was
effective in the 2-20 keV energy range, and by the end of the mission, it had cataloged a total
of 339 X-ray sources (Forman et al., 1978). The major classes of X-ray sources observed were

X-ray binaries, Seyfert galaxies, cluster of galaxies, and possibly supercluster of galaxies.
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Figure 1.1: Classification of X-ray binaries (XRBs) depicted in a tree diagram, primarily based
on the nature of the compact object and the companion star (Reig 2011).

An analysis of one year’s worth of data from the X-ray source Centaurus X-3 (Cen X-3)
in the Uhuru catalog by Schreier et al. (1972) revealed pulsed emissions with a period of
4.08 seconds, showing a sinusoidal variation over approximately 2.08 days. Additionally, a
periodic fluctuation in the flux level was observed, with a periodicity of about 2.08 days.
These observations suggested that the compact object is a neutron star and is present in
an occulting binary system. This was the first evidence for an X-ray binary system. The

following sections discuss the classification and formation of X-ray binaries in more detail.

1.2 X-ray binaries (XRBs): an overview and classification

X-ray binaries (XRBs) are systems consisting of two stars: a compact object (which can be a
white dwarf, neutron star, or black hole) and an evolving optical star, both orbiting around
a common center of mass (Lewin et al., 1997). The compact object is a strong emitter of
X-rays, while the optical star shines brightly in the optical and infrared wavebands. X-ray
emission from the compact object occurs through the accretion of mass from the companion
star through various processes, as discussed in upcoming sections. In XRB terminology,
the compact object is often called the “primary star” or “accretor” (due to its role in mass
accretion). In contrast, the optical star is termed the “secondary star” or “donor” (as it
donates mass to the compact object). The classification of XRBs is based on the nature
of the compact object and its companion star. A comprehensive classification of XRBs is

depicted in a tree diagram by Reig (2011) (see Figure 1.1).

As illustrated in Figure 1.1, the X-ray binaries (XRBs) are classified into three primary
classes based on the nature of the compact objects: Black Hole X-ray Binaries (BH-XRBs),
Neutron Star X-ray Binaries (NS-XRBs), and White Dwarf X-ray Binaries (WD-XRBs),
also referred to as Cataclysmic Variables (CVs). When the primary star, or the compact

object, is a neutron star or black hole, these XRBs can be further categorized based on



1.2. X-ray binaries (XRBs): an overview and classification 3

the mass of the secondary or donor star (Msge.). Specifically, the high-mass X-ray binaries
(HMXBs) feature donor stars with mass Mg > 10 Mg, while the low-mass X-ray binaries
(LMXBs) have donor stars with mass Mg < 1 Mg. In cases where the compact object is a
white dwarf, these XRBs or CVs can be further divided into various sub-classes that depend
on their outburst characteristics. Furthermore, there is an additional category of XRBs
known as intermediate-mass X-ray binaries (IMXBs), where the mass of the secondary star
(Mgec) falls between 1 and 10 Mg, (Pfahl et al. 2003).

1.2.1 High mass X-ray binaries (HMXBs)

HMXBs consist of a black hole or neutron star as compact objects or primary stars and
high mass companion stars with a mass greater than or equal to 10 M, as secondary stars.
The companions are early-type (O & B spectral type) stars. HMXBs are relatively young
XRBs with a characteristic age of <107 years. They are mostly found in spiral galaxies and
irregular galaxies where there is a higher star formation rate (Frank et al., 2002). Depending
on the nature of O & B-type stars, HMXBs are further divided into two types: Supergiant
X-ray binaries (SGXRBs), where the secondary is a supergiant OB star (luminosity class
I-1I) and Be X-ray binaries (BeXRBs), where the secondary star is a Be star (luminosity
class ITI-V). According to the recent HMXB catalog by Fortin et al. (2023), there are a total
of 152 HMXBs and candidates in the Milky Way galaxy. Additionally, Fortin et al. (2023)
reports that the galaxy currently contains 52 SGXRBs and 74 BeXRBs.

The formation of an HMXB necessitates the presence of two progenitor stars with an
initial mass exceeding 10 Ms. However, the secondary star may initially have mass below
this threshold, provided it acquires sufficient mass from the primary star during its evolution
to surpass the threshold. Figure 1.2 illustrates the formation and evolution processes of
HMXBs. According to the scenario depicted in Figure 1.2, during the initial stage known
as the Zero-age main sequence (ZAMS), the binary comprises two main sequence stars with
masses of 14.4 My and 8.0 Mg, respectively, with an orbital period of 100 days. The
more massive star evolves first into a giant star and transfers its mass through Roche lobe
overflow. A large amount of mass is transferred during overflow. As a consequence, the
mass of the 8.0 M, star increases to 16 M, and the 14.4 M becomes a helium star of mass
3.5 Mg. The helium star then undergoes a core-collapse supernova, and a neutron star will
be formed. Due to the supernova, the orbit becomes wide and eccentric. The 16 Mg star
evolves to a giant phase that fills its Roche lobe, and the mass transfer happens onto the
compact object. The compact object accretes mass and gives rise to X-ray emission. Then,
the binary system will be detected as an HMXB. Further, the giant star becomes a helium
star, then undergoes a core-collapse supernova and becomes a neutron star. At the final

stage, the binary will consist of two young pulsars.

1.2.2 Low mass X-ray binaries (LMXBs)

An LMXB consists of a black hole or neutron star as the compact object or primary star,
paired with a low-mass companion star with a mass less than or equal to 1 Mg as a secondary

star. The companion stars in LMXBs typically belong to spectral types of A or later. The
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Figure 1.2: Illustration depicting the formation and evolution processes of High Mass X-ray

Binaries (HMXBs). The diagram showcases the evolutionary stages of

a binary system, starting

from the Zero-age main sequence (ZAMS) to the formation of HMXBs, highlighting the mass
transfer between the progenitor stars and the resulting transformation into compact objects.

Orbital period changes throughout the evolutionary phases are also
den Heuvel, 2006).

indicated (Tauris & van
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LMXBs are relatively old X-ray binary systems, with a characteristic age of >10? years (Ar-
nason et al., 2021). They are primarily found in regions associated with old star populations,
such as the Galactic center, Galactic bulge, and Globular clusters. According to the recent
catalog of LMXBs published by Arnason et al. (2021), there are 349 well-known systems.
The LMXBs are further divided into two types: Z sources and atoll sources, based on their
evolution in hardness-intensity diagram (HID) and color-color diagram (CCD) (Hasinger &
van der Klis, 1989). In the CCD, the Z sources typically trace out a Z-shaped pattern and
are thought to be accreting at around Ly ~ Lggq (Eddington luminosity). Conversely, the
atoll sources trace a C-shaped pattern in the CCD and typically emit at one to one-tenth of
LEdd-

The formation process of LMXBs is suggested in Tauris & van den Heuvel (2006). The
formation process starts with stars of masses 15 and 1.6 M. The 15 Mg star evolves to its
giant phase and fills the Roche lobe. Once the massive star fills its Roche lobe, the mass
transfer takes place from the massive star to the 1.6 Mg star. However, this is an unstable
mass transfer scenario that brings the stars close into a common envelope. Then, the entire
envelope of the giant star is ejected, leaving a close binary consisting of a helium star and
a normal star. At this stage, it is presumed that the 1.6 Mg star has accreted a minimal
amount of mass from the giant star. The He star then undergoes a core-collapse supernova,
leaving a neutron star and the 1.6 My star in a wider and eccentric orbit. After a very
long time (~2.24 Gyr), the 1.6 Mg star evolves to the giant phase and fills its Roche lobe,
and then the mass transfer occurs onto the neutron star. Now, the binary system can be
detected as an LMXB. Further, the Roche lobe filling star evolves into a white dwarf, and
finally, the binary will consist of a neutron star and a white dwarf. Figure 1.3 illustrates the
evolutionary process that leads to an LMXB system and then to a millisecond pulsar with
a white dwarf companion.

The distinct properties of the secondary stars in HMXBs and LMXBs result in significant
variations in the mass transfer mechanisms. These differences in the mass transfer mecha-
nisms consequently lead to X-ray emissions with unique and distinguishable characteristics.
The following subsections explore various mass transfer mechanisms and corresponding X-
ray emission characteristics in the HMXBs and LMXBs. We delve into the physical processes
underlying these mechanisms, examining how the nature of the secondary star influences
the dynamics of mass transfer and how these processes shape the X-ray emission proper-
ties. Understanding these mechanisms is crucial for interpreting the complex behaviors of
X-ray binaries and gaining insights into the evolution and life cycle of these fascinating

astronomical systems.

1.3 Accretion mechanisms: insights from X-ray binaries

Accretion is the most crucial mechanism that powers the compact objects in XRBs. In
simple terms, accretion is the accumulation of matter on an object due to the influence of
its gravity. During the accretion process, the gravitational potential energy of the accreting
matter particles is converted into radiation due to the effect of the gravitating object. The

importance of accretion onto compact objects was initially widely recognized observationally
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Figure 1.3: Illustration depicting the evolution of two main sequence stars in binary that leads
to the formation of Low Mass X-ray Binaries (LMXBs) (Tauris & van den Heuvel, 2006)
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in the case of XRBs (Zeldovich & Guseynov, 1966; Cameron & Mock, 1967). Through this
mechanism, the compact objects proved their existence. However, the theoretical founda-
tions of accretion were established as early as the 1940s by pioneers such as Bondi, Hoyle,
and Lyttelton (Bondi & Hoyle, 1944). Beyond its significance in X-ray binaries, accretion
is also crucial in various fields across different scales, including its vital role in the inter-
stellar medium and Active Galactic Nuclei (AGNs). Accretion is one of the most efficient
mechanisms in the universe for converting matter into energy and is more powerful than the
nuclear fusion process. An order-of-magnitude estimation of the efficiency of accretion and
nuclear fusion processes is provided in Frank et al. (2002). When a particle of mass m is
accreted onto a compact object of mass M and radius R, the total amount of gravitational

potential energy released is given by:

GMm
AE,cc = ——— 1.1
= (11)

where G is the gravitational constant and is equal to 6.6743x10~" m?kg='s™2. If we
consider the compact object to be a neutron star of mass M ~ Mg and radius R ~ 10 km,
then the AE,. is coming out to be 102° erg gm~!. For comparison, in the case of nuclear
fusion of hydrogen into helium, the most basic fusion process in astrophysics, the amount of

energy released is

AE,,. = 0.007mc? (1.2)

where ¢ is the speed of light and is equal to 3x10® s~ and using Equation 1.2, AE,. is
coming out to be 6x10'® erg gm~!. Hence, if we convert one gram of mass into energy, then

the accretion process will yield about 20 times more energy than the nuclear fusion process.

The rate at which AFE,. is released from the system is called the accretion luminosity (Lacc)-
Suppose a compact object is accreting matter at the rate of M and accretes an amount AM
of matter in time At. Using Equation 1.1, we can calculate the total amount of energy

released as:

GMAM  GMMAt

AE1acc =
R R

(1.3)

Then the luminosity (amount of energy released per unit time) of the source, if radiated in
the same rate as generated, is given by
 GMM

Loce = —— 1.4
. (14)

Equation 1.4 indicates that for a given mass accretion rate, the accretion luminosity in-
creases with the compactness (M/R) of the accreting object. This is due to the fact that,

for a fixed mass M, the gravitational potential well becomes deeper as the radius R decreases.
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The ratio M/R called the compactness of the accreting object, is typically denoted as nacc.
This implies that the more compact the object, the higher the efficiency of mass-to-energy
conversion. For example, for a solar mass neutron star, nacc ~ 0.2, while for a solar mass

white dwarf, nace ~ 1074

For a particular compact object, the accretion luminosity (Lacc) increases with an in-
crease in the mass accretion rate (M ). However, L,.. does not continue to increase indef-
initely with M due to an upper limit known as the Eddington luminosity (Lgqq). Lgdd
represents the maximum possible luminosity in an accreting system, where the radiation
pressure from the outgoing radiation balances the gravitational pressure from the incoming
matter, thereby limiting further mass accretion. To calculate this, consider spherical accre-
tion onto a compact object with mass M and radius R, where the outgoing radiation and
incoming plasma interact through Thomson scattering. Then, the Eddington luminosity is

given by:

Lraq = 471G Mmyc/or ~ 1.3 x 103 (M/Mg) erg s~ (1.5)

where o7 is the Thomson scattering cross-section and m,, is the mass of the proton.The
above expression suggests that if a compact object with a mass of 1 My is accreting matter
from its surroundings, the maximum possible luminosity is 1.3 x 103 (M/Mg) erg s
Beyond this luminosity, the radiation pressure will dominate, pushing the incoming matter
outward and halting the accretion process. It is important to note that this calculation
represents simplified conditions; various complexities surrounding the compact object can
alter the theoretical limits. For example, the presence of a magnetic field and an accretion

disc around a neutron star can modify the theoretical value of Lgqq.

Up to this point, we understand that compact objects in XRBs accrete matter from their
surroundings and convert the gravitational energy of the accreted matter into radiation. In
XRBs, the companion or secondary star supplies the matter for accretion and acts as a
fuel reservoir. The compact object captures this matter whenever it enters its gravitational
sphere of influence. The region of gravitational influence around each star in XRBs differs
significantly from the shape it would have if the stars were isolated. Therefore, before
delving into the various modes of mass accretion, it is essential to discuss the shape of the
gravitational influence region in XRBs. One effective method is to consider a test particle
placed at different positions and examine the direction and magnitude of the forces acting
on it. The assumption is that the test particle is affected by the gravitational forces of both
binary star components but does not influence the orbits of the binary star components.
This type of problem is known as the restricted three-body problem and was first recognized
by the French mathematician Edouard Roche. Consider a binary system consisting of two
stars with masses M; and Ms orbiting around the common center of mass. Suppose the
orbital period and separation of the binary are given by P and a, respectively. If the stars
were isolated, they would have spherical equipotential surfaces around them. However, as

they are in a binary system, the shape of their equipotential surfaces is distorted, as shown
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Figure 1.4: Equipotential surfaces surrounding two stars of mass M; and M, in a binary
system (Frank et al., 2002). Two teardrop shape-like equipotential surfaces joined at L; point
called Roche lobes.

in Figure 1.4.

The mathematical expression for gravitational potential due to both the stars, also called

Roche potential, in a frame of reference rotating with the binary is given by:

oM GMy
[r—r| fr—r2]

Br(r) = %(w « ) (1.6)

where r is the position vector of the test particle, and w is the angular velocity of the binary,
r1 and ro are the position vector of two stars. The first two terms represent potential due
to individual stars. The third term is the potential that arises due to centrifugal forces as
both stars rotate around the center of mass. As we can see from Figure 1.4, at a distance
very close to and far from the stars, the equipotential surfaces are circular (in 2D) in shape.
In between regions, the equipotential surfaces have distorted shapes that differ from those
of the circular ones. In the figure, Ly, Lo, L3, L4, and L5 are called the Lagrangian points,
equilibrium points of the system. Li, Lo, and L3 are the unstable equilibrium points that
lie in the binary plane. L4 and Ls are two stable equilibrium points that lie on the plane
perpendicular to the binary plane. Among them, the most important point is the L; point
where two equipotential surfaces (in bold Figure 1.4) are connected. These equipotential
surfaces are called Roche lobes. The net force acting on any particle at L point is zero.
However, due to its unstable equilibrium nature, any small disturbance can push the particle
(matter) to the gravitational well or Roche lobe of any of the stars. In XRBs, if, for any
reason, the secondary star matter crosses the L; point, then the compact object will capture
the matter. In XRBs, the accretion of matter onto compact objects can happen through three
different processes, which depend upon the physical properties and the evolutionary stage
of the companion star. These three modes of accretion are (i)- accretion through Roche lobe
Overflow (RLOF), (ii)- accretion through stellar wind accretion, and (iii)- accretion through
Be circumstellar disc. The following subsections will discuss these three accretion modes or

processes in detail.
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1.3.1 Accretion through Roche lobe overflow

Roche lobe overflow (RLOF) is one of the primary modes of mass accretion in LMXBs
(Savonije, 1978). As discussed above, in LMXBs, the companion star is a less massive
star of mass < 1 My. Hence, the secondary star possesses a feeble stellar wind. The
companion star can fill its Roche lobe in two ways during evolution. First, at a certain stage
of evolution, the companion star expands its outer envelope and fills its Roche lobe. Second,
if the binary separation decreases because of loss of angular momentum from the system
due to gravitational radiation or any other reason, then the compact object significantly
distorts the outer envelope of the companion star to fill the Roche lobe. Both processes
described above initiate a mass transfer from the companion star through the L; point. This
process is called mass accretion through RLOF. If the accreted matter has sufficient angular
momentum, then the matter would not directly fall onto the compact object. Instead, it gets
accreted through the accretion disc (see below for a detailed discussion on the formation of
the accretion disc). Figure 1.5 shows a cartoon diagram for Roche lobe overflow in a binary
system.

The stream of matter accreted through the Lq point, having certain initial angular mo-
mentum, starts rotating at a distance Reir (called circularization radius) from the center of
the compact object. At Ri, the angular momentum of the accreting material is equal to
the Keplerian angular momentum corresponding to the compact object. Mathematically, it
is given by: 12
el

where J is the specific angular momentum (angular momentum per unit mass), and M is

Reir = (1.7)

the mass of the compact object (Pringle, 1981). R, also gives an estimate of the outer
radius of the accretion disc. Hence, accretion onto the compact object occurs if the radius of
the compact object (Ry) is less than the Rej,. In terms of orbital period (F;,;) of the binary,
Reir is given by:
Rer > 3.5 x 10°P3em (1.8)
Since the radius of the compact can not be more than the radius of White Dwarf (~10°
cm), we can infer that the accretion disc is inevitable in the case of RLOF. It is important
to note that the mass accretion through the RLOF is not a continuous process. It depends
upon how the size of the Roche lobe and binary separation varies with time as the mass

accretion continues.

1.3.2 Accretion through the capture of stellar wind

Accretion through the capture of stellar wind is one of the important processes of mass
transfer in HMXBs (Shapiro & Lightman, 1976; Kaper, 1995). The massive secondary
stars in the HMXBs, O & B type stars, eject much of their mass through the stellar wind.
The HMXBs in which stellar wind is the dominant mode of mass accretion form a specific
subgroup called supergiant X-ray binaries (SGXBs; see Figure 1.1). The outward ejection
of mass from the massive companion occurs because of strong outward radiation pressure

from the core of the star. Due to this, even before the RLOF, the compact object accretes
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Figure 1.5: Mass transfer occurring through the Roche lobe overflow, a phenomenon where
material from one star in a binary system spills over its Roche lobe due to gravitational
interaction, eventually accreting onto its companion.

Stellar wind

Figure 1.6: Mass accretion process facilitated through the capture of stellar wind, leading to
the formation of a bow shock near the compact object as the accreting material interacts with
the surrounding medium of the compact object.

matter and emits radiation. Figure 1.6 shows the schematic diagram for compact object

accreting matter through stellar wind.

The secondary star emits stellar wind in all directions with a rate of 1076-107% My yr—!,

at speed given by:

2G Myee | V/?
Uy ™~ Vesc = <.Rsejec> (19)
where Mge. sand Rgec are the mass and radius of the secondary star, respectively. vesc iS
the escape velocity at the surface of the star, and its typical value is a few thousands of
kilometers per second (1000-3000 km s~!; Kudritzki & Hummer 1990), which is significantly

higher than the typical sound speed of the medium 10 km s 1.

Hence, the stellar wind
particles travel at supersonic speed, and a strong bow shock forms near the compact object.
When the kinetic energy of the stellar wind becomes less than the potential energy of the
wind and compact object system, the matter gets accreted by the compact object. If this
distance is racc, the mass accretion happens within a cylindrical region with axes along the

relative wind velocity direction (see Figure 1.6). The accretion radius is given by:
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Tacc ™~ <2G;M> (110)

Utel

where M is the mass of the compact object and v is the relative velocity between the

stellar wind and the compact object, which is given by:

1
Vper = (V2 +02)" /2 (1.11)

The fraction of the stellar wind accreted by the compact object can be calculated by using
the mass conservation formula. For simplicity, we assume that v,, > v,, which is a good
approximation for these systems. Using the above Equations,

M N mr2 vy (a) G?M?

e 1.12
M, Ama’vy(a)  a®vi(a) (1.12)

where a is the binary separation. Using Equation 1.9, we can write

-2y (22

Using typical values of HMXBs, Equation 1.13 implies that the compact object only
accretes 1074- 1072 of the total mass loss rate of stellar wind. Hence, this process is less
efficient than the RLOF. Although the mass accretion rate by the compact object is very
low, the rate of stellar wind emitted by the secondary star itself is very large, so these

systems could be highly luminous. The typical luminosity of these systems is given by:

M —M,
37 w -1
Laee ~ 10 <_104 : ) (10_5 @yr_1> erg s (1.14)

The SGXBs are generally persistent and moderately bright with luminosity Lx ~ 1037

erg s~!. Some of the known bright stellar wind accreting systems or SGXBs are Cen X-3,
SMC X-1, Vela X-1, and Cyg X-1.

1.3.3 Mass transfer through Be circumstellar disc

Some specific high-mass stars (O & B-type) exist with an equatorial circumstellar disc around
them. The circumstellar disc forms because of the high rotational velocity of the stars. Be
stars typically rotate at a speed of 250 km s~!, which is 70-80 % of their critical or break-
up velocity (Slettebak, 1982; Porter, 1996). Critical velocity is the velocity at which the
centrifugal force exactly balances the gravitational force at the equator. The circumstellar
disc around the Be stars is also called the decretion disc, where matter travels outward
from the central star. These binary systems are called Be/X-ray binaries (BeXRB) and are
the largest subclass of HMXB. In BeXRB, if the circumstellar disc is sufficiently evolved,
the compact object accretes matter from the disc while passing through the periastron of
the binary orbit and emits X-rays. Therefore, these systems show periodic X-ray outbursts

with a periodicity equal to the orbital period of the binary. It is important to note that



1.4. Neutron star X-ray binaries (NS-XRBs) 13

Be-STAR X-RAY T e MNeutron star

BINARY e s
P N\
# Be Star \
s % 2
= Expelled material /
I
rs
i
o
-~
“"“-_‘_‘_ _.‘_,.-"-‘
x T p——Fersital
2
o |
o=
o
[+
x /\ \

Time

Figure 1.7: Schematic representation illustrating mass accretion onto compact objects from
the circumstellar decretion disc of the companion Be star in BeXRBs (van den Heuvel, 2004).

in these systems, the inclination angle of the Be disc with respect to the orbital plane also
plays a crucial role in mass accretion by the compact object from the disc. Figure 1.7 shows
the schematic diagram for mass accretion onto compact objects from the Be decretion disc
during the periastron passage. BeXRBs generally show two types of X-ray outbursts, such as
Type I (normal) outburst and Type II (giant) outburst (Reig, 2011). The source luminosity
at the peak of normal outbursts can reach up to 1037 erg s~!. These outbursts are periodic,
and the periodicity is attributed to the periastron passage of the neutron star in the binary
system. These outbursts can last up to a fraction (~20%) of the orbital period of the binary.
On the other hand, the giant X-ray outbursts exhibit contrasting properties. The luminosity

at the peak of the giant outbursts can reach up to 103 erg s~1.

These outbursts do not
show any orbital modulation. In some cases, the outburst duration is several orbital periods
(Kretschmar et al., 2012). In Sections 1.5.1, 1.5.3, and 1.5.7 optical and X-ray properties

of the BeXRBs are discussed in great detail.

1.4 Neutron star X-ray binaries (NS-XRBs)

In the preceding section, we explored the diverse modes of mass transfer from the secondary
star to the compact object, a process primarily dictated by the nature of the secondary star.
However, the trajectory through which this matter approaches the surface of the compact
object is contingent upon the nature of the compact object itself. In alignment with the
focus of this thesis, we delve into the process of mass accretion onto the surface of the
neutron star and the subsequent generation of X-ray emissions.

As discussed above, if the matter fell into the Roche lobe of the compact object (neutron
star in our case), then it starts rotating around the compact object at Reir (see Equation 1.7).
The matter at Reiy needs to lose its angular momentum to move towards the inner region.
In the absence of external force/torque, some internal torque must exist to initiate the
angular momentum loss. In this case, viscosity plays an important role. The viscous torque
between two thin layers of matter transfers the angular momentum between each other.

Consequently, one layer of matter loses angular momentum and moves inward, whereas
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Figure 1.8: Accretion of matter onto the polar regions of the neutron star along the magnetic
field lines of the neutron star (Ghosh & Lamb, 1979).

another layer gains angular momentum and moves outwards. This process continues, and
matter gets accreted close to the compact object. When a sufficient amount of matter gets
transferred from the secondary, angular momentum redistribution forms an accretion disc
around the compact object. The frictional force between gas particles in the disc is expected
to be much less than the gravitational force. Hence, the disc locally rotates with Keplerian
velocity. Since matter in a Keplerian disc rotates differentially, the gas in the disc will be
heated by internal friction. The temperature of the matter within the accretion disc rises
in the inward direction, leading to the generation of high energy X-ray emission (Pringle &
Rees, 1972; Shakura & Sunyaev, 1973). Hence, the accretion disc is a machine that harnesses
gravitational potential energy and angular momentum from plasma.

The inner region of the accretion disc may or may not directly reach the surface of
the neutron star due to its strong magnetic field. However, in other cases, like a black hole,
matter reaches the last stable orbit, depending on the spin of the black hole and the direction
of rotation of the disc. Neutron stars possess a wide range of magnetic fields between 108
and 10'* Gauss. Here, we discuss the accretion of matter onto the surface of a neutron star
considering a dipolar magnetic field (White et al., 1983).

In the case of NS-XRBs, the accretion disc is truncated at a distance far away from the
neutron star due to the magnetic pressure of the magnetic field of the neutron star. For a
dipole geometry, the magnetic field strength of the neutron star at a distance r from the
center is given as:

B(r) ~ = (1.15)

where p is the magnetic dipole moment. Using this equation, we can write the magne-
tospheric pressure as
B2 Iu2

—_— = 1.16
8t 8mrb ( )

Pmag'\‘

Equation 1.16 shows that Ppag o r~6. This implies that as we move closer to the surface
of a neutron star, the magnetic pressure increases rapidly. The incoming accreted matter
also carries matter or ram pressure, which is given as Poay = pv2, where p and v are the
density and velocity of incoming matter, respectively. v can be approximated as the free

fall velocity (v = (2GM/r)/2)). p can be calculated using the mass conservation equation
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with steady-state accretion, where the mass accretion rate can be expressed as m= 4mpv r°.

Using value of v and p, Pram finally can be written as

m [2GM
Fram = (47ﬂ“2> r (L17)

The incoming matter pushes the magnetic field lines inward until the magnetic pressure
dominates. At a certain distance from the compact object, Pram and Ppae balance each
other. This radius is called the Alfven radius or magnetospheric radius of the neutron star.
Equalizing Equations 1.16 and 1.17, expression for the Alfven radius (ra) can be expressed

as

ra = 5.1 x 108 2T MY AT em (1.18)

This equation can be rewritten in terms of luminosity using Equation 1.4 as

ra =29 x 13MY RS T ATLT em (1.19)

Equation 1.18 and 1.19 show the dependency of r4 on mass accretion rate or luminosity.
As the luminosity increases, ra decreases, which means the accretion disc remains closer
to the neutron star in the higher luminosity phase of the system. These equations also
suggest that the accretion disc is truncated at the magnetospheric radius from where the
magnetic field lines dictate the path of the accreted plasma. Figure 1.8 shows the interaction
of the accretion disc with the magnetic field lines of the neutron star at the magnetospheric
radius 74 where the accretion disc gets truncated. At the magnetospheric radius, matter
from the inner edge of the accretion disc follows the magnetic field lines and gets accreted
onto the polar regions of the neutron star. When the accreted matter gets deposited on the
polar region of the neutron star, the kinetic energy of the particles gets converted to X-ray

radiation, which is emitted in the form of beams along the magnetic axis.
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If the magnetic and spin axes of the neutron star are not co-aligned, the distant observers
detect pulses of X-ray radiation from the neutron star when the radiation beam crosses the
line of sight due to the rotation of the neutron star. For observers, these objects appear to
emit pulses of X-ray radiation with a periodicity equal to the spin period of the neutron
star. Therefore, these rotating neutron stars with misaligned magnetic and spin axes are
called accretion-powered X-ray pulsars. A geometric representation of an accretion-powered
X-ray pulsar is presented in Figure 1.9.

However, there are conditions at which matter from the accretion disc does not get
accreted onto the neutron star. There exists another characteristic radius of the accreting
pulsars, called co-rotation radius (Rc,), at which the angular velocity of the magnetosphere

is equal to the angular velocity of the neutron star. Mathematically, it can be written as:

1/3
Tco = <2GM> cm (120)

w2
As matter in the accretion disc interacts with the magnetic field of the neutron star
at magnetospheric radius, the interplay between the magnetospheric radius (ra) and co-
rotation radius (r¢,) decides the accretion of matter onto the neutron star. If ro < 7¢o, the
matter gets accreted onto the surface of the neutron star. If ra > re, the neutron star
rotates faster than the Keplerian speed of matter in the disc. This creates a centrifugal
barrier for the incoming matter and ceases the accretion of matter onto the neutron star.

This phase of accretion is also called propeller regime state (Illarionov & Sunyaev, 1975).

1.5 Be/X-ray binaries (BeXRBs)

This section discusses some of the known X-ray and optical properties of BeXRBs. The
BeXRBs represent the largest population of HMXBs (Fornasini et al., 2023). These BeXRBs
primarily consist of a neutron star as the compact object and a non-supergiant star as the
companion star (e.g., Ziolkowski 2002; Paul & Naik 2011; Reig 2011). Till date, only one
BH-BeXRB (MWC 656; Casares et al. 2014) and one probable WD-BeXRB (vy-Cas; Lopes
de Oliveira et al. 2010) are known. As shown in Figure 1.7, the neutron stars in BeXRBs

are powered by mass accretion from the circumstellar disc of the companion Be star.

1.5.1 Observational properties of BeXRBs in optical regime

In BeXRBs, most of the optical emissions come from the companion Be star. The companion
Be stars are early-B or late-O type stars and bright in optical and infrared wavebands. The
primary observational signature that exhibits the presence of a Be star in the binary is
the detection of emission lines, unlike classical O/B-type stars, which show photospheric
absorption lines in the infrared and optical spectra. The Be star in the XRBs commonly
exhibits strong Ha emission line along with other lines such as He I and Fe II emission lines
at a certain phase of its evolution (Porter & Rivinius, 2003). Since they exhibit emission
lines, the letter ‘e’ is associated with their name, i.e., Be-type stars instead of B-type stars.
Another observational signature of the Be stars is the excess infrared emission above the

thermal continuum (Gehrz et al., 1974). Such distinctive characteristics are attributed to
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Figure 1.10: Detection of emission lines and infrared excess due to the presence of Be circum-
stellar disc of BeXRB X Per. The Figure is taken from Reig (2011).

the presence of an equatorial circumstellar disc around the Be star. It is important to note
that the formation of the Ha emission line and infrared excess are due to the processes of
absorption and subsequent emission of continuum photons of the central star. Due to this, a
correlation exists between the equivalent width of the emission line and infrared excess (Coe
et al., 2005). However, it is important to notice that the Ha emission line and infrared
excess have a different spatial origin from the disc. Gies et al. (2007) using long-baseline
interferometric observations in the K band found that infrared emission is consistently
coming from the smaller region that Ha line. Furthermore, substantial evidences suggest
that an increase in disc brightness is first observed in the near-infrared band and subsequently
in Ho emission line, as expected from an outwardly propagating density enhancement (Clark
& Steele, 2000; Grundstrom et al., 2007). In Figure 1.10, the observational signatures of the
BeXRB X Persei (X Per) are shown. In the presence of a circumstellar disc, a strong Ha
emission line appears in the spectrum along with the He I emission line. An excess infrared
emission (red-filled circles) is also observed above the continuum emission (modeled with
atmospheric Kuruzc model for T.r;=30000 K and log g=3.5) due to the presence of the

circumstellar disc.

Then, the question may arise as to why only specific stars harbor circumstellar discs.
One of the answers to this is that these stars possess very fast rotational speed (~220 km
s71, Slettebak 1982). The circumstellar disc is understood to be formed due to the discharge
of material from the fast-rotating Be star, which rotates close to the 70-80% of its critical
velocity (Slettebak, 1982; Porter, 1996). To date, a significant number of BeXRBs (about
172) have been detected in Large Magellanic Cloud (LMC), Small Magellanic Cloud (SMC),
and in Milky Way galaxy (Antoniou & Zezas, 2016; Coe & Kirk, 2015; Haber]l & Sturm,
2016; Fortin et al., 2023; Liu et al., 2024). Detection of such a large number of BeXRBs holds
up the idea of gaining a huge amount of rotational speed during the binary evolution (Kriz
& Harmanec, 1975; Gies, 2000). According to this theory, the heavier star evolves faster in
a binary with two massive stars and fills its Roche lobe. Once the Roche lobe is filled, the
less massive star accretes mass from the heavier one through Roche-lobe overflow. During
this process, it gains a significant amount of angular momentum. In the later phase, the
donor star becomes a neutron star or any other compact object, and the mass-accreting star
becomes a Be star. It is important to note that there are other mechanisms by which the

Be stars gain significant rotational speed. Otherwise, isolated Be stars would not have ex-
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isted (Porter & Rivinius, 2003). One such model for isolated Be stars is the efficient coupling
of core and envelop which is mediated by internal magnetic fields, due to which the outer
part of the star gains sufficient angular momentum (for details check Hastings et al. 2020
and references therein). Though the origin of matter ejection from the high-speed rotating
photosphere is known, the exact triggering mechanism still needs to be understood clearly

(see Reig 2011 for a concise overview).

The circumstellar discs are considered to be quasi-Keplerian (Hanuschik, 1996). Initially,
the theory of radial outflow of matter from the Be star was proposed to explain the X-
ray emission from the compact object. This theory did not explain the range of relative
velocity required to explain the observed X-ray luminosities in BeXRBs (Waters et al.,
1989). The radial outflow theory can not also explain the transient nature of the BeXRBs.
The model of the quasi-Keplerian circumstellar disc around the Be star was verified with
some observational signatures like V/R ratio (Hanuschik, 1996; Okazaki, 1997). The most
promising model that explains most of the observational properties of Be stars is the viscous
decretion disc model (Lee et al., 1991; Okazaki, 2001). According to this model, the angular
momentum is transferred from the Be star to the inner part of the disc, increasing its
angular velocity to the Keplerian value. Further, viscosity plays a vital role in transferring
the angular momentum outwards, operating in a way opposite to an accretion disc. Then,
the mater in the disc moves in quasi-Keplerian orbits, and the radial velocity component is
highly subsonic in nature (Okazaki, 2001). The calculated outflow velocity of matter in the
circumstellar disc is very subsonic at distances where the neutron star orbits in the BeXRB
( v(r) < 1 km s™!) and still subsonic for the orbital sizes of all BeXRBs for which there is
an orbital solution. The viscous decretion disc model successfully accounts for most of the
observational characteristics of the Be discs. Negueruela et al. (2001) applied this model to
the decretion disc around the Be star in BeXRB transient 4U 0115463 and found that the
tidal interaction of neutron star truncates the circumstellar disc. This result resonated with
the results of Reig et al. (1997), where they found a correlation between the orbital size of
the binary and maximum Ha equivalent width. This model also explains well the X-ray
outbursts in other BeXRBs like V 0332+53, 1A 0535+262, GRO J1008-57, 2S 1417-624,
and EXO 2030+375 (Okazaki & Negueruela, 2001).

1.5.2 Dynamics of circumstellar disc

Here, we discuss the observational signatures of BeXRBs in optical wavebands and associ-
ated variabilities. The shape and strength of emission lines are indicators of the physical
properties of the circumstellar disc around the Be star. The dynamic behavior of the disc
can be understood by looking at changes in the properties of emission lines over time in the
optical /infrared spectra of BeXRBs. Of all the emission lines, Ha is the most robust emis-
sion line found in the optical spectra of BeXRBs. Hence, a long-term study of the Ha line
is usually carried out to understand the properties of the Be circumstellar disc. One of the
long-term variations seen in the Be stars is the change in state from Be to B-type. This gen-
erally occurs in time scales of several years to tens of years, the time scale of formation and

dissipation of disc (Reig et al., 2001). During the presence of the disc, the Ha line appears in
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Figure 1.11: Different shape of emission lines due to the distinct viewing angle of the ob-
server (Rivinius et al., 2013).

emission form, while in the absence of the disc, the Ha line is seen in absorption. The shapes
of the emission line profiles are found to be different, depending on the viewing angle of the
observer(see Figure 1.11) and the circumstellar disc. Ha emission lines can be morphologi-
cally divided into two classes: first, symmetric (single-peaked and double-peaked), and shell
profiles and second, asymmetric profiles, showing variability on time scales of months to
years. These line profiles are not specific to different types of stars. Instead, a single Be star
can show different emission line profiles (Reig 2011 and references therein). These changes
are usually slow (of the order of years to decades in isolated Be stars and months to years
in BeXRB). Symmetric profiles are believed to be generated in quasi-Keplerian discs, while
asymmetric profiles are associated with distorted density distributions (Hanuschik et al.,
1995; Hummel & Hanuschik, 1997).

Most sources exhibit asymmetric Ha line profiles. The parameter V/R (pronounced as V
by R ratio) quantifies the asymmetry in line profiles. The V/R is defined as the ratio of the
blue-shifted peak intensity to the red-shifted peak intensity above the continuum spectrum.
Sometimes, it is also represented as a log(V/R). A positive value of log(V/R) signifies a blue-
dominated profile, whereas a negative value represents a red-dominated profile. Variability
in the V/R ratio can be attributed to a non-axisymmetric equatorial disc featuring a single-
arm density perturbation that propagates through it (Papaloizou et al., 1992; Okazaki,
1997). When the denser portion of the disc is either in front of or behind the star, we expect
symmetric double-peak profiles. Conversely, asymmetric profiles arise when the high-density
perturbation is located on either side of the disc. Specifically, if the denser part aligns with
the side of the disc where rotational motion moves away from the observer, we observe
heightened red emission (V < R). Conversely, when the denser portion moves toward the
observer, we anticipate blue-dominated profiles (V > R)(Telting et al., 1994). For systems
with high inclinations, distinguishing between the two symmetric scenarios is more feasible.
This is because the central dip between the symmetric peaks becomes more pronounced,

potentially extending beyond the continuum, forming what is known as a shell profile when



20 Chapter 1. Introduction

Be disc

Figure 1.12: Change in shape of the emission line depending upon relative position between
perturbed region and observer.

the perturbation lies between the observer and the star. This is believed to be a perspective
effect, where the line of sight toward the star intercepts the equatorial disc, causing self-
absorption (Rivinius et al., 2006). Figure 1.12 shows the schematic diagram for the change
in the shape of the emission line due to the relative position of the perturbed region of the
disc with respect to the observer.

Figure 1.13 and 1.14 exhibit long-term variation of Ha line in BeXRB Swift J0243.6+6124
and IGR J06074+4-2205, respectively. A significant variation in the shape of the line profile
can be seen. Along with the shape, the strength of various emission lines also changes over a
long period. The strength of the emission line is generally characterized by equivalent width

(EW), which is mathematically expressed as :

EWzZ(l—

F(\)
FC(A)> S\ A (1.21)

where F(\) represents the total flux, including contributions from the emission line and
the continuum of the source spectrum at wavelength A, and F.(\) represents only the un-
derlying continuum flux at wavelength A. Hence, for emission lines, the value of the EW is
negative, and for absorption lines, it is positive. The variation in the EW depends on the
amount of the line emitting particle in the circumstellar disc. If the central star continuously
provides matter to the circumstellar disc, then the density and size of the disc increase with
time, which increases the EW of the emission lines. In BeXRBs, the effect of the interaction
of the circumstellar disc and the neutron star is also very important for the strength of the
emission lines. This part will be discussed in later sections.

Figure 1.15 shows the long-term variation of different parameters of Ha line like EW,
V/R, and AV (peak velocity separation between blue and red-shifted peaks) for BeXRBs
IGR J06074+2205 and Swift J0243.6+6124. In this section, we discussed some of the im-
portant optical properties of the BeXRBs, and next, we will discuss the X-ray properties of
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Figure 1.13: Variation in shape of Ha emission line of BeXRB Swift J0243.64+6124 between

2017 and 2022 (Liu et al., 2022).
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2006 and 2010 (Reig et al., 2010).
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and 2010 (Reig et al., 2010). Right panel: Variation of V/R and A V of Ha emission line of
BeXRB Swift J0243.64+6124 between 2017 and 2022 (Liu et al., 2022).
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Figure 1.16: Long-term Swift /BAT (15-50 keV) light curves of A0535+4262 and EXO 2030+375
displaying Type I and Type II X-ray outbursts (Paul & Naik, 2011).

the BeXRBs.

1.5.3 Observational properties of BeXRBs in X-ray regime

In XRBs, the compact object emits X-rays, whereas the companion star emits in opti-
cal/infrared bands. As discussed in Section 1.4, the neutron star in an NS-XRB accretes
matter from the companion star. The accreted matter gets channelized through the mag-
netic field lines onto the polar regions of the neutron star. In the polar region, the kinetic
energy of the accreted particles is converted to X-ray radiation. In the case of BeXRBs,
the orbits are wide and eccentric (e > 0.3) with an orbital period of >10 days. Because of
higher eccentricity, the neutron star interacts with the equatorial circumstellar disc of the
Be star for a short duration at the periastron of the orbit. During this interaction, mass
transfer from the Be star disc to the compact object leads to a transient X-ray outburst (a
rise in X-ray intensity) at the periastron passage. Hence, most of the BeXRBs are transient.
However, all BeXRBs are not transient (Reig & Roche, 1999). The BeXRBs show two types
of X-ray outbursts during the active phase: normal (Type I) and giant (Type II) X-ray
outbursts.

The Type I X-ray outbursts are periodic or quasi-periodic events that occur close to
the periastron passage of the neutron star. These short-lived outbursts last for a small
fraction of the orbital period (~20%). During these outbursts, the peak X-ray luminosity
of the neutron star increases by up to two orders of magnitude above the quiescent phase,

reaching up to Lx ~ 1037 erg s~ 1.

The Type II X-ray outbursts, however, are irregular
and rare without any preferred orbital modulation and last for several orbital periods. At
the peak of these outbursts, the luminosity of the neutron star increases by more than two
orders of magnitude compared to the quiescent state. Most of the time, the peak X-ray
luminosity becomes Lx >10%" erg s~ and crosses the Eddington luminosity (Lggq ~ 1038
erg s1) (Stella et al., 1986; Negueruela, 1998). Figure 1.16 shows Type I and Type II
X-ray outbursts in BeXRBs A0535+262 and EXO 2030+4-375. The periodic and less intense
outbursts are Type I X-ray outbursts, whereas the brightest X-ray outbursts are Type II
outbursts.

It has been observed that during X-ray outbursts, the neutron stars in BeXRBs dis-
play significant variabilities in their timing and spectral properties. Specifically, during the

Type II X-ray outbursts, the accreting pulsars undergo various transitions (Paul & Naik,
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Figure 1.17: The PDS of two HMXBs 4U 1901403 and 1A 1118-61. The sharp peaks cor-
respond to periodic variability in X-ray light curve due rotation of the neutron star and its
harmonics. The broad peaks correspond to the quasi-periodic variability present in the light
curve (Paul & Naik, 2011).

2011; Reig, 2011). The BeXRB pulsars show various temporal changes in their physical
properties, which are quantified with the following quantities: spin/pulsation period (peri-
odic variability), quasi-periodic oscillation (QPO; quasi-periodic variability), and variation

in the shape of the pulse profiles with energy and luminosity.

1.5.4 Periodic and quasi-periodic variabilities

The periodic variabilities are associated with the rotation of a neutron star about its spin
axis. The spin period is the time the neutron star takes for a complete rotation. The standard
technique for estimating the spin period is the power density spectra (PDS) analysis. In
PDS analysis, the power corresponds to each time scale variabilities, measured through the
Fourier analysis of the X-ray light curves. Multiple sharp and narrow peaks are observed
in the PDS at frequencies corresponding to the coherent pulsations due to the neutron star
rotation and its harmonics. Broad peaks are sometimes observed alongside the sharp peaks
due to the quasi-periodic variability signatures of the accreting pulsars.

Figure 1.17 shows the detection of pulsation in the PDS of two HMXBs 4U 1901+03
and 1A 1118-61. Accreting BeXRB pulsars possess a wide range of spin periods from a few
seconds to 1000 seconds. One of the fastest and slowest known accreting BeXRB pulsars are
A0538-66 (Skinner et al., 1982) and 4U 2206+54 (Reig et al., 2009), respectively. However,
the spin period of pulsars in BeXRBs does not remain constant. These pulsars undergo
spin-up and spin-down phases. During major X-ray outbursts, a significant change in the
spin period of the neutron star occurs. During major X-ray outbursts, an accretion disc
forms around the neutron star, and the material in the disc with an angular frequency
greater than the angular frequency of the neutron star transfers angular momentum to the
neutron star (Ghosh & Lamb, 1979). Hence, significant spin period/frequency changes are
observed in many accreting pulsars during giant X-ray outbursts. Figure 1.18 shows the
long-term spin frequency (upper panel) and pulsed flux (lower panel) evolution of BeXRB
pulsar A05354-262 and EXO 2030+375. It can be seen that during a significant change

in X-ray intensity (giant X-ray outburst phase), the spin frequency of the source changes
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Figure 1.18: Long-term spin frequency and pulsed flux evolution of famous BeXRB pulsars
A05534-262 and EXO 20304375 measured with Fermi/GBM in 12-50 keV range (Malacaria
et al., 2020).

significantly. During the normal X-ray outbursts, the spin frequency change is insignificant.
One interesting observational signature is the negative change in the spin frequency during
the quiescent phase. During this phase, the neutron star loses angular momentum because
of the coupling between the magnetic field and material in the outer envelope. The outer
envelope materials have minimal angular momentum, so they extract angular momentum

from the neutron star.

Apart from the periodic variabilities, the BeXRBs also exhibit quasi-periodic variabili-
ties. Since these are quasi-periodic variabilities, they appear as broad features in the PDS.
Figure 1.17 shows broad features in the PDS of two HMXBs 4U 1901403 and 1A 118-61.
These broad features are usually modeled with Lorentzians and arise because of the presence
of quasi-periodic oscillations (QPO) in the source (Belloni et al., 2002). The QPO features
are usually observed in the 1 mHz — 40 Hz frequency range in HMXB accreting pulsars (Paul
& Naik, 2011). The HMXBs exhibit QPOs, whose physical origins are explained through
two models: the Keplerian Frequency Model (KFM; van der Klis et al. 1987) and the Mag-
netospheric Beat Frequency Model (MBFM; Alpar & Shaham 1985). These QPOs arise
from the interaction between the co-rotating magnetosphere and irregularities in the inner
accretion disc during the accretion process, leading to fluctuations in the mass accretion rate.
According to KFM, these fluctuations occur at the Keplerian frequency. At the same time,
MBFM suggests the QPOs occur at a beat frequency between the pulsar spin frequency and
the rotational frequency of matter in the inner accretion disc. Hence, the KFM is applica-
ble when the QPO frequency exceeds the neutron star spin frequency; otherwise, when the
spin frequency of the pulsar exceeds the Keplerian frequency at the inner edge of the accre-
tion disc, the co-rotating magnetosphere throws away the accreted matter outwards, which
is also called centrifugal inhibition of accretion (Lamb et al., 1973). The KFM explained
the QPOs in many transient BeXRB pulsars like EXO 20304375 (Angelini et al., 1989) and
1A 05354262 (Finger et al., 1996). Whereas in some other sources like 4U 01154634 (Dugair
et al., 2013), KS 19474300 (James et al., 2010) and Swift J0243.6+6124 (Chhotaray et al.,
2024), the origin of QPOs is explained with MBFM.
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Figure 1.19: Pulse profile and its energy dependence for different accreting pulsars (Alonso-
Hernandez et al., 2022). Two phases are shown for clarity.

1.5.5 Pulse profiles of accreting X-ray pulsars

The pulse profile of a pulsar represents the intensity distribution over its spin phases. Pulse

profiles give crucial information about the emission geometry and beam pattern of radiation

in accretion-powered X-ray pulsars (Bildsten et al., 1997). Pulse profiles also carry informa-

tion on the region surrounding the neutron star. Pulse profiles are generated by folding the

X-ray light curve at the pulsation period of the pulsar. Accreting pulsars exhibit various

shapes of pulse profiles that vary with luminosity and also from source to source (White
et al., 1983; Bildsten et al., 1997). The pulse profiles are single-peaked, double-peaked, or

even contain multiple peaks. The shape of the pulse profile depends upon various factors

such as the angle between the magnetic axis and rotation axis with respect to the line-of-

sight of the observer, mass accretion rate, region of X-ray emission, light bending effect, the

geometry of magnetic field, etc. (Nagase, 1989). Accreting pulsars show single-peaked pulse

profiles due to the dominant contribution to the observed flux from one of the poles of the

neutron stars. Other pulsars that show double-peaked pulse profiles are also present due to

contributions from both magnetic poles.

In a basic scenario featuring a dipolar magnetic field and an emission pattern symmetric
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around the axis, one would anticipate pulse profiles that are nearly sinusoidal in shape. Such
profiles are evident in accreting millisecond pulsars, which typically have weaker magnetic
fields (Poutanen et al., 2009). However, the pulse profiles of most accreting X-ray pulsars
are unique and more intricate (Kanno, 1980; Alonso-Hernandez et al., 2022). Figure 1.19
shows pulse profiles of different accreting pulsars. It can be seen that some pulsars like
Vela X-1 and GX 301-2 have double-peaked pulse profiles. However, pulsars like Cen X-3,
1E 1145.1-6141, LMC X-4, and IGR J16393-4643 have single-peaked structure. The pulse
profiles seem to be highly dependent on energy. The pulse profiles have multiple peak-like
structures in the lower energy < 12 keV. These signatures are common in accreting pulsars
and are attributed to the absorption of soft X-rays by material in the magnetosphere, which
are distributed asymmetrically with pulse phases. Specifically these signatures are observed
in various other BeXRB pulsars such as V0332453, 1A 0535+262, EXO 20304375, GX 304-
1, and RX J0209.6-7427 (Tsygankov et al., 2006; Naik et al., 2008, 2013; Naik & Jaisawal,
2015; Epili et al., 2017a; Jaisawal et al., 2016; Vasilopoulos et al., 2020; Chhotaray et al.,
2024).

Another important property of pulse profiles is their luminosity dependency. Till now,
we have understood that with an increase in mass accretion rate, the luminosity of the
source increases. It is important to note that the dynamics of photon matter interaction
near the polar region change with increased luminosity. At a certain luminosity, called
critical luminosity (Lcit), a complete transition in the properties of the pulsar can be seen
observationally. Pulse profile analysis is one of the important indicators of transition in
properties of the pulsar at critical luminosity. At low luminosities, most of the photons are
primarily generated from the thermal mound formed at the polar regions of the neutron
star in the parallel direction to the magnetic field axis. Conversely, at higher luminosities,
a radiation-dominated shock develops in the accretion column due to the generation of a
high number of photons. This, combined with the accretion mound, influences the whole
dynamics of photon generation, such as direction and energy distribution. To distinguish
between these scenarios, Basko & Sunyaev (1976) introduced the concept of critical lumi-
nosity. Critical luminosity represents the threshold at which the radiation emitted from the
surface of the neutron star becomes sufficiently intense to halt the accretion material above

the magnetic poles, forming a radiation-dominated shock.

M
Lot = 272 x 1037 | =22 ) (o) ( 2= -1 1.22
‘ 7210 < /OO L (R) Mg g ( )

where r, is the radius of the polar cap, o is the Thomson scattering cross section, o and o |
are the angle averaged cross sections for the scattering of X-ray photons propagating parallel
and perpendicular to the magnetic field, respectively. Becker et al. (2012) calculated the
scattering cross sections by considering the Comptonization processes (discussed below) and

expressed the critical luminosity in terms of the magnetic field of the pulsar as:
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23)
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Figure 1.20: Emission of photons during the low and high luminosity phases showing the
signatures of pencil and Fan beam patterns.

Here, w is a parameter that describes the shape of the continuum spectrum, and A charac-
terizes the mode of accretion. Other parameters, i.e., M, R, and B, are typical mass, radius,
and magnetic field strength of the neutron star, respectively. Therefore for standard neutron

star parameters, the above equation simplifies to:

Lexis = 1.49 x 10%7 (By)'/15 g 71 (1.24)

The luminosity of the pulsar below and above this critical luminosity could thus be
termed as sub-critical and super-critical luminosity, respectively. For the sources in the
sub-critical luminosity regimes (L << Lc;jt), the accreting matter is brought to rest at the
surface of the neutron star via Coulomb interactions (Langer & Rappaport, 1982) near the
pole. In this situation, the radiation is emitted from the accretion mound formed at the base
of the accretion column, such that most of the photons are emitted parallel to the direction
of the magnetic field in the form of a ‘pencil beam’ (see the right panel of Figure 1.20).
However, in super-critical luminosity regimes (L > L), the accretion column becomes
optically thick due to the development of radiation-dominated shock above the surface of
the neutron star. Due to this, the parallel component of the Thomson scattering cross
section is drastically reduced compared to the perpendicular one (i.e., o) << 01). As a
result, most of the X-ray photons escape the accretion column through the side walls in the

form of a ‘fan-beam’ emission pattern (see the left side of Figure 1.20).
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Figure 1.21: Schematic diagram of gas accreting onto magnetic poles of a neutron star. The
left panel shows the accretion process in a cylindrical column, and the right panel shows the
accretion process in a conical column. The seed photons due to blackbody emission, cyclotron
emission, and bremsstrahlung emission are reprocessed via electron scattering and emitted
through the wall of the accretion column and top of the accretion column (Becker & Wollff,
2007, 2022).

1.5.6 Spectral properties of accretion-powered pulsars

Accreting pulsars emit X-rays in a broad energy range starting from about 0.1 keV to a few
hundred keV. This wide range of X-ray emission is attributed to various radiative processes
in the accretion column, like blackbody emission, cyclotron emission, bremsstrahlung emis-
sion, Compton scattering, and inverse Compton scattering (Becker & Wolff, 2007, 2022).
Figure 1.21 shows different regions from which seed photons are originated. The blackbody
photons are created from the optically thick thermal mound, formed just above the magnetic
pole due to the accumulation of accreting plasma from the companion star. The cyclotron
photons are created by deexcitation of electrons from Landau level n=1 to n=0. The elec-
trons are excited by colliding with protons. Hence, this process acts as a cooling mechanism
of plasma in the accretion column. Unlike blackbody photons, created only from thermal
mounds at the bottom of the accretion column, cyclotron photons can be created through-
out the column. The acceleration or deceleration of a charged particle near another charged
particle creates bremsstrahlung photons. Again, bremsstrahlung photons can be created
in the accretion column. The low-energy seed photons are up-scattered in the accretion
column by undergoing inverse comptonization with highly energetic plasma and converted
hard X-rays. The inverse Compton scattering happens in the accretion column in two ways:
(I) Bulk comptonization and (II) Thermal comptonization. Bulk comptonization is the pro-
cess in which the hard X-ray photons are generated when the seed photons undergo inverse
comptonization and gain energy from the bulk motion of the plasma onto the surface of the
neutron star. The photons gain energy through first-order Fermi mechanism (Laurent &
Titarchuk, 1999; Turolla et al., 2002). Thermal comptonization is the process in which pho-
tons gain energy due to stochastic or random motion of motion electrons via second-order
Fermi mechanism (Sunyaev & Titarchuk, 1980; Becker, 2003).

For accretion-powered X-ray pulsars, the empirical modeling of broadband spectra is well
established. The spectra are usually modeled with an absorbed power law with a cutoff in
the high energy regime, a blackbody component, a Gaussian emission line, and a Gaussian

absorption line. The power law component contains information about the spectral energy
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Figure 1.22: Left side: Broadband spectral fitting of A05354262 spectrum obtained with
Suzaku, along with the best-fit model comprising a blackbody component (BB), an NPEX
(negative and positive power laws are marked by PL1 and PL2), a narrow iron emission line (
Fe line), and cyclotron resonance scattering feature. The middle and bottom panels show the
residuals after fitting with the cutoff power law continuum model and the NPEX continuum
model, respectively (Naik et al., 2008). Right side: Theoretical spectral modeling of LMC X-4
with various emission components as described in Becker & Wolff (2007).

distribution of seed photons and bulk Comptonized photons. The absorption component
of the continuum model quantifies the line-of-sight absorption of soft X-rays. The cutoff
energy provides information about the thermal Comptonization related to the incoming
plasma temperature in the accretion column. The Gaussian emission line is used to model
the iron emission line from the source, and sometimes, multiple Gaussian emission lines
are used to model the multiple iron line components. The Gaussian absorption component
is usually used to model the cyclotron resonance scattering feature (CRSF) in the pulsar

spectra. Various X-ray emission components are described below.

Blackbody component: Thermal emission (soft X-ray excess) from an accretion-
powered X-ray pulsar is usually modeled with a blackbody component with peak tempera-
ture in 0.1-3 keV energy range (White et al., 1983; Coburn et al., 2002). In accretion-powered
X-ray pulsars during the low luminosity phase, the region from where the thermal emission
originates is considered to be the thermal mound, which is also called hot spot (Basko & Sun-
yaev, 1976; White et al., 1983). With increased mass accretion rate or luminosity, another
region can provide optically thick emission. At higher luminosity, the top of the accretion
column and the optically thick outflow from the source can emit soft-X-ray emission that
can be modeled with blackbody component (e.g., Swift J0243.6+6124 Tao et al. 2019; Beri
et al. 2021). In most of the cases, the blackbody emission from accretion powered X-ray

pulsars is modeled with “bbodyrad” model, which is expressed as :

A(E) = K x1.0344 x 10 °E*dE
B exp(E/kT) — 1

(1.25)

where, kT is the temperature in keV and K is the normalization constant. The normalization
constant K is an important parameter, which is used to calculate the size of the blackbody
emitting region if the distance to the source is known, and mathematically, it is given by K

= Rim / D%O. Ry, is the source radius in km, and D1q is the distance to the source in units



1.5. Be/X-ray binaries (BeXRBs) 31

of 10 kpc.

Power law with high energy cutoff: The broadband continuum emission from accreting
X-ray pulsars can be described using a power law with a high energy cutoff model. This
model gives two critical parameters such as power law photon index (I') and cutoff energy
(Ecyt). Typical values of T' and E.,; for accreting X-ray pulsars are between 0.5-1.5 and
10-30 keV, respectively (White et al., 1983). A higher value of I" signifies that the source
emits more soft X-ray photons. Similarly, a higher value of E.,; means the temperature of
the incoming plasma in the accretion column is very high. Various empirical models are used
to describe the spectral properties of the accretion-powered pulsars. A brief description of

these models is given below.

1. The cutoff power law: This model consists of a power law modified with cutoff energy

and mathematically expressed as,
Cutof fpl(E) = NE~ =B/ Beut (1.26)

Here, N is the normalization constant that represents the flux in the unit of photons

sl em™2 keV1.

2. High energy cutoff model (HighECut): This model has been effective in replicating
the spectra of most accretion-powered X-ray pulsars and is extensively utilized among
various empirical models (White et al., 1983). However, as evident from the analytical
expression, the functional form lacks continuous differentiability at the roll-over en-
ergy (Eeut). Consequently, it occasionally generates spurious absorption-like features
around FE.,;. Mathematically, this model is expressed as,

1 (E < Ecut)a

HighECut(E) = NE™" x
e—(E—Ecut)/EfDld (E > Ecut)

(1.27)

3. The NPEX model: The NPEX model combines two power-law components with the
same cutoff energy, reflecting the physical processes in the accretion column of X-ray
pulsars. Soft X-ray photons, emitted from the hot spot at the magnetic poles of the
neutron star, follow a blackbody spectrum. The hard X-ray photons result from the
inverse Compton scattering of these soft photons, forming a power-law distribution.
The NPEX model includes a positive power-law, usually fixed at a photon index of
2 (Mihara, 1995) to represent Wien’s peak, and a negative power-law with a variable

photon index. Mathematically, it is expressed as,
NPEX(E) = (ALE™ 4 Ay EF)e= B/ Eeut (1.28)

where A; and As are the normalization constants, a and [ are power-law indices, and
FE¢yt is the cutoff energy. The normalization constants Ay and Ao represent the flux
in the unit of photons/s/cm? /keV.
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Gaussian component: The Gaussian component is usually used to model the iron
emission lines in the 6-7 keV energy. The 6.4 keV Fe K, line is the most common feature
in the spectra of accretion-powered X-ray pulsars, though it is occasionally absent at low
luminosity phases. The strength and shape of the Fe K, line varies with luminosity. In the
spectra of some accreting pulsars at high luminosity phase, multiple Gaussian components
are required to model the 6.4 keV, 6.67 keV, and 6.98 keV iron lines (Jaisawal et al., 2019).

These lines are modeled with a Gaussian function (gauss), expressed as :

()2
gauss(E) = . A27r exp ( (E202E0) > (1.29)

where A is the normalization of the Gaussian component in units of photons cm™2 s~ and

Eo and o are line energy (Gaussian centroid) and line width in keV, respectively.

Cyclotron resonant scattering feature (CRSF): Apart from the broadband contin-
uum and emission lines, broad absorption lines are usually seen in the spectra of accretion-
powered X-ray pulsars in 10-100 keV range (Staubert et al., 2019). Detection of such absorp-
tion features in the X-ray spectrum of accreting pulsars with strong magnetic field (~10'2 G)
is attributed to the CRSFs. According to classical electrodynamics, an electron moving in
the presence of magnetic field follows a helical trajectory with the gyration radius (Larmour

radius) expressed as:

(1.30)

With increasing magnetic field strength, this radius decreases. Once this radius rp,
approaches the de-Broglie wavelength (A=h/m, v), the quantum mechanical effects start to
dominate. Consequently, the electron momentum (p;) (and hence energy) perpendicular
to the direction of the magnetic field becomes quantized. Hence, the electrons can only
be present in specific energy levels. These energy levels are called Landau levels. While
interacting with the relativistic plasma in the accretion column, the X-ray photons undergo
scattering processes with these electrons. The corresponding scattering cross section is
resonantly increased at the energies corresponding to the separation between these Landau
levels. For accreting pulsars, these discrete energy levels seemed to be equispaced with the
energy difference of

Ecrsr = 11.57 x Bya(1+2)7! (1.31)

Where, Bis is the magnetic field in units of 10'? G, and z is the gravitational red-shift
(z ~ 0.3 for typical neutron star). The X-ray photons with energies n E., could thus get
absorbed and, therefore, are missing from the line of sight of the observer. Consequently, the
lack of these photons manifests as absorption features in the observed spectrum of the pulsar.
Figure 1.23 exhibit detection of multiple CRSFs in the broadband spectra of 4U 0115+63.
From Equation 1.31, it is clear that the cyclotron line energy is directly proportional to the
magnetic field strength of the pulsar. Therefore, detecting CRSF in the pulsar spectrum is
a direct method to estimate and probe the high magnetic field of the pulsars. The CRSF is
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Figure 1.23: Detection of multiple CRSF in the broadband spectra of 4U 0115463 (Santangeo
et al., 1999)

usually modeled with the GABS model, and mathematically, it is expressed as,

GABSKE):exp(—Vékgexp<—(E_£?mJ2>> (1.32)

where FE is the photon energy, 7 is the optical depth of the line, line Ej,e is the centroid

energy of the absorption feature, and o is the width (standard deviation) of the Gaussian.

1.5.7 Interaction between neutron star and the circumstellar disc of the

Be star

For several years, it has been suggested that the circumstellar (decretion) discs around
the isolated Be stars and Be stars in binaries have similar physical origins. The viscous
decretion disc model can explain the observational properties of both isolated and binary Be
stars. However, the density and size of the disc of the Be star in BeXRBs are very different
from the isolated Be star because of the interaction of the neutron star with the decretion
disc. According to the viscous decretion disc model, the angular momentum is added to
the disc through viscous torques (Ty;s) and removed by the tidal torques (Ty;4) exerted by
the neutron star (Negueruela et al., 2001). The disc truncation occurs at a specific radius
where the ratio between the angular frequency of the disc rotation and the mean angular
frequency of the binary motion is a rational number. The condition for this disc truncation

is defined as follows:

Tis +Thia <0 (1.33)

Hence, due to disc truncation, the circumstellar discs are denser for the Be stars in
binaries than the isolated Be stars (Zamanov et al., 2001). In neutron star BeXRBs, a
correlation between the maximum size of the decretion disc and the orbital period (P,,) is

observed. In the case of a smaller orbital period neutron star BeXRB, the circumstellar disc
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Figure 1.24: P,,—EW(Ha) diagram: Milky Way objects are represented by circles, and
BeXRBs in the Small Magellanic Clouds are represented by squares. The solid line shows
the linear regression for the combined data sample, while the dashed line indicates a power
law fit with an exponent of n=4/3 (Reig, 2011).

of the Be star gets truncated at a smaller radius (see Figure 1.24).

Additionally, in BeXRBs, it has been seen that the changes in the X-ray properties of
the compact object are also reflected in the optical /infrared properties of the companion
Be star. Specifically, during any giant X-ray outburst of the neutron star in the system,
the Be star in the binary also shows significant changes in its optical/infrared properties.
The most-studied parameters for tracking the properties of the circumstellar disc during
giant X-ray outbursts are the equivalent width (EW) and optical/infrared magnitude of
the system. Figure 1.25 shows variation in the X-ray and optical properties of the BeXRB
Swift J0243.6+6124 over a long period of time (Liu et al., 2022). It can be seen that the
X-ray intensity of the source varies significantly during the mentioned period. The critical
optical parameters mimicking the disc properties, like Ha equivalent width and V-band

magnitude, also considerably varied throughout the period.

In phase I, the source undergoes a giant X-ray outburst. It is expected that the neutron
star must have affected the circumstellar disc around the Be star. However, this phase does
not present any clear trend in the EW of the Ha line and the V-band magnitude of the
Be star. In phase II, we can see that the EW of the Ha is found to be small, and the V-
band magnitude also increases in this phase. These variations are expected because, during
the Type II X-ray outburst, the neutron star must have captured a considerable amount of
material. Lower EW of Ha line suggests a decrease in the Ha emitting particle. The V-band
and infrared magnitudes signify the amount of continuum emission from the circumstellar
disc. In phase II, an increase in these values means a decrease in the visible and IR flux
as the density of emitting particles in the disc decreases. In phase III, an increase in the
EW of Ha line and a decrease in the V-band magnitude indicates that the disc has started
to grow again Haigh et al. (2004). Hence, we can say that the physical properties of the
circumstellar disc change significantly during any giant X-ray outburst. This verifies the

interaction of neutron stars on the circumstellar disc.
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Figure 1.25: Long-term evolution of X-ray and optical properties of Swift J0243.6+6124 (Liu

et al., 2022).



36 Chapter 1. Introduction

1.6 Motivation and objective of the thesis

X-ray binary systems (XRBs) are the brightest X-ray sources in our Galaxy. Depending on
the mass of the companion, the XRBs are classified as LMXBs and HMXBs. The BeXRBs
are known to be the largest subclass of HMXBs. In these systems, the compact object is
usually a neutron star, which exhibits a wide range of variations in X-ray emission. These
systems display two types of X-ray outbursts, Type I and Type II, fueled by the material
from the companion Be star.

Type I outbursts are periodic, occurring during the periastron passage of the neutron

037 erg s~ 1.

star, and can reach luminosities up to 1 In contrast, Type II outbursts are
aperiodic, irregular, and significantly more luminous, with peak luminosity reaching up to
103 erg s~!. These outbursts in BeXRBs are rare, occurring once or twice in a particular
system in a decade. Therefore, the underlying mechanisms causing these outbursts remain
poorly understood. Our motivation is to elucidate the complex interactions between the
neutron star and the circumstellar disc during these giant outbursts.

In accreting pulsars, the majority of radiation originates from the accretion column. The
physical processes in the accretion column, influenced by the mass accretion rate or lumi-
nosity, significantly affect the X-ray properties of the pulsar. These pulsars can occasionally
reach super-Eddington luminosities, a rare phenomenon. Given the strong gravitational and
magnetic fields (~10'2 G) of neutron stars, our goal is to understand the dynamics of these
complex processes, particularly in the extreme environments at super-Eddington phases.

The major research objectives of this study are:

e To investigate changes in the Ha line properties (an indicator of the Be circumstellar
disc) before, during, and after Type II X-ray outbursts, aiming to understand the disc

conditions leading to these outbursts.

e To analyze BeXRBs through simultaneous X-ray and optical observations to identify

correlations between X-ray and optical emissions.

e To examine variations in the pulse period of the neutron star and pulse profile with lu-
minosity, seeking insights into the mass accretion mechanisms and the dynamic nature

of the surrounding region.

e To explore changes in the continuum emission properties of pulsars across a wide range
of luminosities (up to four orders of magnitude) to better understand the complex

interactions between plasma and photons near the accretion column.

1.7 Outline of the thesis

This chapter of the thesis provides information about XRBs, their classifications, and dif-
ferent mass accretion mechanisms in XRBs. A detailed picture of BeXRBs and their X-ray
and optical emission properties, as well as a current understanding of the topic, are also
presented. The rest of the thesis is organized as follows:

Chapter-2: This chapter provides an overview of various X-ray and optical instruments

onboard respective X-ray astronomical observatories and ground-based optical observatories,
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respectively, from which the data have been acquired to study the BeXRBs under investiga-
tion. It also offers a detailed explanation of the data reduction procedures, software, various

tools, and techniques used in the timing and spectral data analysis of BeXRBs.

Chapter-3: This chapter describes the results obtained from optical and X-ray observa-
tions of a Be/X-ray binary 1A 0535+262. We studied the optical properties of 1A 0535+262
covering the epochs before, during, and after the 2020 giant X-ray outburst over a time span
of two years. To investigate the changes in the properties of the Be star and its circumstellar
disc, we observed the source using 16 epochs of observations before, during, and after the
giant X-ray outburst in the optical band using the 1.2 m telescope at Mount Abu Infrared
Observatory (MIRO). Apart from the optical observations, we also carried out a pointed
X-ray observation of the pulsar with AstroSat during the rising phase of the outburst to
investigate its X-ray properties. From this work, we suggest that during the 2020 giant
outburst, the neutron star accreted matter from a precessing, inclined warped circumstellar
disc around the Be star. The neutron star was spinning at a period of ~103 second, and the

magnetic field of the neutron star was estimated to be 5.2 x 10'? G.

Chapter-4: In this chapter, we discussed the properties of IGR J0607442205 using X-
ray and optical observations of the binary. We used X-ray data obtained during the X-ray
outbursts in October and December 2023 from NuSTAR and NICER. The optical obser-
vations were also carried out during November & December 2022, October & December
2023, and February 2024 using Mount Abu Infrared Observatory (MIRO) and Indian As-
tronomical Observatory (IAO) to understand the optical properties of the binary. During
X-ray outbursts, the accreting pulsar exhibits a spin period of ~374.6 seconds. The pulse
profiles of the pulsar are highly dynamic, varying with luminosity and energy. Broadband
spectral analysis using NuSTAR observations indicates the magnetic field of the neutron
star as 4.4 x 1012 G. Optical studies of the binary system suggest that the circumstellar disc
properties remain largely unchanged during the X-ray outbursts, although the strength of

the disc is increasing, potentially leading to future outbursts.

Chapter-5: In this chapter, we describe the properties of the first Galactic Ultra-
Luminous X-ray (ULX) pulsar Swift J0243.64+-6124. The ULX Swift J0243.6+-6124 showed
giant and subsequent normal X-ray outbursts within MJD 58029 (3 October 2017) and
MJD 58533 (19 February 2019). The source also went into an outburst phase between MJD
60097 (2 June 2023) and 60190 (3 September 2023), as shown in Figure 1. We used Neu-
tron star Interior Composition Explorer (NICER) observations for the long-term study of
Swift J0243.64-6124 in the soft X-ray band. We conducted a thorough spectral study of the
source during the giant and subsequent normal X-ray outbursts, including the new outburst
in 2023. Moreover, our timing analysis primarily focuses on the multiple normal outbursts,
including the recent outburst in 2023, during the post-giant outburst period between MJD
58303-60190. During the 2023 outburst, the spin frequency of the pulsar increased, indi-
cating that the neutron star was spinning up. The pulse profile of the pulsar are found to
vary significantly with luminosity. Transitions in the continuum parameter evolution are
observed at Ly ~ 7.5 x 1037 erg s~ and Ly ~ 2.1 x 1038 erg s7!, suggesting that the source
underwent three distinct accretion modes as luminosity increased. A ~ 1 keV emission line

is detected during the super-Eddington state, indicating the presence of an ultra-fast outflow
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in this state.
Chapter-6: The conclusive remarks on the present work and the prospects for future

studies are discussed in this chapter.









Chapter 2

X-ray and optical observatories,

data reduction, and analysis

This chapter discusses various X-ray and optical observatories and corresponding instru-
ments, data reduction, and analysis techniques relevant to this thesis. As outlined in Chap-
ter 1, the atmosphere of Earth is opaque to X-ray radiation and allows visible light to pass
through it. Consequently, the X-ray observatories are space-based, unlike ground-based

optical observatories.

X-ray observations of cosmic source evolved significantly since the launch of the first
X-ray mission, Uhuru, in 1970, with substantial improvements in effective area, resolution
(spatial, temporal, and energy), sensitivity, and energy coverage of modern instruments.
Even before 1970, people used to do X-ray astronomy using balloon and rocket-borne exper-
iments that carried X-ray detectors above the atmosphere of Earth. In the early days, the
detectors used were simple instruments like gas-filled proportional counters, which detected
X-ray photons by photo-ionizing the filled gases. The sensitivity of these detectors depended
on their size and the absorption cross-section of the filled gases. Despite their simplicity,
proportional counters enabled numerous scientific discoveries in observatories such as the
Rossi X-ray Timing Explorer (RXTE), European X-ray Observatory Satellite (EXOSAT),
and AstroSat. However, these detectors are only effective for bright X-ray sources, while
many X-ray sources in the universe are very faint. Increasing the size of detectors is an option
to collect more photons. However, practical limitations exist for proportional counters. Ad-
ditionally, these detectors struggle to detect weak X-ray sources amidst strong background
noise, limiting their sensitivity. Therefore, designing telescopes and detectors with large
collecting areas and high sensitivity is essential. This challenge was addressed by develop-
ing the concept of the X-ray focusing technique. Focusing X-ray photons onto an imaging
detector increases the signal-to-noise ratio (SNR) and allows simultaneous observation of

multiple X-ray sources.

Reflecting and focusing X-ray photons onto a detector poses technical challenges, as X-
rays, due to their higher energy, are either absorbed by the atoms of the reflecting mirror or

pass through. According to Snell’s law, X-rays need to be reflected at grazing angles () for

a material of refractive index (n) < 1, where 6 %/2, with Z being the atomic number and

E the energy of the radiation. Materials such as Ni, Au, Pt, and Ir are used as reflectors for

39
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telescope mirrors to reflect high-energy X-rays. H. Wolter proposed a specific telescope mir-
ror design in 1952 to focus X-rays, using parabolic and hyperbolic mirrors in a configuration
known as the Wolter configuration. The advent of focusing X-ray telescopes significantly in-
creased the effective area and sensitivity, enabling the detection of nearly half a million X-ray
sources by the last decade (Reig, 2011). In this thesis, data from several X-ray observato-
ries have been utilized, including the Neutron Star Interior Composition Explorer (NICER;
Gendreau et al. 2016), AstroSat (Singh et al., 2014), Nuclear Spectroscopic Telescope Array
(NuSTAR; Harrison et al. 2013), Swift (Gehrels et al., 2004), Fermi (Malacaria et al., 2017),
and MAXI (Mihara & Maxi Team, 2010). Detailed discussions on these observatories are
provided below.

In contrast to X-ray radiation, the atmosphere of Earth is transparent to visible light,
allowing most of the optical observatories to be ground-based. Although the atmosphere
is transparent to visible light, it can alter the direction of incoming photons from a point
source, causing the light to spread and affect the angular resolution of optical telescopes.
Space-based optical observatories like the Hubble Space Telescope (HST) have been deployed
to mitigate this atmospheric distortion. The HST has made significant discoveries, including
observing distant stars and galaxies, due to its ability to operate above the distorting effects
of the atmosphere. Ground-based optical observatories are also highly effective for scientific
studies, primarily due to their large telescope sizes, which provide substantial light-gathering
power. For the optical studies of BeXRBs in this thesis, data are collected using two ground-
based optical observatories: the Mount Abu Infrared Observatory (MIRO; Shah et al. 2005)
& Indian Astronomical Observatory (IAO; Cowsik et al. 2002) of India. These observatories
offer excellent facilities for detailed optical observations despite being subject to atmospheric
effects.

This thesis presents X-ray and optical observations of three BeXRBs: 1A 05354262,
IGR J06074+2205, and Swift J0243.64+6124. The X-ray and optical data are acquired
through proposal submissions to various observatories and from publicly available archives.
The data reduction and analysis are performed using publicly available software, a self-
developed pipeline, and Python-based scripts, ensuring thorough and accurate scientific

processing of the observational data.

2.1 X-ray & optical observatories

2.1.1 NICER: a soft X-ray observatory

We have extensively utilized the long-term timing and spectral monitoring capabilities of
NICER in studying the X-ray properties of Be/X-ray binaries. NICER, a NASA telescope
launched on 3 June 2017, is mounted on the International Space Station (ISS). Figure 2.1
illustrates the mounting of NICER on the ISS. NICER is dedicated to studying the extraor-
dinary electromagnetic, gravitational, and nuclear physics environment of neutron stars
through timing and spectroscopy in the soft X-ray (0.2-12 keV) band. The primary scien-
tific instrument of NICER is the X-ray Timing Instrument (XTI; Gendreau et al. 2016),
designed to operate in the 0.2-12 keV energy range. The XTI comprises 56 X-ray concen-

trator (XRC) mirrors (see Figure 2.2) arranged in a Wolter I configuration to focus grazing
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Figure 2.1: NICER experiment mounted on the International Space Station (ISS).

incidence X-ray photons onto the detectors. Since NICER is designed to observe on-axis
point sources, imaging capabilities are unnecessary. The mirrors in NICER are specifically
designed to provide a smaller field of view and focus light onto smaller detectors, utilizing
parabolic mirrors to reduce costs and weight. Each XRC consists of 24 nested, grazing-
incidence, gold-coated aluminum foil mirrors of parabolic shape. These concentrator optics
are paired with silicon drift detectors, enabling non-imaging observations (Prigozhin et al.,
2016). The XTT offers a high time resolution of approximately 100 ns (rms) and a spectral
resolution of about 85 eV at 1 keV. Its field of view covers approximately 30 arcmin? in the
sky. The effective area of NICER is approximately 1900 cm? at 1.5 keV, utilizing 52 active
detectors. The XTI is divided into seven groups of eight focal plane modules (FPMs), each
managed by a Measurement/Power Unit (MPU) slice, allowing for independent operation

and control of the FPMs within each group.

2.1.2 AstroSat: a broadband energy facilitated observatory

AstroSat is India’s first multi-wavelength astronomical satellite (Agrawal, 2006) dedicated
to the observations of cosmic sources in a broad energy range from optical to X-ray bands.
It was launched by the Indian Space Research Organization (ISRO) on 28 September 2015.
AstroSat is equipped with five major payloads (Figure 2.3): Ultra Violet Imaging Telescope
(UVIT; Tandon et al. 2017), Scanning Sky Monitor (SSM; Ramadevi et al. 2017), Soft X-ray
Telescope (SXT; Singh et al. 2017), Large Area X-ray Proportional Counter (LAXPC; Yadav
et al. 2016), and Cadmium Zinc Telluride Imager (CZTI; Bhalerao et al. 2017). Along with
the payloads mentioned above, an auxiliary payload known as a Charged Particle Monitor
(CPM) is also deployed to apprise other detectors about the presence of the South Atlantic
Anomaly (SAA) region along the orbit. In the thesis, we used data from X-ray payloads
such as SXT, LAXPC, and CZTT to study the X-ray properties of 1A 0535+262, as UVIT
was not operational during our observation.

The SXT is an X-ray focusing imaging instrument consisting of coaxial and con-focal

shells of conical mirrors arranged with Wolter I configuration. SXT has 40 complete shells
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Figure 2.2: Schematic of NICER in its normal observing configuration. The X-ray Timing
Instrument, featuring an array of 56 X-ray concentrator mirrors and sunshades, focuses X-ray
emissions from cosmic sources onto a corresponding array of 56 Focal Plane Modules (FPMs)
at the backplane of the XTI (Okajima et al., 2016).
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Figure 2.3: A schematic view of the AstroSat with folded solar panels showing its principal
instruments (Singh, 2018).

of mirrors assembled quadrants-wise (320 mirrors) for paraboloid and hyperboloid mirrors.
The focal length of the telescope is 2000 mm, constrained by the available space in the
launch vehicle. Mirrors are made of aluminum and covered with gold on the reflecting sides.
SXT is a soft X-ray focusing telescope sensitive to photons in the 0.3-8 keV range. Due to its
focusing characteristics, it is close to 1000 times more sensitive than any other non-focusing
instrument with the same photon collecting area. The on-axis effective area of SXT is 90
cm? at 1.5 keV with an energy resolution of 90 eV and 136 eV at 1.5 keV and 5.9 keV,
respectively. The time resolution of SXT is 2.4 s in Photon Counting (PC) mode.

The LAXPC is a non-imaging instrument consisting of three identical, co-aligned, in-
dependently operated proportional counters to achieve a large effective area. The three
LAXPC (detectors) are identified as LAXPC10, LAXPC20, and LAXPC30. The propor-
tional counters are filled with Xenon gas at two atmospheric pressure. These detectors are

sensitive to X-ray photons with energy in the range of 3-80 keV and provide a total effective
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area of 8000 cm? at 5-30 keV. The energy and time resolutions of the LAXPC units are 12%
at 22 keV and 10 us, respectively. The dead time of the detectors is 42 us.

The CZTTI is designed to perform simultaneous X-ray imaging and spectroscopic obser-
vations. CZTI operates in the hard X-ray regime, covering the energy range of 20-150 keV.
Utilizing an array of Cadmium Zinc Telluride (CZT) detectors, this instrument provides high
sensitivity and energy resolution, which is crucial for detecting and analyzing faint X-ray
sources in hard X-rays. The CZTI features a coded aperture mask, which enables precise
imaging capabilities in the specified energy band. Its primary scientific objectives include
studying high-energy processes in various astrophysical sources such as pulsars, black holes,
and gamma-ray bursts. Moreover, the ability of CZTI to detect polarization in hard X-ray
emissions provides invaluable data for understanding the magnetic field structures and emis-
sion mechanisms of celestial sources. The CZTI has a total effective area of 2000 cm? for

the energy range of 20-300 keV. Time tagging of an event can be estimated within 20 us.

2.1.3 NuSTAR: a hard X-ray focusing telescope

NuSTAR, the first hard X-ray focusing observatory, was launched on 13 June 2012 as a Small
Explorer satellite mission (SMEX) led by the California Institute of Technology (Caltech)
and managed by the Jet Propulsion Laboratory (JPL). After being positioned in low equa-
torial Earth orbit (with an inclination of ~6°) at an altitude of 600 km, the NuSTAR X-ray
optics and detector benches were separated using a deployable mast. Figure 2.4 shows a
schematic view of the satellite before and after deployment. The X-ray optics consist of two
co-aligned grazing incidence Wolter I telescopes, each with a focal length of 10.14 m. Each
telescope comprises 133 mirror shells arranged in a conical approximation of the Wolter 1
configuration. These shells are coated with alternating layers of Pt/SiC and W/Si, enabling
NuSTAR to achieve efficient reflectivity up to 78.4 keV, corresponding to the Pt K-edge.
Above this energy, the mirror coating absorbs instead of reflecting the hard X-ray photons
(Harrison et al., 2013).

The two telescopes focus hard X-rays onto separate focal plane modules, FPMA and
FPMB (hereafter FPMs). Each module contains a 2x2 array of CdZnTe (CZT) crystal
detectors with 32x32 pixels each, resulting in a field of view of approximately ~12 arcmin.
Each pixel has an independent discriminator, triggering the readout process upon individual
X-ray interactions. Consequently, the NuSTAR observations do not suffer from pileup effects
until a source flux of 10° count s~! pixel ! is reached. The energy resolution of each detector
is 0.4 keV at 10 keV and 0.9 keV at 68 keV (FWHM). Each FPM is shielded with an anti-
coincidence Csl scintillator. The X-ray events registered simultaneously in the Csl shield and
CZT detectors are rejected as background by the onboard electronics. The high temporal
resolution of 2 us can be achieved with the NuSTAR.

2.1.4 MIRO: a 1 m class ground-based observatory

MIRO is a ground-based optical/infrared observatory located at Mount Abu, Rajasthan,
India. Figure 2.5 presents a panoramic view of the observatory. The observatory is located
at an altitude of 1680 m and is adjacent to Guru Shikhar, the highest peak of the Aravalli
Range. MIRO is being managed by the Physical Research Laboratory (PRL), India. MIRO
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Figure 2.4: Diagram of the NuSTAR observatory in the stowed (bottom) and deployed (top)
configurations.

is equipped with a 1.2 m /13 telescope along with various back-end instruments. This work
used data from Mount Abu Faint Object Spectrograph and Camera-Pathfinder (MFOSC-P)
instrument (Srivastava et al., 2018; Srivastava et al., 2021). MFOSC-P has both imaging
and spectroscopic capabilities. The instrument is designed to provide seeing limited imaging
(~ 1 spatial resolution) with a sampling rate of 3.3 pixels per arc-second over a 5.2x5.2
arc-minute? field-of-view (correspond to 1K x 1K CCD). Bessel’s broadband BVRI filters
have been considered to cover the visible regime of 4500-8500 A. The MFOSC-P is facilitated
with three plane reflection gratings, named R2000, R1000, and R500, with 500, 300, and
150 Ip/mm at wavelengths of ~6500 A, 5500 A and 6000 A, respectively. R2000, R1000,
and R500 represent the spectral resolutions (R:ﬁ) of 2000, 1000, and 500, respectively.
These three modes provide standard spectral coverages of ~6000-7000 A, ~4700-6650 A,
and ~4500-8500 A, respectively. The spectroscopic observations were carried out on several
nights using a 75 pm slit which is equivalent to 1" on the sky. The spectroscopic observations
used in this thesis were carried out in R2000 mode, the highest resolution available for the
MFOSC-P instrument.

2.1.5 TAO: a 2 m class ground-based observatory

IAO (Cowsik et al., 2002) is located in Hanle village near Leh in Ladakh. TAO is situated
at an altitude of 4500 meters atop Mt. Saraswati in the vast Nilamkhul Plain in the Hanle
Valley of Changthang. The observatory is managed by the Indian Institute of Astrophysics
(ITA), India. TAO is equipped with many instruments. We carried out optical studies
using the Himalayan Faint Object Spectrograph and Camera (HFOSC) mounted on the

2.01 m telescope (also known as the Himalayan Chandra Telescope). Figure 2.6 shows the
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Figure 2.5: Panoramic view of the Mount Abu Infrared Observatory (MIRO), Mount Abu.
Credit: Prof. Shashikiran Ganesh

Himalayan Chandra Telescope (HCT) dome located at TAO, Hanle, Ladakh, India. HFOSC
is an optical imager and spectrograph developed in collaboration with the Copenhagen
University Observatory. This focal reducer-type instrument allows the coverage of a larger
field for any given detector and enables both low and medium-resolution grism spectroscopy.
The instrument can switch between imaging and spectroscopic modes within a few minutes.
The HFOSC instrument features a camera focal length of 147 mm and a collimator focal
length of 252 mm. It is mounted at the Cassegrain focus of the HCT and equipped with a
2K x 4K SiTe CCD system. Each pixel corresponds to 0.3 x 0.3 arcseconds (unvignetted),
providing a field of view (FOV) of 10 x 10 arcminutes. With a reduction factor of 0.58, the
instrument achieves resolutions ranging from R ~ 150 to R ~ 4500 using a set of 11 grisms.
The HFOSC instrument has a gain of 1.22 e /ADU and a readout noise of 4.8 e™. In our
study, the spectra are taken with Grism 8 and 167 1 slit setup, which covers a wavelength
range of 5500-8350 A, providing an effective resolution of 2000 at Ha. Halogen lamp frames
are taken to flat field the images.

2.2 Data reduction

In this section, we present the details of the data reduction procedures applied to X-ray and

optical data obtained from observatories mentioned in the previous section.

2.2.1 NICER

The nicerl2 pipeline, available in HEASoft version 6.32, is used to process the unfiltered
event data of NICER. The analysis is performed in the presence of gain and calibration
database files of version xti20221001. We selected good time intervals (GTI) using the

nimaketime tool, applying standard filtering criteria based on various factors such as the
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Figure 2.6: The 2-m class Himalayan Chandra Telescope (HCT) at the Indian Astronomical
Observatory (IAO). Credit: www.iiap.res.in

South Atlantic Anomaly (SAA), an elevation angle exceeding 15° from the Earth limb, a
> 30° offset from the bright Earth, and a pointing offset of 0.015°, all on clean data post-
nicerl2. Additionally, we applied a magnetic cutoff rigidity of 4 GeV/c to filter out any
potential high-energy charged particle background. In this thesis, data from the NICER
observations of BeXRBs IGR J06074+2205 and Swift J0243.6+6124 are used.

2.2.2 AstroSat

Data from three major payloads of AstroSat, i.e., SXT, LAXPC, and CZTI, are used in this
thesis. The level2 (cleaned event data) SXT data from 17 orbits of the PC mode observation
of 1A 05354262 are downloaded from the AstroSat Archive-ISSDC. For further analysis, a
single event file was created by combining the event files of all orbits using the szteventmerg-
ertool module. For a generation of high-level products, we selected source region. The source
region is selected in such a way that there will be minimal loss of photons. We also checked
for the presence of a pile-up effect. The background region for the background light curve
is selected far away from the source region to avoid contamination from source photons.
The effective area file is generated, and the files correspond to the spectral redistribution
matrix and background provided by the instrument team. The data from LAXPC20 were
collected in Event Analysis (EA) mode, then reduced and processed using the latest LAX-
PCsoftware package to generate the scientific products. For CZTT data, screening, cleaning,
and high-level products are generated from levell data using modules provided within the
CZTpipeline task. In our work, AstroSat data of the BeXRB 1A 05354262 are used.

2.2.3 NuSTAR

For NuSTAR, the data reduction was carried out using the HEASoft v.6.32 and the cali-

bration files of version 20231017. We followed the standard data processing routines where
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NUPIPELINE task is executed to generate calibrated and filtered event files. These event
files are then further used for generating high-level scientific products. Light curves, spec-
tra, ARF, and RMF are generated by carefully selecting the source and background region.
Source and background regions were selected to ensure minimal loss of source photons and

to prevent any contamination between the source and background regions. In this thesis,

NuSTAR data of the BeXRB IGR J06074+4-2205 have been used.

2.2.4 MIRO

As mentioned in the previous section, MIRO is equipped with various back-end instruments.
In this work, we used data from the MFOSC-P instrument. The raw data of the MFOSC-P
observations are reduced using the in-house developed data analysis routines in Python'
with the assistance of open-source image processing libraries (ASTROPY?) (also refer to
Kumar et al. 2022 for the analysis method). In the beginning, the bias is subtracted, cosmic
rays are removed, and sky-subtracted images are created. Using a halogen lamp, the pixel-
to-pixel efficiency variation is found to be less than 1%; hence, no correction is applied. In
the second step, the spectra of Neon and Xenon calibration lamps (taken after each source
exposure) are used for the wavelength calibration of the data. These wavelength-calibrated
data are used for further analysis. In our work, MFOSC-P data of the BeXRBs 1A 05354262
and IGR J06074+42205 are used.

2.2.5 TIAO

We have used data from the HFOSC instrument mounted on HCT at IAO. The reduction
of HFOSC data is performed using self-developed data analysis routines in Python with the
assistance of open-source image processing libraries (ASTROPY, etc.) and standard IRAF
tasks. In the first step, bias subtraction, cosmic-ray removal (van Dokkum, 2001), and flat-
fielding are done for all frames. Then, one-dimensional spectra are extracted after removing
the mean sky background taken from both sides of the spectrum. In the second step, we
extract wavelength-calibrated spectra using FeNe lamp spectra. In this thesis, HFOSC data
of the BeXRB IGR J06074+2205 are used.

2.3 Timing and spectral analysis technique

The reduced data from the X-ray and optical observations of the BeXRBs are stored in a
Flexible Image Transport System (FITS) format and ready for further scientific analysis.
For analysis of X-ray data, we utilized the High Energy Astrophysics Software (HEASoft?)
package. The HEASoft package is publicly available on NASA’s High Energy Astrophysics
Science Archive Research Centre (HEASARC?). It is a multi-mission platform and can be
used to analyze data from various observatories that are publicly available on this platform.
A Calibration Data Base (CALDB) is maintained on HEASARC for each mission, which

regularly gets updated as per the performance of instruments and conditions in space. We

"https://www.python.org/

*https://www.astropy.org/
Shttps://heasarc.gsfc.nasa.gov/docs/software/heasoft/
‘https://heasarc.gsfc.nasa.gov/
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utilized HEASoft versions 6.27 and 6.32 and an up-to-date CALDB to derive the scientific

products for each observation.

X-ray photons from astrophysical sources are stored as event lists after being detected
in the X-ray detectors. The event list contains information regarding the arrival time and
position of the photon on the detector plane, along with its energy. In order to study the
timing properties of a given source, its light curve (i.e., the distribution of photon counts
over time) could be extracted by using XRONOS® package. The XRONOS is a timing
analysis software package available as a subpackage of FTOOLS®. We extensively use three
timing tasks efsearch, efold, powspec provided by XRONOS. To obtain the periodicity
in the light curve, we used efsearch task, which is based on y?-maximization technique.
The efold task generates the pulse profile using the light curve. This task folds the light
curve at a particular period and presents intensity variation between phases 0 and 1, where
phase 1 corresponds to the complete rotation of the neutron star (a complete period). The
powspec task is used to analyze the power density spectra (PDS) of the light curve. The
powspec task displays different variability and its corresponding power present in the light
curve using the Fourier Transformation (FT) technique.

The X-ray spectral analysis is conducted using the XSPEC package within the HEASoft
software suite. XSPEC is an interactive spectral fitting program designed to be detector-
independent, making it applicable to various spectrometers. In this thesis work, the Python
interface of XSPEC is also utilized. In reality, the observed spectrum is not the actual
source spectrum as it is modified by the detector response and effective area. Therefore, it
is necessary to back-calculate the source spectrum, which can be achieved through modeling.
XSPEC provides a robust platform for modeling observed spectra with various empirical and
physical models. It is also equipped with advanced statistical techniques to determine the
best-fit models and their corresponding parameters within a certain confidence range. The
following paragraphs explain the spectral analysis procedure in detail.

The observed X-ray spectrum (D(I)) represents photon counts across instrument channels
(I). This spectrum includes background noise (B(I)), so it does not directly describe the
source properties. The true spectrum ( f(E) ) relates to the observed spectrum ( D(I))
through the equation:

D(I) = / R(I, B)f(E)A(E)dE + B(I) (2.1)
0

Where R(I, E) is the response matrix function, indicating the probability of detecting a
photon of energy (E) in the channel (I), and A(E) is the effective area of the telescope. The
net source counts per channel, after subtracting the background, are (D(I) - B(I)). Given N

discrete channels, the integral can be written as a summation:

D(I) = B(I) = C(I) :Zfi(E)Ri(IaE) (2.2)

*https://heasarc.gsfc.nasa.gov/docs/xanadu/xronos/xronos.html
Shttps://heasarc.gsfc.nasa.gov/docs/software/ftools/ftools_menu.html
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Since the response matrix function is non-invertible, this equation cannot be directly
solved to find the actual source spectrum ( f(E) ). Instead, empirical or physically motivated
spectral models ( M(I) ) are fitted to the observed spectrum (C(I)). The fit is evaluated

using the chi-square statistic:

N

2 (CilI) — Mi(1))?
= 2-
where, ( 0;(I) = /Ci(I) ) is the error in the observed counts ( C(I) ), assuming a

Gaussian distribution. For a good fit, the reduced chi-square, (x?/dof), should be about
one, where the number of degrees of freedom (DOF) is the difference between the number
of energy channels/bins and the number of free parameters in the model. Multiple models
might fit the data equally well, and the choice of the best-fit model depends on scientific
judgment and parameter feasibility. The best-fit parameter values are determined within a

90% confidence interval.






Chapter 3

Optical and X-ray studies of
Be/X-ray binary 1A 05354262
during its 2020 giant outburst

This chapter investigates the optical properties of the BeXRB 1A 05354262 before, during,
and after its 2020 giant X-ray outburst. Long-term optical data from the 1.2 m Mount Abu
Infrared Observatory (MIRO) are utilized for detailed analysis. Additionally, we conducted
a pointed X-ray observation of the pulsar using India’s first multi-wavelength space observa-
tory, AstroSat, during the rising phase of the outburst to explore its X-ray characteristics.
The chapter is organized as follows: Section 3.1 provides an introduction to 1A 05354262.
Section 3.2 gives details about optical and X-ray observations. Section 3.3 reports the re-
sults from optical observations, and Section 3.4 presents the X-ray data analysis results.

Section 3.5 discusses our findings, and Section 3.6 concludes the chapter.

3.1 An introduction to 1A 05354262

1A 0535+262 is one of the most active BeXRBs, frequently exhibiting Type I X-ray out-
bursts. 1A 0535+262 was discovered in 1975 by the Ariel V space telescope (Rosenberg et al.,
1975). The source was undergoing a giant X-ray outburst during the time of its discovery.
The binary system comprises a neutron star as a compact object rotating around its spin axis
at a period of around 104 seconds (Rosenberg et al., 1975). The optical companion or the
secondary star HDE 245770 was identified as a Be star of spectral type 09.7 I1le (Giangrande
et al., 1980). The BeXRB has a relatively wide and eccentric orbit. The orbital period of
the binary (Py,) is approximately 110 days, and the eccentricity is around 0.47 (Finger
et al., 1994). Steele et al. (1998) estimated the distance of the source as ~2 kpc, based on
a spectral class of BOIII and a reddening E(B-V) = 0.75.

Since its discovery, 1A 05354262 has experienced several giant X-ray outbursts (Camero-
Arranz et al. 2012 and references therein). Clark et al. (1999) analyzed the variability of the
source using ten years of UBV-band photometry data and found that the X-ray outbursts
in 1A 05354262 occurred during the optical fading phase of the Be star. Camero-Arranz

et al. (2012) used contemporaneous X-ray and optical data spanning over thirty years and
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discovered an anti-correlation between the V-band magnitude and the equivalent width of
the Ha line before the giant X-ray outbursts. Yan et al. (2012) interpreted this observed anti-
correlation before the 2009 giant X-ray outburst in terms of mass ejection from the inner part
of the circumstellar disc. Spectroscopic observations revealed significant Ha line variability
in 1A 05354262/V725Tau (Moritani et al., 2011). Prior to the giant outburst, the He line
evolved from any shape to a single-peaked profile with increasing strength and Full Width
at Zero Intensity (FWZI) (Clark et al., 1998; Coe et al., 2006; Camero-Arranz et al., 2012).
This Ha line behavior is attributed to the warping of the circumstellar disc of the companion
Be star before the giant outburst. Using high dispersion optical spectroscopic observations
during the 2009 and 2011 giant X-ray outbursts, Moritani et al. (2013) suggested that a
precessing warped Be disc triggers the giant outburst in 1A 0535+262.

The optical and infrared observations of the BeXRBs provide information on the prop-
erties of the Be star and the circumstellar disc that swirls around it, as discussed in the
previous paragraph. The 104 s spin period neutron star, which exists in the binary, emits
in the X-ray band. Consequently, the observations in the X-ray regime could be utilized to
understand the dynamics of mass transfer from the companion Be star onto the neutron star
and its ambient region. Timing analysis of the neutron star during various giant outbursts
of 1A 0535+262 hinted that the pulsar spun up as its X-ray luminosity augmented (Bildsten
et al., 1997; Sartore et al., 2015). The spinning up of the pulsar is seen as a result of the
angular momentum transfer from the accreted mass to the neutron star, which escalates
with the increase in the accumulation rate. Change in the shape of the pulse profile of the
pulsar with luminosity is understood to be due to the change in the accretion environment
around the neutron star with the change in luminosity (Parmar et al., 1989). During the gi-
ant outburst in 2011, this particular feature was similarly detected in 1A 05354262 (Sartore
et al., 2015). Throughout X-ray outbursts, the wide-range X-ray spectrum of 1A 0535+262
has primarily been modeled with a power-law continuum model with an exponential cutoff,
together with a blackbody component of temperature in the 1-2 keV range for soft X-ray
surplus and a Gaussian function at 6.4 keV for iron line emission (Caballero et al., 2013;
Sartore et al., 2015). The cyclotron resonance scattering features, the tools for the direct
measurement of the magnetic field of the pulsar, with fundamental and first harmonic at
~ 45 keV and ~ 100 keV, respectively, are also observed in the spectrum of 1A 0535+262
(Kendziorra et al., 1994; Terada et al., 2006; Sartore et al., 2015; Kong et al., 2021). Though
the change in the cyclotron line energy with luminosity in 1A 05354262 does not show a
clear trend, some of the measurements support a positive correlation (Reig & Nespoli, 2013;
Sartore et al., 2015).

1A 05354262 went into a giant X-ray outburst on 29 October 2020 (MJD 59151; Man-
dal et al. 2020). According to Swift/BAT monitoring data, the peak intensity of the pulsar
during this outburst reached approximately 11 Crab in the 15-50 keV range on MJD 59172
(19 November 2020). This peak intensity is the highest recorded among the previously
observed giant X-ray outbursts of 1A 0535+262 (Camero-Arranz et al., 2012) since its dis-
covery (Jaisawal et al., 2020b,a). To investigate changes in the properties of the Be star
and its circumstellar disc, we conducted optical observations of the source before, during,

and after the giant X-ray outburst using the 1.2 m telescope at MIRO. Additionally, we
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performed a pointed X-ray observation of the pulsar with AstroSat during the rising phase

of the outburst to study its X-ray characteristics.

3.2 Optical and X-ray observations of 1A 0535+262/HD 245770

We conducted optical and X-ray observations to understand the properties of the Be com-
panion and the neutron star in the BeXRB 1A 0535+262/HD 245770. X-ray outbursts in
BeXRB systems are known to result from the abrupt accretion of a large amount of matter
from the Be circumstellar disc onto the neutron star. Consequently, the X-ray properties of
the neutron star during outbursts are expected to be associated with changes in the Be star
properties. Therefore, studying such BeXRBs in optical /infrared and X-ray bands during
X-ray outbursts is crucial. To understand the change in properties of the Be star due to
X-ray outbursts, optical/infrared observations before, during, and after X-ray outbursts are
crucial. The neutron star in 1A 0535+262 experienced a giant X-ray outburst in October
2020. As part of our ongoing monitoring project, we carried out optical observations of the
system at several epochs before the giant X-ray outburst using the 1.2 m, /13 telescope at
the MIRO with the MFOSC-P instrument. We continued optical spectroscopic observations
of 1A 0535+262 with the MFOSC-P instrument to investigate the properties of the Be star
before, during, and after the giant X-ray outburst. We conducted 16 epochs of optical ob-
servations over two years, from 4 February 2020 to 14 February 2022, with exposure times
ranging from 250 to 1000 seconds. We performed spectroscopic observations using a 75 pm
slit in R2000 mode, the highest resolution available for the MFOSC-P instrument, which
covers a wavelength range of ~6000-7200 A. The data reduction procedures followed to re-
duce MFOSC-P data are presented in Chapter 2. For the instrument response correction
of the reduced spectra, we used the spectra of the standard star SAO 77466. SAO 77466 is
observed at a similar airmass as the Be star HD 245770. At first, the response function was
determined by dividing the observed continuum spectra of SAO 77466 by a blackbody curve
that matches the effective temperature of the standard star. Finally, the response function
was applied to the source spectra to create the science spectra. Our proposal for a 42 ks
observation of 1A 05354262 was successfully used to observe the pulsar on 11 November
2020, during the rising phase of the giant outburst using SXT, LAXPC, and CZTI. The
details on the data reduction of SXT, LAXPC, and CZTI data are presented in Chapter 2.
For SXT, using the FTOOLS task XSELECT and considering a circular region of size 15
from the center of the Point Spread Function (PSF), the science products were generated
from the merged event file. In SXT PC mode, the observations of sources fainter than
~200 mCrab do not get affected by photon pile-up. As the intensity of 1A 05354262 was
more than 1 Crab during our AstroSat observation, the SXT data were severely affected
due to photon pile-up. The data were corrected for the piled-up effect by excluding the
central circular region of four arc-min radii while extracting light curves and spectra. A
corresponding effective area file (ARF) was also generated. The sxzt_pc_mat_g0.rmf & Sky-
Bkg_comb_EL3p5_CI_Rd16p0-v01.pha files, provided by the SXT team, were used as spectral
redistribution matrix and background spectrum, respectively. Standard procedures are fol-
lowed to generate light curves, spectra, arf, and rmf files for LAXPC and CZTI data. Optical
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Table 3.1: Log of optical and X-ray observations for the BeXRB 1A 0535+4262/HD 245770

Date of MJD Days since  Exposure time (s)
observation outburst

(29 Oct 2020)

MIRO

04 FEB 2020 58883 —276 1000
27 FEB 2020 58906 —253 1000
12 MAR 2020 58920 —239 1000
19 NOV 2020 59172 +13 400

20 NOV 2020 59173 +14 1000
29 NOV 2020 59182 +23 400

03 DEC 2020 59186 +27 250

24 DEC 2020 59207 +48 800

30 DEC 2020 59213 +54 500

03 JAN 2021 59217 +58 700

10 JAN 2021 59224 +65 500

29 JAN 2021 59243 +84 500

09 FEB 2021 59254 +94 1000
15 DEC 2021 59563 +404 800

23 JAN 2022 59602 +443 350

14 FEB 2022 59624 +465 600

AstroSat

11 NOV 2020 59165 +6 94331

and X-ray observation details are provided in Table 3.1. In Figure 3.1, we marked the MIRO
and AstroSat observations above the Swift/BAT daily monitoring light curve to show the

X-ray intensity levels during our optical and X-ray observations.

3.3 Optical spectroscopic results of 1A 0535+262/HD 245770

In this section, we present the changes observed in the emission line parameters of 1A 05354262
during the 2020 giant X-ray outburst, compared to those before and after the event, using
our optical observations. The optical spectroscopic observations of the BeXRB were carried
out in the 6000-7200 A band using the MFOSC-P instrument in R2000 mode. Initial obser-
vations were conducted on 4 February, 27 February, and 12 March 2020, when the neutron
star in the system was in a quiescent state (see Figure 3.1). These observations provide in-
formation about the Be circumstellar disc prior to the giant X-ray outburst. As the neutron

star entered the giant X-ray outburst phase, we performed closely spaced optical spectro-
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Figure 3.1: Swift/BAT monitoring light curve of 1A 05354262 in the 15-50 keV range during
the 2020 giant X-ray outburst. The black open circles mark the dates of optical observations
of the binary system with the 1.2 m telescope at Mount Abu using the MFOSC-P instrument.
The blue diamond indicates the date of the AstroSat observation of the pulsar. At the peak
of the X-ray outburst around MJD 59172, the source reached an intensity of approximately
11 Crab; for reference, 1 Crab is equivalent to 0.220 counts cm 2 s~ ! in the 15-50 keV band.

scopic observations from 19 November 2020 (close to the peak of the X-ray outburst) to 9
February 2021, when the neutron star returned to the X-ray quiescent phase. Subsequent
observations were made on 15 December 2021, 23 January 2022, and 14 February 2022,

when the system was again in a quiescent state.

3.3.1 Optical spectra at different phases of the outburst

The spectra in the 6000-7200 A range obtained from the MFOSC-P observations of 1A 05354262
in R2000 mode are presented in Figure 3.2. For clarity, the continuum-normalized intensity
for each observation epoch is shown with offsets. The date of each observation and the num-
ber of days before and after the onset of the giant X-ray outburst are indicated. Spectra
obtained before the giant outburst are shown in blue, those obtained during the outburst
are in magenta, and those obtained after the outburst are in red. The numbers in days,
marked with minus and plus signs, indicate the timing of the optical observations relative to
the beginning of the outburst. The quoted orbital phases (¢) represent the position of the
neutron star in its orbit at the time of the optical observation, estimated using the method
described by Moritani et al. (2010), where ¢ = 0 corresponds to the periastron passage of
the neutron star.

Throughout our observations, various emission and absorption lines were detected. The
emission lines are associated with the source, while the absorption lines originate from other
sources, such as the interstellar medium (ISM) and Earth’s atmosphere. Diffuse Interstel-
lar Bands (DIBs) related to the ISM and atmospheric telluric features were present in all
the epochs of our observations (Figure 3.2). The DIBs are absorption features that appear
when photons pass through significant column densities in the ISM, though their specific
origins are not well understood. We identified four DIBs at 6203.06 A, 6283.86 A, 6379.20 A,
and 6613.62 A (Herbig, 1995). The telluric features, resulting from the absorption of pho-
tons by molecules in the atmosphere of the Earth, were also superimposed on the stellar

spectra. One prominent telluric feature observed in our spectra was the Oy B band at
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A~ 6870 A (Angeloni et al. 2019 & reference therein).

In the 6000-7200 A range spectra of 1A 0535+262/HD 245770, spanned over two years
of duration, three emission lines at 6562.8 A, 6678 A and 7065 A are detected (Figure 3.2).
The presence of emission lines in the optical spectra confirms the existence of the circum-
stellar disc in the BeXRB system (Coe et al., 2006). This signifies that the disc is not
entirely vanished even during/after the giant X-ray outburst (see, e.g., Haigh et al. 1999 for
1A 05354262 and Reig & Zezas 2014 for IGR J21343+4738).

3.3.2 Evolution of Ha (6562.8 A), Hel (6678 A), and Hel (7065 A) emis-

sion lines

The evolution of the Ha (6562.8 A), Hel (6678 A), and Hel (7065 A) emission line profiles
during our optical observations are shown in Figure 3.3. The X-axis is expressed in terms of
velocity rather than wavelength to visualize the emission from the approaching and receding
parts of the circumstellar disc. The velocity corresponding to each wavelength is calculated

using the Doppler formula as follows:

velocity = (Wavelerfth - Ai) x 3% 10° (3.1)
i

where, \; is the central wavelength for He, Hel (6678 A), and Hel (7065 A) lines, i.e.,
6562.8 A, 6678 A, and 7065 A, respectively. 3x10° is considered as the velocity of light in
km/s unit.

The negative velocities exhibit the blue-shifted part, whereas the positive velocity depicts
the red-shifted component. In the Y-axis, the normalized intensities with arbitrary vertical
offsets are shown. The offsets are given for clarity only. The blue, magenta, and red
color profiles represent observations during the pre-outburst (quiescent), outburst, and post-
outburst quiescent phases, respectively, as in Figure 3.2. The date of observation and the
corresponding orbital phase of the neutron star (¢) are annotated in each profile. The
vertical dotted line corresponds to 0 km/s velocity. The errors on the data points for He I
(6678 A) and He T (7065 A) emission lines are larger than those for Ha line due to their low
flux levels.

During the pre-outburst or quiescent phase observations, the Ha lines exhibit a single-
peaked structure with moderate asymmetry and a broad red wing. Conversely, the He 1
(6678 A) and He I (7065 A) line profiles are double-peaked, showing a higher peak intensity
in the blue component compared to the red component.

During the X-ray outburst, the Ha line profile changes to an asymmetrical shape with
a broader blue component, opposite to what was observed in the pre-outburst phase. The
He I (6678 A) and He I (7065 A) lines become more complex and multi-peaked during this
phase.

In the post-outburst phase, from 30 December 2020 to 9 February 2021, the Ha line
profile remains unchanged except for a distinct hump-like structure in the blue wing. Mean-
while, the He T (6678 A) and He I (7065 A) lines exhibit multiple components. In the
last three observations (15 December 2021, 23 January, and 14 February 2022), the He,
He I (6678 A), and He I (7065 A) lines return to a double-peaked profile with comparable
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Figure 3.2: Evolution of the optical spectrum of the Be/X-ray binary 1A 05354262 as observed
with the MFOSC-P instrument. The spectra are not corrected for reddening. Each spectrum
is annotated with the observation date and the orbital phase (¢) of the neutron star. The
numbers in days, shown in minus and plus, indicate the days before and after the onset of the
giant X-ray outburst on MJD 59151, respectively. The spectra obtained before, during, and
after the giant outburst are represented by blue, magenta, and red colors, respectively.
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Figure 3.3: The Ha (extreme left), He I (6678 A; middle), and He I (7065 A; extreme right)
emission lines of 1A 05354-262/HD 245770 during the pre-outburst (blue), outburst (magenta),
and post-outburst (red) epochs of our observation campaign are shown. The errors on the flux
values are at the 1o level. The observation date and corresponding orbital phase (¢) of the
neutron star are noted on each profile. The numbers, given in days with plus and minus signs,
indicate the days after and before the onset of the giant X-ray outburst, respectively. The
profiles are plotted with offsets for clarity.

peak intensities.

3.3.3 Variation in the properties of Ha emission line

In the previous subsection, we presented the evolution of the shape of emission lines through-
out our observation period. In this subsection, we extensively study the Ha emission line

parameters.

Equivalent width

We determined the equivalent width (EW) of the Ha emission lines from all our observational
epochs. The EW quantifies the strength of emission or absorption lines, representing the area
of the line in a wavelength vs intensity plot. This measure is dimensionless and calculated
using Equation 1.21. The errors in the EWs were assessed through error propagation,
accounting for continuum flux and wavelength calibration errors. For Ha lines, the chosen
emission line waveband is 6550-6575 A. The continuum flux was obtained by calculating the
median flux counts in the 6517-6550 A and 6575-6607 A wavebands. The calculated EWs of
the Ha lines, including 1o uncertainties, are listed in Column 4 of Table 3.2. The negative
sign of EW values indicates emission lines.

From Table 3.2, it is evident that the Ha line equivalent width shows an increasing trend
from 4 February 2020 to 12 March 2020 (239 days before the outburst). In absolute terms,
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Table 3.2: Equivalent width, disc radius, and other spectral parameters of Ha emission line
and equivalent width of the Hel (7065 A) emission line.

Date of MJD (¢) Days since EW (Ha) AV FWHM V/R EW (Hel) Disc Radius
observation outburst (A) (km/s) (km/s) (A) (R+)

04 FEB 2020 58883 (0.78) —276 —20.67£0.27 183.8+9.6 369.4+5.0 1.56 £0.01 - 7.62 +0.55
27 FEB 2020 58906 (0.98) —253 —21.03£0.28 176.5 +11.4 353.9+5.0 1.32+0.01 —1.77+0.21 7.71 +0.69
12 MAR 2020 58920 (0.11) —239 —22.09+£0.17 169.7 £ 11.1 358.9+4.9 0.94+0.01 —1.81+0.12 7.96 +0.70
19 NOV 2020 59172 (0.39) +13 —17.70£0.77 146.4 £ 14.1 331.5+6.1 1.35+£0.15 —2.11 +0.72 6.88 +0.96
20 NOV 2020 59173 (0.40) +14 —17.88 £0.52 147.8 £22.3 323.7+£5.7 0.92+£0.04 —2.00 £0.47 6.93 £1.51
29 NOV 2020 59182 (0.49) +23 —15.97+0.19 208.0+7.1 294.6 8.0 0.24 £0.01 —1.49+0.15 6.43£0.33
03 DEC 2020 59186 (0.52) +27 —15.22+0.11 196.6 8.5 310.8 £8.2 0.31 +£0.01 —1.44+0.08 6.23 +0.41
24 DEC 2020 59207 (0.71) +48 —13.75+0.27 152.2 +£11.0 324.9 £5.7 0.88 £ 0.01 —1.50 £ 0.25 5.82 £ 0.66
30 DEC 2020 59213 (0.77) +54 —12.514+0.15 182.9 +£12.1 321.7£6.7 0.36 £0.02 —1.13 £ 0.13 5.47 £ 0.58
03 JAN 2021 59217 (0.80) +58 —12.60£0.19 185.3 £8.7 330.9+8.1 0.48+0.01 —1.204+0.16 5.50 & 0.42
10 JAN 2021 59224 (0.86) +65 —13.69+£0.16 1953+ 7.7 337.3+6.8 0.33+£0.01 —1.33+0.13 5.81+0.36
29 JAN 2021 59243 (0.04) +84 —12.12+£0.17 184.4+9.6 340.4+6.0 0.43+0.01 —0.99 +£0.15 5.36 £0.46
09 FEB 2021 59254 (0.14) +94 —12.24£0.33 185.2£8.3 336.3+£7.5 0.38+0.01 —1.12+0.28 5.39£0.40
15 DEC 2021 59563 (0.94) +404  —8.37£0.17 230.2+£5.1 435.3+8.6 1.19+£0.02 —0.91 +£0.15 4.19+£0.17
23 JAN 2022 59602 (0.30) +443 —8.19+£0.25 220.3+10.5 439.1 £8.7 1.44+0.04 —0.76 +£0.21 4.14 £0.37
14 FEB 2022 59624 (0.49) +465 —7.76 £0.24 221.0£9.1 454.3+8.8 0.85+0.02 —0.66 +0.21 3.99 £0.31

R« = 1.04 x 101 m

the maximum EW observed during the 2009 and 2011 X-ray outbursts was approximately
18 A (Moritani et al., 2013), whereas we recorded an absolute value of EW about 22 A on
12 March 2020.

Following the same methodology, we also calculated the EW for the He I (7065 A) line.
The selected emission line waveband for He I (7065 A) is 7052-7078 A, with continuum flux
derived from the 7020-7052 A and 7078-7110 A wavebands. These values are presented in
Column 8 of Table 3.2 with 1o uncertainties. The EW of the He I line (6678 A) was not

calculated due to a low signal-to-noise ratio (SNR).

V/R & AV

Most BeXRBs, including 1A 05354262, exhibit asymmetric Ha line profiles (Yan et al.,
2012; Moritani et al., 2013). These asymmetries are typically quantified using the V/R
ratio, which compares the blue-shifted line flux to the red-shifted line flux. Although the
emission lines in our observations are mostly asymmetric and single-peaked, we fitted all Ha
emission lines with Voigt profiles to separate the contributions of the red and blue-shifted
components. Initial attempts to fit the profiles with Gaussian functions were unsuccessful,
particularly in the wing regions. The original and fitted line profiles are shown in black and
green in Figure 3.4, with the red and blue components highlighted in their respective colors.
From these fits, we derived parameters such as the central wavelengths, standard deviations,
and intensities of the blue and red components of the Ha line.

The central wavelengths of the blue and red components were calculated from the Voigt
profile to fit the Ha line. The logarithm of the V/R ratio is plotted in the third panel of

Figure 3.5. A negative V/R value indicates that the red component is more intense than the
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Figure 3.4: The observed Ha line profiles (solid black line) of 1A 0535+262/HD 245770 during
our observations and corresponding best-fitted Voigt functions (dashed green line) are shown.
The observation dates are quoted on the right of the corresponding profiles. The red and blue
color profiles correspond to the red and blue shifted components of the Ha line, respectively.
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Figure 3.5: Variation of the Ha line parameters of the Be star and the X-ray count rate from
the pulsar in 1A 0535+262/HD 245770 binary system during our observations are shown. The
changes in line equivalent width (EW), Full Width at Half Maximum (FWHM), V/R ratio,
peak separation of fitted components (AV), circumstellar disc radius, and Swift/BAT X-ray
count rate are shown in panels from top to bottom, respectively. The radius of the Be star is
estimated to be (R.)= 15 Ry (Okazaki & Negueruela, 2001).
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Figure 3.6: Changes in the separation between the peaks of the blue and red-shifted compo-
nents of the Ha line (AV), circumstellar disc radius, and the FWHM of the Ha line are shown
in the top, middle, and bottom panels, respectively, as a function of the equivalent width. The
regions separated by vertical dotted lines correspond to the observations before, during, and

after the giant X-ray outburst, respectively.
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blue component, while a positive V/R value indicates the opposite. Significant variability
in the V/R ratio is evident. On 4 February 2020 (276 days before the X-ray outburst),
the blue component was approximately 1.6 times brighter than the red component. On 29
November 2020 (23 days after the onset of the X-ray outburst), the red component was
about five times brighter than the blue component. By 23 January 2022 (443 days later),
the blue component had become roughly 1.4 times brighter than the red component again.
This variability in V/R is crucial for tracking activity in the circumstellar disc, providing
insights into its density distribution. Significant V/R variations suggest asymmetries in the
density distribution in the circumstellar disc. Long-term data from 2005-2009 analyzed by
Moritani et al. (2010) and Grundstrom et al. (2007) indicated a periodicity of about 500 days
in V/R variability (see Figures 5 and 7 of Moritani et al. 2010), consistent with Reig et al.
(2005). This periodicity was not observed during the 2009 and 2011 outbursts. Although
our data sampling is insufficient to verify periodicity in V/ R variability, significant variations

are apparent in our measurements.

We also measured the peak separation (AV), which is the difference between the central
wavelengths of the red and blue components of the Ha line. In velocity units, AV is given
by AX/Ag X ¢, where c is the speed of light, A\ is the wavelength separation, and A¢ is the
central wavelength of the Ha line. The errors in AV were calculated using error propagation.
The peak separation helps estimate the radius of the Be circumstellar disc (Huang, 1972).
A small peak separation may indicate a large disc and a small inclination (face-on) system,
while a large peak separation suggests a small disc and a large inclination (edge-on) system
(Malacaria et al., 2017). In terms of velocity, the peak separation between the fitted blue
and red wings is plotted in the fourth panel of Figure 3.5.

Full width at half maximum

The Full Width at Half Maximum (FW HM) represents the width of the emission or ab-
sorption line at half its peak flux. When expressed in velocity units, the FW H M estimates
the radial velocity of the Ha emitting particles in the disc relative to the observer. In this
study, the FW HM was determined by fitting a single Gaussian function to the entire Ho
emission line using a Python routine, which effectively captured the overall line shape. The
temporal variation of the FW H M is depicted in the second panel of Figure 3.5. During our
observations, the FWHM ranged from 6.44 to 9.93 A (294-454 km/s).

Estimation of the size of Ha emitting region

The disc size can be estimated using the parameters of the Ha line. Huang (1972) showed
that the peak separation (AV) of the double-peaked Ha emission line can be used to de-
termine the size of the Ha emitting region of the circumstellar disc, assuming a Keplerian
velocity distribution of the disc matter. Additionally, Hanuschik (1989) established a linear
relationship for single-peaked profiles between AV, Vsini, and FW, which is expressed as:

AV
2V sini

log( ) = —a x log(—EW/A) +b (3.2)
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where a and b are the slope and intercept of the plot log(QVA ) vs log(-EW /A), and i
is the inclination angle of the disc with respect to the observer. For a sample of BeXRBs,
Monageng et al. (2017) calculated the values of a and b to be 0.334 and 0.033, respectively.

Using the values of A V from our He line profile fitting, we calculated V sin 4 by using the

following equation :

o AV
V sini = 9 % 10~0-334xlog(—EW/A)+0.033 )

The average value of V sin i is estimated to be 236.84+13.55 km s~! which is in agreement
with the reported value of 225 +10 km s~! (Reig 2011 & references therein). The velocity
separation between the red and blue shifted components of emission lines can be used to
calculate the radius of the emitting region (Huang, 1972). The relationship between the
peak separation and the rotational velocity of the gas particles at the emitting region is

A V= 2V,usin i. Then the size of Ha emitting region can be derived by :

Ry = (2Vsini/AV)eR, (3.4)

where j=2 for Keplerian rotation, R, is the Be star radius, and € is a dimensionless parameter
that considers several effects that would over-estimate the disc radius (e=0.9£0.1 ; Zamanov
et al. 2013). For 1A 05354262, the radius of the Be companion star is 15 Rg (Okazaki &
Negueruela, 2001). We estimated the radius of the circumstellar disc during our observations
and plotted this in the fifth panel of Figure 3.5. From the figure, it can be noticed that
before the giant X-ray outburst, the size of the disc was increasing until the onset of the

outburst and decreased continuously after the onset to a value of 4R,.

3.3.4 Correlations between EW's and other parameters of Ha line

Figure 3.6 illustrates the relationship between various Ha line parameters and the line
equivalent width (EW). The top panel shows the peak separation, the middle panel displays
the disc radius, and the bottom panel represents the FW HM. The vertical dashed lines
divide the data points into three distinct sections: the first section corresponds to the post-
outburst periods. In contrast, the middle and right sections correspond to the outburst
and pre-outburst periods. An anti-correlation between the peak separation (AV') and the
equivalent width of the Ha line is evident in the top panel during both the pre-and post-2020
giant X-ray outburst phases. However, these parameters do not follow a specific trend during
the outburst. A clear correlation between the disc radius and EW is observable across all
observation periods. In the post-outburst phase, an anti-correlation between the FW H M

and EW is noted, but no distinct relationship is found before and during the outburst.



3.4. X-ray properties of the source during the rising phase of the outburst 65

T |
8.4+ #
- o 4110
8.6 ]
L + j jus)
¢ | .3
%8.8—“ o _,7'5'_'
AL e 3 | E
= : J o -
o 9 ® ® ] «,
T | ; # g ’ 5 &
o e 3© 4 —
>~ 9.2+ ® 0
| : | ¢
94l . _2.5
9.6 ’0

1 | L 1 1 L L | 1
57000 58000 59000

M]JD

1 L f 1 1 ] L
55000 56000

Figure 3.7: Long-term time evolution of V-band magnitude and X-ray flux of 1A 0535+262
obtained from AAVSO international database and Swift/BAT (in 15-50 keV energy range),
respectively. The cyan-filled circles represent V-band magnitudes, while the open black dia-
monds represent BAT intensity in Crab units.

3.3.5 Long-term optical and X-ray variation of the system

We examined the long-term evolution of the Be star in the V-band using publicly available
data from the American Association of Variable Star Observers (AAVSO!) international
database. These data were combined with the X-ray monitoring light curve of the pulsar
from Swift/BAT in the 15-50 keV range (Figure 3.7). This analysis aimed to understand
the properties of the companion star before, during, and after the giant X-ray outbursts
occurring between MJD 54670 (23 July 2008) and 59700 (1 May 2022). Figure 3.7 shows
the star dimming prior to the 2020 giant outburst, with the V-magnitude peaking above 9.4
around MJD 58965. Concurrently, an increase in the equivalent width of the Ha line was
observed (first three points in Figure 3.5, corresponding to the pre-outburst phase). This
behavior is similar to what was observed before the 2009 giant outburst (Camero-Arranz
et al., 2012; Yan et al., 2012).

3.4 X-ray properties of the source during the rising phase of
the outburst

After the giant X-ray outburst began, AstroSat observed 1A 0535+262 during the rising
phase on 11 November 2020 (MJD 59165), as illustrated in Figure 3.1. The pulsar was
monitored for approximately 94 ks across a broad energy range using the SXT, LAXPC,
and CZTI instruments onboard AstroSat. We conducted timing and spectral analysis on

the data from all these detectors and presented our findings in this work.

"https://www.aavso.org/LCGv2/
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Figure 3.8: Average pulse profiles of 1A 05354262 obtained from barycenter corrected and
background subtracted light curves obtained from SXT (0.3-7 keV; Red), LAXPC (3-80 keV;
Blue) and CZTI (20-110 keV; Green) from top to bottom panels, respectively. The errors on
the data points are of 10 level. Two cycles are shown for clarity.

3.4.1 Timing analysis and results

The source and background light curves for the SXT instrument in the 0.3-7 keV energy range
were extracted from the reprocessed and merged SXT event file using a bin size of 2.4 seconds.
The light curves were extracted for the LAXPC and CZTI instruments with a bin size of
0.1 seconds in the 3-80 keV and 20-110 keV ranges, respectively. Barycenter corrections
were applied to the background-subtracted light curves using the asibary tool. We then
searched for pulsations in the light curves using the x? maximization technique (Leahy,
1987), implemented through the efsearch task of the FTOOLS package. The pulse period
of the pulsar was determined to be 103.548(4) seconds. Using this period, the background-
subtracted and barycenter-corrected SXT, LAXPC, and CZTT light curves were folded in
the 0.3-7 keV, 3-80 keV, and 20-110 keV energy ranges, respectively. While generating
pulse profiles with the efold task of FTOOLS, we used a suitable epoch to align the profile
minimum to phase zero. The resulting folded pulse profiles are displayed in the top, middle,
and bottom panels of Figure 3.8. The pulse profiles exhibit a double-peaked structure across
the SXT, LAXPC, and CZTI energy ranges, with a noticeable phase shift of approximately
0.1 in the CZTI (hard X-ray) profile compared to the SXT and LAXPC profiles.

To further investigate the energy dependence of the pulse profile, we extracted light
curves in narrow energy bands from the SXT, LAXPC, and CZTI data. For the SXT data,
light curves were extracted in the 0.3-3 keV and 3-7 keV energy bands. For the CZTI data,
light curves were extracted in seven energy bands: 20-25 keV, 25-30 keV, 30-35 keV, 35-40
keV, 40-50 keV, 50-80 keV, and 80-110 keV. For the LAXPC data, light curves were extracted
in nine energy bands: 3-7 keV, 7-15 keV, 15-20 keV, 20-25 keV, 25-30 keV, 30-35 keV, 35-40
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Figure 3.9: Energy-resolved pulse profiles of 1A 05354262 obtained from barycenter corrected
and background subtracted light curves of SXT (S; Red), LAXPC (L; Blue), CZTI (C; Green).
The errors on the data points are of 1o level. Two cycles are shown for clarity.
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Figure 3.10: Energy-resolved pulse fraction of 1A 05354262 for SXT (red), LAXPC (blue),
and CZTI (green). Energy bin sizes are depicted by horizontal bar.

keV, 40-50 keV, and 50-80 keV. Using the estimated spin period of the neutron star, we
generated pulse profiles from these energy-resolved light curves, as shown in Figure 3.9. The
same epoch as used previously was applied to generate these energy-resolved profiles. The
figure indicates that pulsations in the light curve are detectable up to 110 keV. Besides
the primary dip in the 0.45-0.55 phase range, several small and narrow dip-like features
(secondary dips) are observed in the pulse profiles of the pulsar in the 0.3-3 keV and 3-7
keV ranges (Figure 3.9). There is also a marginal phase shift in the profiles beyond 15 keV.
The shape of the profile changes with increasing energy. Beyond 35 keV, one of the peaks
diminishes in the profiles from the LAXPC and CZTI data, eventually becoming a single
peak at higher energies. This observed change in the shape of the pulse profiles signifies
its evolution with energy. Additionally, apart from the appearance and disappearance of
secondary dips, indicating changes in the pulse profiles across various energy ranges, there
is an indication of a minor dip in the 0.2-0.3 pulse phase range in the profiles beyond 25
keV. The appearance of this dip coincides with a reduction in the intensity of the first peak.

To further investigate the energy dependency of the pulse profiles, we calculated a quan-
tity called the pulse fraction (PF) using minima and maxima method. The PF is defined
as the ratio between the difference and the sum of maximum (I,,4,) and minimum (L)
intensities in the pulse profile.

Imaac - Imm
PF=—F—" 3.5
Ima:v + Imm ( )

In Figure 3.10, the variation of PF with energy is shown. We found that the PF' decreases
from ~25% to 9% from 0.3 to ~ 15 keV. Beyond ~15 keV, the PF of the pulsar showed
an increasing trend with energy. In the energy range of 15-110 keV, the PF increases from
10% to 55%.

3.4.2 Spectral analysis and results

The spectral analysis of the AstroSat observation of 1A 05354262 was conducted using the
XSPEC v-12.9.0 package (Arnaud, 1996). The SXT spectrum, obtained in the 0.7-7.0 keV
energy range, was grouped to ensure a minimum of 30 counts per bin using the grppha task
of FTOOLS. Similarly, the LAXPC spectrum was grouped with a minimum of 30 counts
per bin. Since the LAXPC data were background-dominated above 60.0 keV, we restricted
our analysis to the 3.0-60.0 keV range. For the CZTT instrument, data in the 30.0-90.0 keV
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range were also grouped to have a minimum of 30 counts per bin. We performed spectral
fitting in the 0.7-90.0 keV range using simultaneous data from the SXT, LAXPC, and CZTI
instruments. To account for Galactic absorption, we applied the tbabs model component
with abundances from Wilms et al. (2000) and cross-sections from Verner et al. (1996).

A relative normalization constant was included during the simultaneous spectral fitting
to address calibration differences between the three instruments. This constant was fixed
to 1 for the SXT data and allowed to vary for the LAXPC and CZTI data. Initially, we
used a power-law with an exponential cutoff model to fit the spectrum. The presence of
positive residuals in the soft X-ray range necessitated adding a blackbody component to the
continuum model. Further, the spectral fitting required an additional blackbody component
to accurately model the spectrum in the soft X-ray range. Two blackbody components, one
hotter (kT > 1 keV) and one cooler (kT < 1 keV), were added to account for the soft X-ray
excess observed in the spectrum, as reported in previous studies (Jaisawal et al., 2020b;
Kong et al., 2021). We applied the gain fit command to the SXT data for gain correction,
fixing the slope at 1 to flatten residuals at 1.8 and 2.2 keV. Despite this correction, a feature
at 1.8 keV was present and modeled with a Gaussian emission line, which is related to
detector calibration and not intrinsic to the source. A gain correction was also applied to
the LAXPC data as recommended by Antia et al. (2021).

A weak iron emission line was detected at 6.4 keV and modeled with a Gaussian func-
tion. Negative residuals in the 40.0-50.0 keV range were addressed by adding a Gaussian
absorption (GABS) model with a central energy of ~46.3 keV, significantly improving the
fit. The line width was fixed at 10 keV, as per Kong et al. (2021). This absorption feature
is interpreted as the cyclotron resonance scattering feature (CRSF) in the spectrum of the
pulsar. The broad-band spectrum of the source and the best-fit spectral model are shown
in the top panel of Figure 3.11. Residuals without and with the Gaussian absorption com-
ponent at 46.3 keV are shown in the middle and bottom panels, respectively. The spectral

parameters obtained from our fitting are detailed in Table 3.3.

3.5 Discussion

We conducted optical and X-ray studies of 1A 0535+262 during its 2020 giant X-ray out-
burst, utilizing observations from the Mount Abu Infrared Observatory and AstroSat. In
BeXRB systems, neutron stars typically exhibit Type I X-ray outbursts at periastron pas-
sage. These outbursts are influenced by the evolution of the circumstellar disc of the Be star
(Okazaki & Negueruela, 2001). When the circumstellar disc is sufficiently developed, the
neutron star accretes matter from the disc while passing through the periastron, resulting
in increased X-ray luminosity that lasts for about 20% of the binary orbital period. The
mass loss from the circumstellar disc also impacts the optical and infrared emissions of the
Be star. However, the X-ray luminosity increases by several orders of magnitude during
giant X-ray outbursts and persists for several orbital periods, unlike the shorter Type I
outbursts. It is essential to investigate the dynamics of the circumstellar disc of the Be star
during both active and quiescent X-ray states. To this end, we analyzed the evolution of
Ha and He emission lines in the 1A 0535+262/HD 245770 system before, during, and after
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Table 3.3: Best-fit parameters obtained from spectral analysis of AstroSat observation of
1A 05354262

Model Parameters Parameters Values
TBabs Ni(10* cm™?) 0.6420,03
Cutoffpl Photon Index (T") ~1.08M013
Ecut (keV) 10.02+53
norm (1072 1.62705
Bbodyradl kT (keV) 0-28J_r8:8}
norm 5758755
Bbodyrad2 KT (keV) 2.251003
norm 49.671'3:8
Gabs Byt (keV) 46.3010:3
width o (keV) 10.00 (fixed)
depth 7 7.5810:78
Gaussian E (keV) 6-34i8:8§
width o (keV) 0.0619:54
norm (1072) 0.547¢ ]

Unabsorbed flux (1078 erg em=2 s7!) 7.2540.95
Fit Statistics x2q/d.of. 1.1/781
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Figure 3.11: Top panel : Broadband AstroSat (SXT+LAXPC+CZTI) spectra of 1A 0535+262
are shown along with the best-fit spectral model. The red, blue, and cyan color data points
correspond to the SXT, LAXPC, and CZTI instruments, respectively. The cut-off power
law, two blackbody components, and Gaussian lines are shown in green colors. The best-fit
spectrum in the 0.7-90.0 keV range is shown in black color. The middle and bottom panels
show the residuals without and with the CRSF component in the spectral model, respectively.

the 2020 giant X-ray outburst, covering two years. This section discusses the changes in the

circumstellar disc observed during this period.

3.5.1 Evolution of the circumstellar disc around Be star in 1A 0535+262

In this study, we examined the evolution of the Ha emission line profile before, during,
and after the 2020 giant X-ray outburst to understand the evolution of the circumstellar
disc. Figure 3.3 illustrates these changes. Before the outburst, the Ha line profile was
single-peaked and moderately asymmetric, with a broad red wing. During the outburst, the
profiles remained asymmetric and single-peaked but showed a broader blue wing instead of
the red wing seen during pre-outburst. After the outburst, the profile maintained its shape
for about a month, except for a hump-like structure in the blue wing, and then evolved into
a double-peaked profile within a year.

Similar studies were conducted during the 2009 and 2011 giant X-ray outbursts of the
1A 05354-262/HD 245770 system, as reported by Camero-Arranz et al. (2012), at a spectral
resolution of R~5000. The emission lines were single-peaked and marginally asymmetric
before and during these outbursts. Specifically, the 2009 outburst showed a broader blue
wing in the Ha line, while the 2011 outburst exhibited a broader red wing (left and right
panels of Figure 4 in Camero-Arranz et al. 2012). Comparing the Ha line profile observed
during and before the 2020 outburst with past observations, we find that it resembles the
profile seen during the 2009 outburst. Our current observations indicate that the post-2020
outburst profiles are red-shifted with broader blue wings, whereas the pre-outburst profiles

were blue-shifted with broader red wings.
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High-resolution studies of the Ha emission line (R~30000-60000) around the 2009 X-ray
outburst, as discussed in Moritani et al. (2013), revealed that the basic structure of the
emission line (Figure 2 in Moritani et al. 2013) is consistent with our findings and those
reported by Camero-Arranz et al. (2012), though some additional absorption features were
noted later due to higher instrument resolution. These features suggest a complex structure
of the Be circumstellar disc. Camero-Arranz et al. (2012) proposed that the warping of
the Be disc could explain the observed Ha line profile structure. Long-term observations of
4U 01154634/V635 Cas by Negueruela & Okazaki (2001) and Reig et al. (2007) indicated
that a precessing warped Be disc caused the shift from a normal double-peaked to a single-
peaked profile during the giant X-ray outburst. Similar behavior was noted by Moritani
et al. (2011) during the 2009 giant outburst in 1A 0535+262.

In this study, we estimated the size of the Be circumstellar disc during the 2020 giant
outburst using the observed Ha emission line parameters. The evolution of the disc size
is shown in the fifth panel of Figure 3.5. The disc size was the largest before the 2020
giant X-ray outburst. It began to decrease at the onset of the outburst and remained small
even after it. Before the giant outburst on MJD 58920 (12 March 2020), the disc radius
was approximately 8.27 x 10'° m, equivalent to about 7.62 times the radius of the Be star.
According to the viscous decretion model (Negueruela & Okazaki, 2001), the calculated 4:1
resonance truncation radius for 1A 05354262 is 7.27 x 10! m. The Roche lobe radius at
periastron passage is estimated to be 7.08 x 1019 m (Okazaki & Negueruela, 2001). The
viscous decretion model suggests that the truncation radius limits the Be circumstellar disc

size as the viscous and tidal torques balance each other.

Okazaki & Hayasaki (2007) extended this model for highly eccentric and misaligned
systems, showing that truncation is less efficient when the inclination (i) is > 60°. The
estimated Be disc size in 1A 05354262 (prior to the giant X-ray outburst) being larger
than the truncation radius confirms that the Be circumstellar disc and the binary plane are
highly misaligned. As suggested by Moritani et al. (2011) and Okazaki et al. (2013), such
a misaligned disc could warp before the 2020 giant X-ray outburst, allowing the neutron
star to capture a large amount of matter. Warping of the disc before the 2009 giant X-ray
outburst in 1A 05354262 has also been proposed (Moritani et al., 2011).

As depicted in Figure 3.5, the Ha line equivalent width (indicative of the size of the
Ha emitting region) was at its maximum before the giant X-ray outburst. However, the
equivalent width decreased from its pre-outburst values during and after the outburst. This
decrease suggests significant matter loss from the circumstellar disc during the outburst.
Observing the change in the quantified IR excess flux, Haigh et al. (2004) suggested that in
the 1A 0535+262 system, the Be disc grows and decays in a quasi-cyclic period of 1500 days.
Consequently, the disc size is expected to grow or remain comparable (if no mass is ejected
from the Be star). However, we found that the equivalent width or disc size continued to
decrease (albeit slowly) even after approximately 465 days from the onset of the outburst
(our last optical observation). After the outburst, the optical brightness increased by about
0.2 mag (see Figure 3.7), indicating mass transfer from the central star to the inner disc
region. The Ha line EW may have recovered after the mass ejection from the star, but it
slowly decreased from MJD 59213 to 59624, with a drastic decrease from MJD 59254 to
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59563, possibly due to a normal outburst around MJD 59500. No significant decrease in
EW was observed for the He line, as the normal outburst may only affect the outer part of
the disc.

This slow decrease in EW could be due to fewer Ha photons reaching the observer
because of a change in the inclination angle between the disc and the line of sight. A similar
EW decrease has been reported in the BeXRB 4U 0115463 (Figure 6 of Negueruela et al.
2001). The same figure shows that the line profile shape also changed from single-peaked to
double-peaked. This change in the viewing angle is attributed to disc precession. Therefore,
the observed decrease in EW in 1A 05354262 (after the X-ray outburst) is likely due to a
change in the inclination angle of the Be disc. This is supported by the observed changes
in the profiles of H and He lines (Figures 3.3 from MJD 59563 to 59624), shifting from
single-peaked to double-peaked and double-peaked to shell-like profiles, respectively.

The torque exerted by the Be star is crucial in the disc warping mechanism. The positive
torque from the Be star, through the expulsion of matter, tends to align the disc with the
equatorial plane of the Be star. However, in a torque-free scenario, where no matter is
supplied from the Be star to the disc, the disc can warp toward the orbital plane of the
binary. A lack of matter supply reduces the V-band flux from the inner region of the disc.
Previous reports have noted the occurrence of giant X-ray outbursts during the optical
fading phase in 1A 05354262 (Camero-Arranz et al., 2012). Yan et al. (2012) observed an
anti-correlation between the V-band magnitude and the EW of the Ha line before the 2009

outburst, interpreting it as an indication of mass loss from the inner part of the Be disc.

We also analyzed the V-band magnitude variation from the AAVSO database alongside
the Swift/BAT data (Figure 3.7). Consistent with the 2009 giant outburst findings (Camero-
Arranz et al. 2012 and Yan et al. 2012), we observe an increase in V-magnitude before the
2020 giant outburst. The V-magnitude peaked at over 9.4 around MJD 58965, suggesting
a mass ejection event from the Be star that led to a dimming of the continuum emission.
A substantial amount of this ejected material likely transferred to the circumnuclear disc,
causing it to grow outward. Consequently, a strong Ha line with increasing equivalent
width was expected, as seen below MJD 58920 in our study (Figure 3.5). At this stage,
the disc was significantly large (about 8R,), leading to the strong X-ray outburst observed
in October 2020. Following the outburst, the neutron star truncated the circumstellar disc
around the Be star, causing a rapid decrease in Ha emission. The Ha line had not returned
to its pre-outburst level even after more than 400 days. In contrast, a much faster disc
recovery was observed during the 2009 outburst, where the Ha EW leveled up within a
year. Additionally, Haigh et al. (2004) and Yan et al. (2012) reported a strong He I(7065 A)
line during the 1994 and 2009 outbursts, indicating the inner disc remained untruncated.
However, a gradual decrease in He I(7065 A) strength in our observations suggests that the

inner region of the disc was affected during the 2020 giant outburst.

To further understand the inner disc condition around the 2020 giant X-ray outburst
(October - December), we calculated the Full Width at Zero Intensity (FWZI) of the Ha
line. The FWZI indicates the higher velocity components corresponding to the inner part
of the disc. In a torque-free scenario, where the Be star does not supply matter, the density

of the inner disc decreases, reducing the high-velocity component of the Ha line (FWZI).
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We calculated the FWZI of the Ha line from our pre-outburst observations, estimating an
average value of approximately 1017 km/s. However, during the outburst peak, the FWZI
was about 771 km/s. This suggests that the inner part of the disc was missing prior to the
giant outburst, influencing the warping of the outer decretion disc and possibly causing the

X-ray outburst from the neutron star.

3.5.2 Timing and spectral properties of the pulsar with AstroSat

During the AstroSat observation of 1A 05354262 in the rising phase of its giant X-ray

0°" erg 57! (L/Lpda ~

outburst, the luminosity of the pulsar was approximately 3.91x1
0.28) within the 0.7-90.0 keV energy range. This calculation assumes the source distance
as 2.13 kpc away, based on Gaia observations (Bailer-Jones et al., 2018). This indicates
that the pulsar was emitting at a sub-Eddington level, below the critical threshold (Sartore
et al., 2015). The spin period of the pulsar is measured at 103.548 seconds. The average
pulse profiles revealed a simple double-peaked structure, showing strong energy dependence.
Notably, a phase shift of approximately 0.1 beyond 25 keV suggests a slight change in the
emission region. One of the peaks diminishes at higher X-ray energies, resulting in a single-
peaked profile. Pulsations at 103.548 seconds were detected in energy-resolved light curves
up to 110 keV, beyond which CZTI data became dominated by background. The pulse profile
displayed several complex dip-like features in the soft X-ray range (up to 7 keV). These
features, also noted in earlier observations of 1A 05354262 (Naik et al., 2008; Caballero
et al., 2013), as well as in SAX 2103.544545 (Camero Arranz et al., 2007), EXO 20304375
(Naik et al., 2013; Naik & Jaisawal, 2015; Epili et al., 2017a), and GX 304-1 (Jaisawal
et al., 2016), are interpreted as being due to photon absorption by streams of matter at
certain pulse phases of the neutron star. Changes in the emission region can explain the
evolution from a double-peaked to a single-peaked profile with increasing energy. The pulse
fraction (PF) decreased initially to its lowest value in the 7-15 keV range before showing a
steady increase. The high PF value in high-energy ranges indicates that high-energy photons
contribute more to the pulsation than low-energy photons. The initial decrease in PF with
energy might be attributed to diffuse X-ray emission from the hot plasma above the polar
region. Additionally, the contribution of reflected photons in this energy range has been
proposed, as observed in RX J0440.9+4431, which exhibits a similar trend in PF evolution
with energy (Li et al., 2023).

The 0.7-90 keV range pulsar spectrum was best modeled by a cut-off power-law contin-
uum with two blackbody components for soft excess and a cyclotron resonance scattering
feature (CRSF) at approximately 46.3 keV. This CRSF observed at a luminosity of around
3.91x10%" erg s, is consistent with earlier reports during the rising phase of the outburst
(Tsygankov et al., 2019; Kong et al., 2021; Mandal & Pal, 2022). The magnetic field of the

neutron star was estimated using the relation:
Ecrsr = 11.57 x Bya(1 +2)7* (3.6)

where, Ecprsp is the cyclotron line energy in keV, Bio is the magnetic field in units

of 10'2 G, and z is the gravitational red-shift (z ~ 0.3 for a typical neutron star). The



3.6. Conclusions 75

calculated magnetic field of the pulsar is 5.2x10'2 G.

3.6 Conclusions

We investigated the optical properties of the Be/X-ray binary 1A 0535+262/HD 245770,
focusing on the epochs before, during, and after the 2020 giant X-ray outburst over two
years. Before the outburst, the Ha emission lines exhibited an asymmetric, single-peaked
profile with a broad red wing. However, the line profiles displayed the opposite pattern
during the outburst, featuring a broad blue wing. Approximately 400 days after the onset
of the outburst, the profile transitioned to a double peak. The equivalent width (EW) of the
Ha emission line increased before the giant outburst. As inferred from the Hoe EW during
the pre-outburst phase, the disc size exceeded the 4:1 resonance radius of the decretion disc,
indicating a highly misaligned disc. The transformation of the line profile from a single to
a double peak and the highly misaligned disc suggest that the mass accretion may have
originated from a warped disc, leading to the giant outburst.

We also conducted timing and spectral analyses of the pulsar using a target of oppor-
tunity (ToO) X-ray observation with AstroSat. The X-ray pulsation at 103.55 seconds was
detected in the light curve of the pulsar up to 110 keV. The pulse profile evolved from a
double-peaked structure in lower energy ranges to a single-peaked profile in higher energy
ranges. In the 0.7-90.0 keV range, the source emitted a luminosity of 3.91x10%7 erg s~!.
The cyclotron resonance scattering feature (CRSF) was detected at 46.3 keV, indicating the

magnetic field strength of the neutron star is approximately 5.2x10'? G.






Chapter 4

X-ray and optical studies of the
Be/X-ray binary IGR J06074+2205

In the previous chapter, we discussed the optical and X-ray properties of the BeXRB
1A 05354262 around the 2020 giant X-ray outburst. As a part of our optical monitor-
ing program of a selected list of BeXRBs, IGR J06074+4-2205 has been observed at several
epochs to investigate changes in the circumstellar disc properties during X-ray outbursts.
This approach helps us to understand the physical conditions of the Be circumstellar disc
during mass accretion by the neutron star. Our optical observations of IGR J06074+2205
began on 18 November 2022, and the neutron star in the binary system recently exhibited
X-ray outbursts in October and December 2023. During the October 2023 X-ray outburst,
IGR J06074+2205 was observed by both NuSTAR and NICER, while the December out-
burst was followed only by NICER. Our optical observations covered the periods before,
during, and after the X-ray outburst, as detailed in Table 4.1. In this chapter, we discuss
the properties of the BeXRB IGR J06074+42205 using X-ray and optical observations. As
shown in Figure 4.1, we used X-ray data obtained during the X-ray outbursts in October
and December 2023. The optical observations were carried out between November 2022 and
February 2024, covering both October and December 2023 X-ray outbursts using the Mount
Abu Infrared Observatory (MIRO) and the Indian Astronomical Observatory (IAO). The
chapter is structured as follows: Section 4.1 provides an introduction to IGR J06074+42205.
Section 4.2 gives details about the X-ray and optical observations of the source. Sections 4.3
and 4.4 present the results of X-ray timing and spectral analyses, respectively. Section 4.5
presents findings from the optical analysis. Finally, Sections 4.6 and 4.7 offer the discussion

and conclusions, respectively.

4.1 Introduction

IGR J06074+2205, identified as a BeXRB, was initially discovered with the JEM-X tele-
scope onboard INTEGRAL in 2003 (Chenevez et al., 2004). The source exhibited a flux of
approximately 7 mCrab in the 3-10 keV range and about 15 mCrab in the 10-20 keV energy
band. Additionally, a potential association between the radio source NVSS J060718+4-220452
and IGR J060744-2205 was suggested by Pooley (2004). Subsequently, Halpern & Tyagi
(2005) reported on the potential optical counterpart of IGR J06074+2205. Their observa-

[
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tions suggested the optical counterpart to be a Be star, as indicated by the presence of the
Ha emission line with an equivalent width of -6.6 A. Subsequently, IGR J06074+2205 was
identified as a Be/X-ray binary by confirming the association of a Be star and the X-ray
source using the high spatial resolution capability of Chandra X-ray observatory (Tomsick
et al., 2006). Reig et al. (2010) conducted an extensive analysis of the optical counterpart
in the 4000-7000 A range between 2006 and 2008. They suggested the optical counterpart
of IGR J06074+2205 to be a B0.5Ve spectral type star with a V-band magnitude of 12.3,
situated at a distance of 4.5 kpc. However, recent studies by Fortin et al. (2022) suggested
the source distance to be 5.99 kpc using Gaia. From the analysis of the He line, (Reig et al.,
2010) found V/R (the ratio of violet-side to red-side peak intensities above continuum in
units of continuum intensity representing a measure of the asymmetry of the line) variabil-
ity, indicating significant changes in the structure of the circumstellar disc on timescales of
months. Additionally, a decline in the equivalent width of the Ha line over approximately
3 years was noted. Furthermore, the Ha line feature in absorption was observed in March
2010, suggesting a possible disc loss event. Following this disc loss episode, a new decretion
disc (characterized by Ha emission) was detected during the observations conducted between
14 and 24 April 2012, as reported by Simon et al. (2012). Schmidtke et al. (2024) carried
out photometric observations in the optical waveband from 3 December 2023 to 17 March
2024 and found no optical variability associated with the X-ray outburst on 15 March 2024.
Using photometric studies, Nesci et al. (2024) suggested the precession or propagation of
density wave in the circumstellar disc gives rise to optical variability at a timescale of 620
days.

Reig & Zezas (2018) for the first time detected coherent X-ray pulsations from the X-
ray source using the XMM-Newton observation on 29 September 2017. The pulsation was
observed at 373.2 s at a low luminosity level of ~ 1034 erg s=! for a distance of 4.5 kpc.
Interestingly, Reig & Zezas (2018) detected pulsations during a disc-loss phase of the Be
star. Their spectral analysis in the 0.4-12 keV range was characterized by a combination
of an absorbed power law and thermal (blackbody) components, with the following optimal
parameters: Ny = (6.2 & 0.5) x 10?! cm™2, kTy, = 1.16 & 0.03 keV, and I' = 1.5 £ 0.1.

The absorbed X-ray luminosity was determined to be Lx = 1.4 x 103* erg s—!

, assuming
a distance of 4.5 kpc. Recently, Roy et al. (2024) reported the detection of a cyclotron

absorption line at ~51 keV, which corresponds to a magnetic field strength of 4x10'? G.

4.2 X-ray and optical observations

IGR J06074+2204 was observed with NuSTAR at two epochs on MJD 60225 (ID 90901331002)
and MJD 60232 (ID 90901331004) for ~ 42 ks and = 41 ks, respectively, during the October
2023 X-ray outburst (Table 4.1). The data reduction techniques used to generate cleaned
event files are presented in Chapter-2. For source and background products, the source and
background regions are chosen using cleaned event files with the help of ds9 software. The
source region is centered on the source position, while the background region is chosen as
far from the source position as possible. Both regions are circular in shape with radii of
180 arcsec and 90 arcsec for ID 90901331002 (ID 02 hereafter) and 90901331004 (ID 04
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Table 4.1: Log of X-ray & optical observations of IGR J06074+42205. Note: The NICER
exposure time corresponds to the net exposure time after applying SUNSHINE==0 filter.

Obs. ID Date of observation MJD  Exposure time (s)
NuSTAR

90901331002 2023-10-08 60225 42704
90901331004 2023-10-15 60232 40676
NICER

6204040101 2023-10-12 60229 163
6204040102 2023-10-13 60230 2406
6204040103 2023-10-14 60231 36
6204040104 2023-10-15 60232 263
6204040105 2023-10-17 60234 3497
6204040106 2023-12-28 60306 10339
6204040107 2023-12-29 60307 359
6204040108 2023-12-29 60307 207
6204040109 2024-01-01 60310 472
6204040110 2024-01-05 60314 869
6204040111 2024-01-06 60316 2532
6204040112 2024-01-08 60317 572
6204040113 2024-01-10 60319 1134
MIRO

Epochl 2022-11-18 59901 500
Epoch2 2022-12-13 59926 400
IAO

Epoch3 2023-10-22 60239 500
Epoch4 2023-12-15 60293 500
Epochb 2024-02-03 60343 500
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Figure 4.1: Upper panel: One-day binned MAXI/GSC light curve of IGR J06074+42205 in the
4-10 keV energy band between May 2022 and February 2024. Lower panels: MAXI/GSC count
rate variations during the October and December 2023 X-ray outbursts. Vertical dashed lines
indicate the epochs of NuSTAR (blue), NICER (brown), and optical (magenta) observations.

hereafter), respectively. These source and background regions are used along with cleaned
event files to extract scientific products such as light curves, spectra, response matrices,
and effective area files with the help of NUPRODUCT task. Our study also uses NICER data
of IGR J06074+2205 between MJD 60229 (12 October 2023) and MJD 60319 (10 January
2024). These data are stored under observation IDs 6204040xxx with a net exposure time
of ~23 ks (see Table 4.1). The data reduction techniques followed in preparing data for sci-
entific analysis are presented in Chapter-2. We extracted light curves and spectra from each
observation using the XSELECT task. We utilized the nibackgen3C50 (Remillard et al.,
2022) tool to generate the background spectrum for each observation. Finally, we created
a spectral response matrix and ancillary response files using the nicerrmf and nicerarf
tasks.

We use the Mt. Abu Faint Object Spectrograph and Camera-Pathfinder (MFOSC-P)

instrument (Srivastava et al., 2018; Srivastava et al., 2021) mounted on the 1.2 m, /13
telescope of MIRO for two epochs of observations of IGR J060744-2205 as presented in
Table 4.1. We carried out spectroscopic observations using a 75 pm slit in R2000 mode,
the highest resolution available for the MFOSC-P instrument, which covers a wavelength
range of ~6000-7200 A. Apart from observations with MIRO, we also use three epochs of
spectroscopic observations of IGR J06074+4-2205 (see Table 4.1) with the Hanle Faint Object
Spectrograph and Camera (HFOSC) instrument mounted on the 2.01-m Himalayan Chandra
Telescope (HCT) of TAO. The spectra are taken with Grism 8 and 167 1 slit setup, which
covers a wavelength range of 5500-8350 A, providing an effective resolution of 2000 at Hov.
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Figure 4.2: Detection of pulsation at ~2.66 mHz (374.60 s) for observation ID 02 using various
techniques such as PDM (upper left), powspec (lower left), GLS periodogram (upper right),
and efsearch (lower right) are shown.

The details on the data reduction for MFOSC-P and HFOSC data are presented in Chapter-
2. For the instrument response correction, a spectro-photometric standard star from the
European Southern Observatory (ESO) catalogue!, G191B2B is used. The response function
is calculated by dividing the observed continuum spectra of G191B2B with a blackbody curve
corresponding to the effective temperature of the standard star. The final spectra are created

by applying the response function to the source spectra.

4.3 X-ray Timing Analysis & Results

X-ray timing analysis is conducted using data from the NuSTAR and NICER observations
of the pulsar during its outbursts in October and December 2023 (see Table 4.1). The
barycenter-corrected NuSTAR and NICER light curves are generated at a bin size of 10 ms
in the energy range of 3-79 keV and 0.5-10 keV, respectively. In the beginning, we search for
pulsations in the light curves at a period close to 374 s (Reig & Zezas, 2018) following the
x%-maximization technique (Leahy, 1987) by using the efsearch task of FTOOLS package.

"https://www.eso.org/sci/observing/tools/standards/spectra/okestandards_rev.html
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Figure 4.3: Upper panel: Evolution of Fermi/GBM flux in the 8-50 keV energy range (black)
and NICER luminosity in the 1-70 keV energy range (orange) over time. Bottom panel: Time
evolution of the spin frequency of IGR J06074+42205 measured using Fermi/GBM (black),
NICER (orange), and NuSTAR (magenta) data.

The detection of pulsar period (period corresponding to highest y?) for observation ID 02
using efsearch task is shown in the lower right panel of Figure 4.2. Then, we search for
the pulse period using the powspec tool of the XRONOS package. We employ the command
powspec norm=-2 to obtain white-noise subtracted averaged power density spectrum (PDS).
In this process, the power is expressed in the units of (RMS/mean)?/Hz. The obtained PDS
is shown in the lower left panel of Figure 4.2. Then, we apply the generalized Lomb-
Scargle method (GLS; Zechmeister & Kiirster 2009) and Phase Dispersion Minimization
(PDM; Stellingwerf 1978) method to calculate the pulsation period of the neutron star. In
Figure 4.2, we show the pulse period search results for ID 02. For ID 02, the obtained pulse
frequency is ~2.66 mHz (374.60 s). The obtained pulse frequency values are found to be
comparable for all the methods. The frequency corresponds to the pulsation of the neutron
star or the fundamental frequency, and its corresponding power is marked as a vertical line in
the figure. The other peaks/dips arise due to higher harmonics of the fundamental frequency,
irregularities or gaps, and noise in the data. We observe that the power of 1st harmonic is
more than the fundamental frequency, which is also the case for IGR J06074+2205 during
the 2017 observation (Reig & Zezas, 2018).

The spin periods obtained using efsearch task are 374.604+0.30 & 374.64+0.10 s from
the NuSTAR observations ID 02 & 04, respectively. From the NICER observation IDs
6204040105 (ID 105 hereafter), 6204040106 (ID 106 hereafter), and 6204040111 (ID 111
hereafter), the estimated spin periods are 374.63+0.85, 374.54+0.35, and 374.57+0.35 s,
respectively. It is possible to calculate the pulse period of the pulsar only in these 3 NICER

observation IDs out of 13, which may be because of a lack of sufficient exposure times and
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Figure 4.4: Pulse profiles of the pulsar for the NICER observation IDs 105 (left panel) & 111
(right panel), generated at energy ranges of 0.5-10 keV, 0.5-1 keV, 1-3 keV, 3-7 keV, and 7-10
keV are displayed from top to bottom, respectively. The epoch of observation (MJD) and
luminosity corresponding to each observation ID are provided at the top of the figure.

low count rates. The error presented in each pulse period value is determined by fitting a
Gaussian to the distribution of y? values obtained from the y?-maximization technique and
considering 1-o standard deviation. The spin period values obtained from other methods are
consistent with these measurements within the quoted uncertainties. We also use publicly
available Fermi/GBM? spin frequency data (Malacaria et al., 2020) for IGR J06074+2205
to check the spin frequency value and it’s evolution with time and luminosity. The spin
frequency evolution of the source with time obtained from the NuSTAR, NICER, and
Fermi/GBM observations is shown in the bottom panel of Figure 4.3. We present the
evolution of 8-50 keV pulsed flux from Fermi/GBM and the source luminosity in the 1-70
keV range from the NICER observations in the top panel of Figure 4.3. The pulse frequency
is found to decrease with time during the October & December X-ray outbursts.
Subsequently, we analyze the energy-averaged and energy-resolved pulse profiles of the
pulsar to investigate the geometry of emission and its energy dependence. Each light curve
is folded at the corresponding spin period of the pulsar utilizing the efold task within the
FTOOLS package. In the beginning, we generated energy-averaged and energy-resolved pulse
profiles for three NICER observation IDs to probe the emission geometry in the soft X-ray
regime. The pulsar was relatively faint during IDs 105 & 111 with 1-70 keV luminosities of
8.9 x10%* and 7.2 x103* erg s~! (assuming a distance of 5.99 kpc), respectively. The pulse
profiles of the pulsar for IDs 105 & 111 are presented in Figure 4.4. For ID 106, the pulse

036 1

profiles are obtained during a relatively brighter state at a luminosity of 2.42x10°° erg s~

’https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/igrj06074.html


https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/igrj06074.html

84 Chapter 4. X-ray and optical studies of the Be/X-ray binary IGR J06074+2205

MID=60306 Luminosity=2.42x10% erg s™'

T T T T |

0.5-10 keV ]
0.5 [ ¢ | | | |
T T T T 1
15 F 3
LrE E
05 [ 05-1keV 3
PR | | | i
o
2 1F b
) ]
o
S 1-3 keV ]
50'5 | I I | 1
515 F T T T 1
Zz 1

T T
P A

0.5
3-7keV
2 H f f f f
15 F 3
1E E
05 3
o B 710keV ) ) E
0 0.5 1 1.5 2
Pulse Phase

Figure 4.5: Pulse profiles are presented for NICER observation ID 106 generated at energy
bands of 0.5-10 keV, 0.5-1 keV, 1-3 keV, 3-7 keV, and 7-10 keV and displayed from top to
bottom, respectively. The epoch of observation (MJD) and luminosity are provided at the top
of the figure.

ET H
15 F 3
1E 3
05 E Tr
15 F L
LE
0.5 E :
2 H 3
15 E E
1 E 3
205 & :
g 2¢ i
215 ¢
B05 E E
= 3 :
g 2F 20-40 keV 3
*21.51 3 'vx‘ ]

05 AJ.‘L
2k 40-60 keV E
1 £ (o411 ".‘."u 3
2 o RRRLS 5
OB, 0t 7
S B L B LA L T f
1E :
0.5 F L
0 0.5 1 1.5 2

Pulse Phase

Figure 4.6: Pulse profiles for NuSTAR observation IDs 02 (blue) and 04 (red) are presented.
The pulse profiles are obtained in the energy bands of 3-79 keV, 3-7 keV, 7-10 keV, 10-20 keV,
20-40 keV, 40-60 keV, and 60-79 keV displayed from top to bottom, respectively.



4.3. X-ray Timing Analysis & Results 85

(see Figure 4.5).

For the fainter observations, the energy-averaged pulse profiles (top panels of Figure 4.4)
are double-peaked, with the two peaks appearing at phases ~0.45 and ~0.85. For ID 106,
the pulse profile is also double-peaked with two peaks appearing at phases ~0.3 (primary
peak) and ~0.7 (top panel of Figure 4.5). Moreover, the primary peak also contains a minor

dip at phase ~0.4, unlike in the fainter observations.

The energy-resolved pulse profiles obtained in the 0.5-1, 1-3, 3-7, and 7-10 keV energy
bands for NICER, observations are shown in Figures 4.4 & 4.5. The pulse profiles from
NICER observations IDs 105 & 111, when the source was relatively faint, do not show
significant variation with energy. However, the pulse profiles at brighter state exhibit notable
energy-dependent changes. Below 1 keV, the profile is single-peaked, showing only the
primary peak. However, with increase in energy, a secondary peak emerges in the 0.6-1.0
phase range and eventually becomes the dominant feature in the profile as reported by
Nakajima et al. (2024).

To understand the behavior of the pulse profile across a broad energy regime, we used
data from both the epochs of NuSTAR observations of IGR J06074+2205 during the October
2023 outburst. For ID 02 and ID 04, the pulse profiles are generated at the luminosities
of 5.56x10%¢ and 4.66x10% erg s~! (in 1-70 keV band), respectively. The pulse profiles
obtained in the 3-79 keV energy band are double-peaked and asymmetric at lower and higher
luminosity state observation (1st panel of Figure 4.6). However, the pulse profile obtained
at higher luminosity is relatively smoother than that at lower luminosity, which contains
dip-like features in the 0.6-0.8 phase range. Further, we generated energy-resolved pulse
profiles across energy bands of 3-7, 7-10, 10-20, 20-40, 40-60, and 60-79 keV, as depicted in
Figure 4.6. The basic shape of the pulse profiles at higher luminosity did not vary much
with energy. However, the peak in the phase range of 0.0-0.5 becomes dimmer, and the
peak between phases 0.5 and 1.0 becomes brighter as the energy increases from 3 to 40
keV. Beyond 40 keV, the pulse profiles are coarsely binned due to low SNR. We observed
that the difference between the strength of both peaks in these pulse profiles decreased. For
ID 04, the basic shape of the pulse profiles varied significantly with energy. The peak in
the 0.5-1.0 phase range harbors a deeper absorption feature in the 3-7 keV energy band,
which diminished as the energy increased and vanished beyond 20 keV. Also, as the energy
increases from 3 to 60 keV, the pulse peak in the 0.0-0.5 phase range evolved from the weaker
to the dominant peak in the pulse profile. Overall, the pulse profiles are asymmetric and
double-peaked, with differing shapes for both IDs below 20 keV (Roy et al., 2024).

Furthermore, we derive the pulsed fraction (PF) of the pulse profiles to quantify the
amount of pulsed emission from the source using the root mean square (RMS) method. The
RMS method measures the deviation of the pulse from its mean value. Its strength lies
in the ability to account for the complexity of even noisy pulse profiles. However, when
determining the pulse fraction using the maxima-minima method (see Eq. 3.5), the result
may be biased by the binning of the pulse profile. Additionally, since the computation relies
on only two reference values of the pulse fraction, it does not fully capture the integral shape

of the profile (Ferrigno et al., 2023). Mathematically, the PF using the rms method is given
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as:

pr— iz = 7/N) 2 (4.1)

7

Where, r; is the count rate in the ith phase bin of the pulse profile, 7 is the average count
rate, and NV is the total number of phase bins. The PF variation with energy for NuSTAR
observation (IDs 02 and 04) and NICER observations (IDs 105, 106, 111) are shown in
Figure 4.7. To calculate PF, at first, we analyze light curves generated at a narrow energy
range and corresponding pulse profiles, inspired by the technique of Ferrigno et al. (2023).
As the energy resolution for NuSTAR is 400 eV at 10 keV and 900 eV at 68 keV (Harrison
et al., 2013), the light curves are generated with energy bin spacings of 0.4 keV below 10 keV
and 1.0 keV above 10 keV. Similarly, the light curves are generated with an energy bin of
0.09 keV below 1 keV and 0.2 keV beyond 1 keV for NICER, observations. Energy-resolved
pulse profiles are then created with 16 phase bins per period. Finally, the pulse profiles are
combined to achieve an SNR of 12 for NuSTAR and 8 for NICER data, following Ferrigno
et al. (2023). The SNR is calculated using the formulas suggested by Ferrigno et al. (2023):

Ylpi — p

SNR =
E(Upi>2

(4.2)

Where p;, op, and p are the rate on the ith phase bin, uncertainty, and the average
rate of the pulse profile. respectively. Then, we calculate the PF using the RMS method
(Equation 4.1).

For ID 02, between 3 and 35 keV range, the PF value increases monotonically from ~25%
to ~70%. Beyond 35 keV, it decreases sharply from ~70% to =50% at 45 keV. For ID 04,
the PF remains flat around 30% between 3 and 8 keV and then increases to ~70% between
8 and 25 keV. Again, it decreases sharply from ~70% to ~50% between 25 and 30 keV. At
higher energies, the PF is not calculated as it did not achieve the prescribed SNR.

For NICER observations, we observe a distinct PF evolution with energy. For ID 105,
the PF rises from ~20% to 40% between 0.5 and 2 keV, then decreases to ~25% between
2 and 3 keV, and then increases again to ~50% between 3 and 5 keV. For ID 111, the PF
varied between ~20% to 35% as energy increased from 0.5 to 5 keV. For ID 106, the PF
shows a unique broad hump-like feature between 0.5 and 3 keV, varying between 20% and
40%, followed by a steady increase from ~20% to 40% in the 3-10 keV energy band.

4.3.1 Orbital period determination of IGR J06074+2205

Though we have some information about the Be star and neutron star in the Be/X-ray binary
IGR J06074+2205, the orbital parameters of the binary are yet to be determined. Mihara
et al. (2023) suggested the orbital period of the binary to be 80+2 or 80/n (n=1,2,3...) by
analyzing four possible X-ray outbursts in MAXI/GSC light curve. In this work, we con-
ducted a comprehensive analysis by studying 20 possible X-ray outbursts. We started by
looking at the long-term light curve of IGR J06074+2205, utilizing data from MAXI/GSC
(4-10 keV range) as it provides frequent monitoring of the source compared to Fermi/GBM
and Swift/BAT. Our approach is to find signatures of periodic X-ray enhancements in the
X-ray light curve of IGR J0607442205, which is assumed to occur due to mass accretion
by a neutron star during its periastron passage. IGR J06074+2205 has rarely shown any
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Figure 4.7: Evolution of the pulsed fraction (PF) with energy calculated at SNR of 12 and 8
for NuSTAR (ID 02 & 04) and NICER (ID 105, 106, and 111) observations, respectively.

remarkable normal or giant X-ray outbursts since its discovery in 2003. However, we at-
tempted to find any periodic enhancement in the light curve. We initially applied two robust
techniques, the GLS periodogram and the PDM method. Both techniques exhibit strong
periodicity at ~72 days using MAXI. However, this periodicity is known to arise due to
the precession period of the International Space Station (Corbet et al., 2022). Then, we
manually try to identify the outburst-like features in the long-term light curve. The possible
20 X-ray outbursts-like features from IGR J06074+2205 are selected using MAXI/GSC 4-10
keV band long-term light curve (see Figure 4.8). We use the 4-10 keV light curve instead of
the light curve in the 2-20 keV range to avoid flare-like profiles for unexpected background
increase or dip-like structure due to the shadow of solar panels, which are more prominent in
2-4 keV3. Then, from the sample of 20 X-ray outburst-like features, we select 12 features for
further analysis. These selected outburst-like features are marked in red color in Figure 4.8.
These 12 outbursts (outburst-like features) are selected considering the peak intensity as 3o
or above from the mean value and do not show sudden rise and decay of intensity. The day
of occurrence (MJD) and corresponding X-ray intensities of these 12 outbursts are plotted in
the bottom panel of Figure 4.9 to give a clear picture of the occurrence time of the outbursts.
We find that the minimum difference between two consecutive outbursts is approximately
80 days. This result is consistent with the finding of Mihara et al. (2023).

3http://maxi.riken. jp/top/readme.html
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Figure 4.8: Possible Type-I X-ray outbursts observed in IGR J06074+42205 with MAXI/GSC
in the 4-10 keV energy band. The brown line presents the mean count rate distribution
observed in the source. The red, yellow, and green dotted lines mark the 1o, 20, and 30 count
rates above the mean, respectively. The mean and standard deviations are obtained by fitting
a Gaussian to the histogram plot of count distribution as shown in the top panel of Figure 4.9.
Panels with a red border contain outbursts that are chosen for further analysis.
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Figure 4.9: Upper Panel: Histogram distribution of MAXI/GSC count rate in 4-10 keV energy
band. A Gaussian function is fitted to obtain the mean and standard deviation of the count
rate distribution. Bottom panel: Occurrence times of 12 chosen X-ray outbursts and their
corresponding peak intensities are shown. The time differences between closer outbursts are
also annotated.
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Table 4.2: Investigation of observed (source+background) and background count rates in dif-
ferent energy bands for ID 02 and ID 04.

Instrument 40-50 keV 50-60 keV 40-60 keV 60-70 keV  T0-79 keV

ID 02

FPMA observed (1072)  4.0440.10  2.0040.07 6.13+0.12 1.56£0.06  1.16+0.06
FPMA bkg (1072) 0.78+0.04  0.76%0.04 1.544+0.06  0.65+0.04  0.55%0.04
FPMB observed (1072)  4.0040.10  2.254-0.07 6.334+0.12 1.68+£0.06  1.04+£0.05
FPMB bkg (1072) 0.07£0.04 0.64+0.003 1.33£0.055 0.61£0.04 0.50+0.03

ID 04

FPMA observed (1073)  2.9540.27 1.554+0.20 5.24+0.44 1.562+0.20 0.70+£0.10
FPMA bkg (10~3) 1.6740.20 1.5940.19 3.26£0.28 1.574+0.19  1.35+£0.18
FPMB observed (1073)  2.974-0.30 1.4940.20 5.21£0.36 0.744+0.14  0.7440.20
FPMB bkg (1073) 1.66+0.20 1.66+0.20 3.32£0.28 1.1440.17  1.51+£0.19

4.4 X-ray spectral analysis & results

X-ray spectral analysis of thirteen NICER observations and two NuSTAR observations of
IGR J06074+2205, during October and December 2023 outbursts is performed using XSPEC
v-12.13.1 (Arnaud, 1996) package. We initiate spectral analysis utilizing thirteen NICER
observations in the 1-7 keV energy band. The spectral analysis is restricted to the 1-7 keV
energy band as in the case of some of the observations, data beyond 7 keV are background-
dominated. Spectra are binned to ensure a minimum of 20 counts per energy bin, facilitating
the application of Chi-Square statistics in our analysis. For assessing the line-of-sight X-
ray absorption, we utilize the wilm abundance table (Wilms et al., 2000) alongside Vern
photo-ionization cross-section. A systematic uncertainty of 1.5 percent is incorporated, as
recommended by the instrument team. The spectra are effectively fitted with an absorbed

power law (TBabs*powerlaw) model.

We observe a minimal variation in the value of equivalent hydrogen column density (Ny).
The variations are within the errors. Therefore, we refit the spectra using an absorbed power
law model by fixing the value of Ny at 1.187x 10?2 cm~? (the average value obtained from
our fitting of all the data). The temporal evolution of the best-fitted parameter values is
shown in Figure 4.10. The uncertainties on the parameters are calculated within the 90%
confidence range. The luminosity for both NICER and NuSTAR observations is computed
within the 1-70 keV energy range to maintain coherence and enable a consistent comparison
of source properties, considering the source distance of 5.99 kpc (Fortin et al., 2022). The
values of the power-law photon index (PI) with and without fixed Ny exhibit similar varia-
tion. It can be noticed that the average value of PI obtained during the October outburst is
relatively higher than the December outburst. The bottom panel of Figure 4.10 illustrates
the luminosity variation, suggesting NICER observed the source during the declining phases
of both the X-ray outbursts. Furthermore, to examine the relationship between the PI and

luminosity, we plot them against each other in Figure 4.11. We observe that the PI values
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Table 4.3: Broadband spectral fitting of ID 02 with different continuum models in 3-40 keV

(without GABS) and 3-79 keV energy range (with GABS).

Models Parameters CUTOFFPL CUTOFFPL+GABS HIGHECUT HIGHECUT+GABS FDCUT  FDCUT+GABS NPEX NPEX+GABS
TBabs Ni (1022 cm™2) 0.43+0.04 0.43* 2.37+018 14702 12059020 1.34302 0.431003 0.43*
Powerlaw Photon Index (I)  0.11¥32 0.91+597 1.33490 1244008 1201998 1.23100! 0.0659: 074155
Ecut (keV) 10724535 38143 18.6703 354125 20107930 71.6+431 103792 21219
Eioua (keV) - - 19.740% 36,3765 7907030 128748 - -
Blackbody Temp. (keV) 1065903 1.09709¢ - - - - 1075092 1.0345:03
Norm 8.314040 2111032 85104 3.9%92
Gaussian E (keV) 631000 6.29*008 6.28*008 6.284007 628000 6.28'07; 6297000 6.29'000
Eqwidth (eV) 20.2+2:1 18+ 17+ 1674 1675 1615 175 1945
GABS Ecrsr (keV) 504702 48.7419 50.8704 50.779%
ocrsr (keV) - 13.651% - 13.950% - 14.240:1 - 12,6597
Strengthorsr (keV) 50.51 154 58.5+1% 62.912:3 43.9.0%38
Luminosity (1-70 keV) (10% erg s71) 5.57 5.68 5.68 5.56
Fit Statistics Xoa/d-0.f. 1.13/1652  1.04/1890 1.21/1653  1.03/1890 1.04/1653  1.04/1890 1.14/1652  1.03/1890

(*)= parameter fixed while calculating error

Note= Galactic Ny of source is 20.43x10%% cm ™2

fluctuated between 1 and 2 without exhibiting any particular pattern except for data points

between 1-2x10%° erg s~!, where a sudden decrease in PI value is observed. It is challenging

to draw conclusions from this due to large error bars.
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Figure 4.10: Temporal evolution of best-fitted spectral parameters Ny (top panel), photon
index (middle panel), luminosity (bottom panel) obtained from the spectral fitting of the
NICER observations.

Subsequently, we conducted a broadband spectral analysis of two NuSTAR observations
to investigate the hard X-ray emission properties and the presence of cyclotron resonance
scattering feature (CRSF) in the pulsar spectrum. In the first step, we compared the ob-
served (source+background) and background spectra for both observations. For ID 02, It
is noticed that the background and the observed spectra are comparable beyond ~70 keV
and =40 keV for observations ID 02 and ID 04, respectively (Figure 4.12). We confirmed
this by examining the net observed (source+background) and background count rates in
different energy bands (Table 4.2). For ID 02, the observed count rate remained above the
30 background variation up to 79 keV, whereas for ID 04, this is possible below 50 keV.
Therefore, spectral analysis is performed in the 3-79 keV and 3-50 keV bands for IDs 02 and
04, respectively.

Initially, fitting the 3-79 keV spectrum of ID 02 with an absorbed power-law model
revealed positive residuals near 6.4 keV and negative residuals near 50 keV. Positive residuals
near 6.4 keV are modeled with a Gaussian component. Then, we use the Gaussian absorption
line (GABS) model to account for the residuals near 50 keV. The inclusion of these components
fits the spectra well and improves the x? value significantly. The Gaussian absorption

component near 50 keV is interpreted as the CRSF, consistent with findings of Roy et al.
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Figure 4.11: Correlation between the photon index (PI) and luminosity derived from the
spectral fitting of NICER observations.

(2024) and Tobrej et al. (2024). We confirmed the presence of this absorption feature
in the spectra using various continuum models, such as CUTOFFPL, HIGHECUT, FDCUT, and
NPEX, all yielding comparable reduced x? values. The spectral fitting results are detailed in
Table 4.3. The top panel of Figure 4.13 shows the source spectra and the best-fit model
consisting of the NPEX continuum model (Makishima et al., 1999), the Galactic absorption
component, a blackbody, a Gaussian function for the 6.4 keV Fe emission line, and a Gaussian
absorption component (GABS) for the CRSF. The middle and bottom panels of the figure
show the residuals obtained after fitting the spectra with the above model without and with
the GABS component. From Table 4.3, we observe that the absorption line parameters
change depending on the choice of the continuum model. We also fitted the NuSTAR
spectrum in 3-40 keV and 3-79 keV ranges to examine the effect of GABS on the continuum
parameters (Table 4.3). We found that the cutoff energy changed significantly when the
GABS component was added to the model fitted in the 3-79 keV range.

For ID 04, spectral fitting is limited to the 3-50 keV range as the data beyond 50 keV is
background-dominated (Figure 4.12). The 3-50 keV range spectrum is fitted well with the
NPEX continuum model. We also carried out simultaneous NICER and NuSTAR spectral
fitting using NPEX model in 1-50 keV band. The best-fitted spectral parameters are presented
in Table 4.4. The best-fit model and corresponding residuals are shown in Figure 4.14.

For ID 04, Roy et al. (2024) conducted spectral fitting in the 3-78 keV energy range and
reported a 10 keV absorption-like feature, although they noted poor statistical significance
beyond 40 keV. In contrast, Tobrej et al. (2024) focused on the 3-50 keV energy range due
to background dominance beyond 50 keV and found evidence for a blackbody component
with kT ~1 keV. We also tested various empirical models, and our analysis indicates that
the detection of these features is highly dependent on the chosen continuum model, with the
NPEX model offering the best fit in the 1-50 keV range.
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(brown), and source+background (green) count rates for NuSTAR ID 02 and ID 04, respec-
tively.
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Figure 4.13: The source spectra and the best-fit model comprising an NPEX continuum model
with a blackbody component, an iron emission line, and a Gaussian absorption component for
CRSF are shown in the top panel. The middle and bottom panels show the residuals after
applying the spectral model without and with the CRSF component, respectively.
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Figure 4.14: The top panel displays the spectra of IGR J06074+2205 in the 1-50 keV energy
range from NuSTAR and NICER observations on MJD 60232 and NPEX continuum model
spectra. The bottom panel presents the residuals after applying the best-fit model to the

source spectra.
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Table 4.4: Best-fit parameters obtained from the simultaneous spectral fitting of NuSTAR
and NICER observations of IGR J06074+42205 on MJD 60232, using NPEX as the continuum
model. A source distance of 5.99 kpc was used for luminosity calculations.

MJD 60232
Model Parameters NICER+NuSTAR
Energy Range 1-50 keV
TBabs Ng (10?2 cm~2) 1251099
NPEX Photon Index (T) 1.3679-03
Ecut (keV) 7.6410-30
Luminosity (1-70 keV) (1036 erg s—1) 0.47
Fit Statistics X% q/d.o.f. 1.03/933

4.5 Optical Spectroscopy & Results

We carry out optical spectroscopic analysis using five epochs of observations taken be-
tween 2022 & 2024 with MFOSC-P/MIRO & HFOSC/IAO at wavelength ranges of 6000-
7000 A and 5500-8350 A, respectively. The spectra from these observations are presented
in Figure 4.15. The figure shows the continuum normalized spectrum for each observation
epoch with certain offsets for clarity. The bottom two and top three spectra are obtained
using MFOSC-P and HFOSC instruments, respectively. The date of each observation is also
annotated in the figure.

In the optical spectra, we observe the presence of both emission and absorption lines.
The prominent absorption lines are Diffuse Interstellar Band (DIB) and atmospheric telluric
features. The DIBs are absorption features that arise when photons travel through significant
column densities in the interstellar medium. We detect a DIB clearly at 6283.86 A (Herbig,
1995). We also observe a blended interstellar sodium doublet D1 and D2 in our spectra in
absorption form (KreLowski & Schmidt, 1997). The telluric features arise because of the
absorption of photons by the molecules in the Earth’s atmosphere. These telluric features
superimpose on the stellar spectra. T'wo most prominent telluric features such as Oo B-band
at A ~ 6870 A and Oy A-band at A ~ 7605 A (Angeloni et al. 2019 & reference therein) are
present in our spectra. A strong Ho (6562.8 A) emission line is detected in the MFOSC-P
and HFOSC spectra of IGR J06070+-2205 (Figure 4.15). We also detect another emission
line at 5577.91 A in the HFOSC spectra due to its wider wavelength coverage towards
the bluer side. In addition to that, we observe a weak signature of Hel (5875.72 A), Hel
(6678 A), and Hel (7065 A) emission lines in the spectra taken from HFOSC on 15 December
2023 and 03 February 2024.

To examine the structure and characteristics of the Ha line profile, we focused on plotting
only the portion of the optical spectra that covers the Ha emission line region. The evolution
of the Har (6562.8 A) emission line profile during all our optical observations is shown in
the left part of Figure 4.16. We calculate the equivalent width (EW) of the Ha emission
lines in the spectra from all epochs of our observations. The EW signifies the strength of
the emission/absorption lines. It is a measure of the area of emission or absorption line in

a wavelength vs intensity plot and is calculated by the following method:
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Figure 4.15: Evolution of the optical spectrum of Be/X-ray binary IGR J06074+2205 as seen
with the MFOSC-P (orange) & HFOSC (blue) instruments. The observation dates are anno-
tated on each spectrum. The spectra are plotted with certain offsets for clarity.

EW = (1 — £45)0A

Fe(A)

where, F(\) represents the total flux consisting of contributions from the line and the
continuum of the source spectrum, and F.(\) represents only the underlying continuum flux
at wavelength A. The obtained EW are presented in Table 4.5. The error in the value of
EW is calculated by the propagating error in the F.(A).

As shown in Figure 4.16, the Ha line evolves from a double-peaked profile, with both
peaks having similar intensities to a single peak dominated shape throughout our observa-
tions. The double-peaked Ha line on 11 November 2022 has a relatively stronger blue-shifted
peak than the red-shifted peak. However, the line profile on 13 December 2022 is the oppo-
site, with a stronger red-shifted peak. After about one year, the Ha line profile is dominated
by the red-shifted peak. We fit all the Ha emission lines with Voigt profiles to derive essential
quantities like V/R and peak difference (AX or AV) between the red and blue-shifted peaks.
The V/R value gives an idea of the contribution of the blue-shifted peak with respect to the
red-shifted peak and vice versa. The peak difference information helps us to calculate the
Ha emitting region or the size of the circumstellar disc around the Be star. Initially, we try
to fit the emission line profiles with Gaussian functions. However, the Gaussian functions
do not fit well in the wing regions. The original and fitted line profiles are shown in black
and green colors, respectively, in the left part of Figure 4.16. The red and blue components
of the lines are shown with red and blue colors, respectively, in the figure.

Huang (1972) demonstrates that the size of the Ha line emitting region of the circum-
stellar disc can be estimated by using the peak separation (AV) of the double-peaked Ha

emission line, assuming Keplerian velocity distribution of matter in the disc. The velocity
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Figure 4.16: Left: The observed Ha line profiles (solid black lines) of IGR J0674+2205 during
our observations and corresponding best-fitted Voigt functions (dashed green lines). Right:
Observed Fell line profiles (solid black line) of IGR J067442205 and corresponding best-fitted
Gaussian functions (dashed green line). The observation dates are quoted on the right of the
corresponding profiles. The red and blue color profiles correspond to the red and blue shifted
components of emission lines, respectively.

separation between the red and blue-shifted components of the emission lines can be used
to calculate the radius of the emitting region (Huang, 1972). The relationship between the
peak separation and the rotational velocity of the gas particles at the emitting region is
given by AV= 2V, sini. Following this, the size of the Ha emitting region can be derived
by :

Ry = (2Vsini/AV) R, (4.3)

where, j=2 for Keplerian rotation, R, is the Be star radius, and € is a dimensionless
parameter that considers several effects that would over-estimate the disc radius (€=0.940.1;
Zamanov et al. 2013). The value of Vsini used in the calculation is 260 km s~! (Reig et al.,
2010). We also calculate the full width at half maximum (FW HM ), which is the width of
the line at half of the peak flux levels of the emission or absorption line. The FW HM can
be expressed in the velocity unit to estimate the radial velocity of the Ha emitting particles
in the disc with respect to the observer. In this work, the FW H M is calculated by fitting
a single Gaussian function over the entire Ho emission line using a Python routine that fits
the overall line shape well. The values of the calculated parameters are given in Table 4.5.
The values of AV and FWHM are found to vary within errors between November 2022
& February 2024 and remain at around 343 km s~! and 700 km s~!, respectively. From
Table 4.5, it can be noticed that the value of the EW increased with time from ~2.5 to
11 A. The disc radius varies within errors and remains at around 2R,. The errors in the
values of AV and disc radius are found to be large for observations on 22 October 2023 and

15 December 2023 because of the propagation of larger error by AV during the disc radius
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Table 4.5: The table presents the values of parameters such as equivalent width (EW), V/R
ratio, AV, FWHM, and disc radius derived from the Ho (6562.8 A) and Fell (5577.91 A)
emission lines at various epochs.

Ha (6562.8 A) ‘ Fell (5577.91 A)

Date of EW V/R AV FWHM Disc Radius EW V/R AV FWHM Disc Radius
observation (A) (km/s) (km/s) (Ry) (A) (km/s) (km/s) (R4)
2022 Nov 18 -2.514+0.20  1.08+0.33 358+24 735140 1.89£0.25
2022 Dec 13 -1.56+0.18  0.92+0.27 362+19 686144 1.8540.20
2023 Oct 22 -9.83+0.87  0.47+0.27 332496 729+23 2.224+1.29 | 1.03+0.98 1.53+£0.48 244421 374+138
2023 Dec 15 -10.334+0.38  0.81+0.21 33650 700+13 2.15+0.63 | -2.86+0.44 0.98+0.50 229443 314+159 4.64£1.75
2024 Feb 03 -11.21+0.52  0.41+£0.06 326+16 648+14 2.2840.22 | -4.424+0.40 0.71£0.23 270439 433£58 3.33£0.95

error calculation.

We also detected another emission line at 5577.91 A and identified the line as Fell emis-
sion line by looking at NIST Atomic Spectra Database*. Other atomic lines close to this
wavelength are also present. However, we consider this Fell line as the Fell lines are usually
observed in the spectrum of Be stars (Arias et al. 2006 & references therein). In our obser-
vations, the Fell line is detected only in the HFOSC spectra and exhibits dynamic behavior
over time (Figure 4.16). The Fell line obtained on 10 October 2023 and 15 December 2023
shows a weak emission shape along with significant dips towards the wings. These profiles
can be termed as emission above absorption type double-peaked profiles. The Fell emission
lines are double-peaked in shape and evolve from a slightly blue-shift-dominated profile to a
red-shift-dominated profile between 10 October 2023 and 15 December 2023. The Fell line
observed on 3 February 2024 exhibits a red-shift-dominated shape. We calculate the V/R
value and peak velocity separation (AV) for the Fell emission line. At first, we fit the two
Gaussian models for the red- and blue-shifted peaks. However, the Fell lines observed on
10 October 2023 and 15 December 2023 are not fitted well because of the strong absorption
dips close to the wings due to the photospheric absorption of the central star. Then, we add
two Gaussians for the blue and red-shifted emission components above another Gaussian
absorption component. The addition of the Gaussian absorption component fits the line
profile reasonably well (Figure 4.16). The disc parameters derived using best-fitted spectral
parameters are shown in Table 4.5. It can be seen that the EW increases from ~1 A to
~4.5 A with time, and the AV and FWHM, on average, remain around 250 & 380 km s~ !,

respectively. The radius of the Fell emitting region remains at around 4R,.

4.6 Discussion

We carried out X-ray and optical studies of the Be/X-ray binary system IGR J06074+2205.
X-ray studies are performed during the October 2023 outburst using two NuSTAR observa-
tions and thirteen NICER observations during the October and December 2023 X-ray out-
bursts. Optical spectroscopy was carried out using five epochs of observations from MIRO
and TAO between 2022 and 2024, covering the phases of before, during, and after 2023 X-ray

outbursts. These combined efforts aim to provide an understanding of the accretion emission

“https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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from the neutron star and the evolution of Be decretion disc in the system.

Accretion-powered X-ray pulsars possess a strong magnetic field that directs the infalling
matter toward the polar regions of the neutron star. Due to the intense gravitational field
near the neutron star, the accreting material gains substantial kinetic energy, which is then
converted to X-rays near the magnetic poles (Basko & Sunyaev, 1976). If the rotation and
magnetic axes of the neutron star are not co-aligned, we get X-ray emission when the mag-
netic poles cross our line of sight, giving rise to pulsation phenomena. We detected periodic
signals of ~374.6 s in NuSTAR and three NICER light curves, as detailed in Section 4.3.
Additionally, we explored pulsation information from the Fermi/GBM database, the results
of which are depicted in Figure 4.3. The bottom panel of Figure 4.3 shows a decreasing
trend in the pulsar spin frequency during the October and December 2023 X-ray outbursts.
A decrease in spin frequency or increase in spin period during X-ray outbursts is usually
not observed in accretion-powered X-ray pulsars. Additionally, we calculated the rate of
change of the spin period during October and December X-ray outbursts using the spin
period values obtained from NuSTAR, NICER, and Fermi/GBM data. We found that the
spin period is increased at the rate of 0.024+0.001 and 0.0240.01 s day~! during October
and December 2023 X-ray outbursts, respectively. This increase in the spin period may
be attributed to the binary motion of the neutron star. However, confirmation of this is
hindered by insufficient detailed information regarding the orbital parameters of the binary

System.

The lowest luminosity at which pulsations are detected in the light curve is estimated
to be ~7.3x10%* erg s~! (in 1-70 keV range, assuming a distance of 5.99 kpc). This finding

034 erg s~! obtained from the spectral fitting in

is close to the luminosity value of 1.8x1
the 0.4-12 keV energy range for a distance of 4.5 kpc using 2017 XMM-Newton observation
(Reig & Zezas, 2018). This result signifies that the source has not reached the propeller

regime (Illarionov & Sunyaev, 1975) at luminosity close to ~7.3x103* erg s~

Detection
of pulsation at lower luminosity could be attributed to the long spin period of the neutron
star (=374 s). Using the values of magnetic field and spin period at a lower luminosity
of the pulsar as 5.69x10' G and 374.57 s, the limiting luminosity for the onset of the
propeller regime (Campana et al., 2002) is estimated to be 1.3x10%3 erg s~!. Previously it
has been reported that sources with longer spin periods (>100 s) exhibit pulsations at lower

1032733 erg s71) because of their relatively higher co-rotation radius, although

luminosities (
exceptions exist, such as GX 144 and OAO 1653-40 (White et al. 1983; Stella et al. 1986

and references therein).

Subsequently, we examined the pulse profiles of IGR J06074+2205 obtained from NICER
and NuSTAR observations to assess the modulation of X-ray photons due to the rotation
of the neutron star. Pulse profiles contain information on the geometry of the X-ray emit-
ting region and its surroundings. We analyze pulse profiles at different luminosities and
energy ranges. The pulse profiles are found to be strongly dependent on luminosity and
energy (Figure 4.4, 4.5, & 4.6). The pulse profiles obtained at higher luminosity exhibit
smoother shapes compared to those obtained at lower luminosity, which possess a complex
structure in the soft X-ray regime. For a clear understanding of the above fact, we chose
an energy band that is common to both NICER and NuSTAR and has sufficient SNR. The
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luminosity evolution of the pulse profiles obtained in the 3-7 keV energy band are shown in
Figure 4.17. At lower luminosities, the pulse profiles are single-peak dominated and harbor
deeper absorption features. However, as the luminosity increases, the pulse profiles evolve to
a smoother double-peaked profile. We investigate the energy dependency of the pulse profiles
in detail using NuSTAR data. The pulse profile from the NuSTAR observation at a lumi-

036 erg s~! showed an asymmetric, smooth double-peaked

nosity of approximately 5.56 x 1
structure in the 3-79 keV range, with the basic shape remaining consistent across various
energy bands (Figure 4.6). As the energy increased from 3 to 40 keV, the peak in the 0.0-0.5
phase dimmed, while the peak in the 0.5-1.0 phase brightened. However, beyond 40 keV, the
difference in the intensity of the two peaks started diminishing. The pulse profile acquired

035 erg s~! also exhibited a double-peaked morphology, though

at a luminosity of 4.66x1
accompanied by a complex second peak (Figure 4.6). For the lower luminosity case (red
color profiles), a broad absorption dip is found in the second peak of the pulse profile below
20 keV. The depth of the dip is more pronounced in the 3-7 keV band and decreases with an
increase in energy. Dips in the pulse profiles could be due to the absorption of low energy
photons by accreting material locked in the magnetosphere asymmetrically (White et al.,
1983). Dips in pulse profile due to absorption of radiation from the pulsar by matter stream
in a specific phase of the magnetosphere is also observed in various other Be/X-ray binary
pulsars such as V0332+53, 1A 05354262, EXO 2030+375, GX 304-1, and RX J0209.6-7427
(Tsygankov et al., 2006; Naik et al., 2008, 2013; Naik & Jaisawal, 2015; Epili et al., 2017b;

Jaisawal et al., 2016; Vasilopoulos et al., 2020; Chhotaray et al., 2024).

The pulse profiles obtained from the NICER, observations also exhibit distinct energy
dependencies at different luminosity levels. The shape of the pulse profiles obtained at lower
luminosity shows minimal variation with energy (see Figure 4.4). Conversely, at a luminosity
of 2.42x10%% erg s~!, the pulse profiles are unique and show contrasting behavior relative
to the lower luminosity case. The shape of the pulse profiles appears relatively smoother
compared to the previously mentioned profiles, exhibiting a double-peaked morphology (Fig-
ure 4.5). Notably, the pulse profile shows significant energy dependency. In the 0.5-1 keV
band, the pulse profile consists of a single peak between 0.0-0.5 phase range (primary peak).
As the energy increases, another peak arises in the 0.5-1 phase range (secondary peak). It is
important to notice that the strength of the secondary peak keeps increasing with energy and
eventually overtakes the primary peak at higher energy. The width of the secondary peak
also keeps increasing and becomes comparable to the primary peak at higher energy. This
type of energy dependency of pulse profiles is also reported by Nakajima et al. (2024). The
evolution of pulse profiles in such a manner is observed in sources like GX 301-2 (Kreyken-
bohm et al. 2004) and Vela X-1 (Kreykenbohm et al. 2002). However, this behavior of
pulse profile is in contrast to many other accreting X-ray pulsars like GRO J1008-57 (Naik
et al., 2011), 4U 0115463 (Tsygankov et al., 2007), 4U 1909407 (Jaisawal et al., 2020c),
4U 1901403 (Rai & Paul, 2021), 1A 05354262 (Chhotaray et al., 2023), and 2S 1417-624
(Gupta et al., 2018), where the secondary peak intensity decreases as the energy increases.
By looking at the evolution of the pulse profile with energy, it can be inferred that the soft
X-ray photons dominate the primary peak, whereas the secondary peak is due to the hard

X-ray photons. The double-peaked profile might not be due to fan-beam emission as the
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Figure 4.17: Evolution of the pulse profile of IGR J06074+2205 in the 3-7 keV energy range
as a function of luminosity.

source was emitting at a luminosity one order below the critical luminosity. This could be
due to the contribution from two magnetic poles where soft X-ray absorbing materials have

a contrasting distribution.

We determine the possible orbital period of the source using the arguments detailed in
Section 4.3.1. The minimum difference between consecutive outbursts (Figure 4.9) is nearly
80 days. We calculated the difference (in days) between all consecutive outbursts and found
that the differences are close to the multiples of 80 and 80/n (n=2,3,4) days. Hence, we infer
that the possible orbital period of the binary is about 80 or 80/n (n=2,3,4) days. Similar
results were also reported by Mihara et al. (2023) using data from four outbursts in 4-10
keV MAXI/GSC light curve. Considering the constraint on data quality and its availability
at the current stage, this is the optimum we can infer on the orbital period of the binary.
To contextualize this value within the Corbet diagram, we incorporated the spin and orbital
period values into the plot assembled by Cheng et al. (2014), utilizing data from Townsend
et al. 2011 (see Figure 4.18).

We carried out spectral analysis during the October and December X-ray outbursts of
the pulsar using NuSTAR and NICER observations. During the NICER observations, the
source luminosity varied between ~5x1034-2.5x 1036 erg s~! (for a distance of 5.99 kpc), with
the spectra fitting well with an absorbed power-law model in 1-7 keV energy band. The
temporal variation of the spectral parameters is illustrated in Figure 4.10. The luminosity
variation of the source over time indicates that NICER observed the source during the
declining phases of both the outbursts. The photon index values varied between 1 and 2

without showing any particular trend.
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Figure 4.18: Diagram illustrating orbital and spin periods of various BeXRBs (Cheng et al.
2014 and references therein). Different colors are employed to represent the outburst behavior
observed from each source. The point representing the orbital period (80 days) and spin period
(374.6 s) of IGR J06074+2205 is shown in black color.

Accretion-powered X-ray pulsars possess a magnetic field of the order of 10'? G. Hence,
the CRSF's are expected to be detected in hard X-ray (10-100 keV) ranges (Becker et al.,
2012; Staubert et al., 2019). To investigate the presence of CRSF in IGR J06074+2205,
we carried out broadband spectral analysis using NuSTAR observations. All the continuum
models describe the broadband spectra well, and the properties of the Gaussian absorption
component in the spectrum representing the CRSF depend on the chosen continuum model.
We choose the NPEX model as the best-fit model because the value of photon index (PI) and
cutoff energy (E¢y:) are constrained between 0.5-1.5 keV and 10-30 keV, respectively, after
adding the Gaussian absorption component, which is typical for accreting pulsars (White
et al., 1983). Considering the absorption component as the CRSF, the centroid energy of
CRSF is found to be ~50.7 keV. We estimated the magnetic field of the neutron star using
the relation

Ecrsr = 11.57 x Bya(1+2)7! (4.4)

where, Ecpsp is the cyclotron line energy in keV, Bjs is the magnetic field in units of
10'2 G, and z is the gravitational red-shift (z ~ 0.3 for typical neutron star). The calculated
magnetic field of the pulsar is 5.69x10'? G. Using this magnetic field, we attempted to
estimate the critical luminosity of the pulsar. According to Becker et al. (2012), the criti-
cal luminosity depends on the magnetic field, and assuming disc accretion onto a classical

neutron star, the expression for the critical luminosity can be expressed as
Lerit = 1.49 x 1037(i)16/15 -1 (4.5)
crit — L. 1012G e€rg s .

Using Equation 4.5 and considering a neutron star of mass 1.4 Mg, radius 10 km, and
magnetic field 5.69x10' G, the value of L. can be estimated to be ~9.52x10%7 erg s—1.
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This signifies that the neutron star is accreting matter in the sub-critical regime.

To probe the dynamics of the circumstellar disc around the companion Be star in the
binary system, we analyzed the optical spectra of IGR J06074+2205. We observed the Ha
line in emission, indicating the presence of circumstellar disc around the Be star (Coe et al.,
2006; Reig et al., 2010; Chhotaray et al., 2023; Naik et al., 2024). The equivalent width (EW)
of the Ha line and the disc radius are found to increase over time (Table 4.5). This signifies
that a larger or denser disc is forming around the Be star with time. The Ha line evolved
from a double-peaked structure to a single-peak dominated structure between 18 November
2022 and 3 February 2024 (Figure 4.16). The change in the V/R value from 1.08 to 0.41
indicates the change in the structure of the line profile from blue-peak dominated to red-
peak dominated shape. The FWHM of the Ha line varies within uncertainties throughout

the observation duration and remains around ~700 km s~ 1.

We also observed a Fell line in emission at a wavelength of 5577.91 A. This is one of
the rarest Fell emission lines observed at this wavelength in Be stars (Slettebak et al., 1992;
Mathew & Subramaniam, 2011; Saad et al., 2006). The ionization potential of a neutral Fe
atom is 7.8 eV, whereas for Fell ions, it is 16.2 eV. This indicates that Fell lines originate in
regions close to the central star. Interestingly, Reig et al. (2010) observed IGR J06074+2205
between 2006 and 2010 and did not observe any signature of the Fell line. This indicates
the transient nature of the Fell line. The Fell line remained double-peaked throughout our
monitoring period. The Fell emission lines observed on 22 October and 15 December 2023
exhibit emission in absorption (emission lines with underlying photospheric absorption; Hou
et al. 2016; Banerjee et al. 2022) type profile. After 1.5 months, it evolved to a double-peaked
emission type profile (Figure 4.16). The double-peaked nature of Fell line also indicates its
origin from the innermost region. The peak velocity difference between red-shifted and
blue-shifted lines for Fell line varies within error bars throughout the observation duration
and remains at around ~380 km s~!. The V/R value changes from 1.53 to 0.71, suggesting
changes in the profile structure from blue peak dominated to red peak dominated shape as
in the case for the Ha line. The size of the Fell emitting region is estimated to be around
4 R,.

One interesting result we observed is the distinction in V/R variability of Ha and Fell
lines. The V/R variability suggests rotation of a one-armed perturbation (a zone in the
disc with higher density than the rest of the disc) in the circumstellar disc (Okazaki, 1997;
Papaloizou et al., 1992). V/R >1 means the perturbed region is approaching the observer,
and V/R <1 means the perturbed region is receding from the observer. We observed that
the V/R values for Ha and Fell lines changed from greater than one to less than one on 13
December 2022 and 15 December 2023, respectively. The delay of about one year for two
different emission lines indicates that the perturbed region is not symmetrically distributed
in the radial direction. Different V/R variabilities for various emission lines are also observed
in 1A 05354262 (Moritani et al., 2013). The average AV obtained for Ha and Fell lines are
~340 km s~! and ~250 km s~ !, respectively. The average FWHM obtained for Har and Fell
lines are ~700 km s~! and ~370 km s, respectively. These results suggest that the particles
emitting Ha photons present in the higher velocity (disc region closer to central star) region

(Slettebak et al., 1992) compared to the Fell line emitting particles. The appearance of
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other emission lines like Hel (5875.72 A), Hel (6678 A), and Hel (7065 A) on the latter
phases of our observation hinted towards the growing of larger or denser circumstellar disc
around the Be star of the IGR J06074+4-2205 binary.

Nesci et al. (2024) studied the long-term variability of IGR J06074+2205 using various
photometric filters covering the 4100-8100 A range. They identified long-term optical
variability with a period of approximately 620 days, which they attributed to either the
precession of the circumstellar disc or the propagation of a density wave within the disc.
While comparing the timelines (see Figure 1 of Nesci et al. 2024), we found that our first two
optical observations were carried out during the declining phase of the V-band magnitude,
while the subsequent three observations were made during the rising phase. Despite the
V-band flux decreasing during the last three observations, the equivalent width (EW) of the
Ha line continued to increase over time. This behavior is consistent with findings by Nesci
et al. (2024), who observed that optical variability and EW variability operate on different
timescales. Furthermore, Reig et al. (2010) reported that the He line in IGR J06074+2205
exhibited a transition from emission to absorption, and during that period, no major X-
ray outbursts occurred. This phenomenon could be explained by the precession of the
circumstellar disc, as suggested by Nesci et al. (2024).

Furthermore, Figure 4.15 & 4.16 exhibit dynamics of the circumstellar disc around the
Be star between November 2022 and February 2024. During the later part of our observation,
we get the signatures of many emission lines in the optical spectra, although most of the
lines are weak. However, if we look at the evolution of two strong emission lines, Ha and
Fell, we can notice that their EW increases with time. These facts highlight an essential
point that the X-ray outburst that occurred during October and December 2023 (Mihara
et al. 2023, Nakajima et al. 2023, also see Figure 4.1) did not have any significant effect on
the line emitting region of the circumstellar disc of the Be star as the disc is continuously
becoming larger or denser. This behavior of the circumstellar disc is in contrast with that
during the giant or Type II X-ray outburst phase where a significant change in Ha line EW
and other properties are observed after the giant X-ray outbursts (e.g., 4U 0115+63; Reig
et al. 2007, 1A 0535+262; Chhotaray et al. 2023 ). The increase in the EW of the Ha line
suggests that the Be circumstellar disc is evolving continuously, which may lead to a giant
outburst in the future in IGR J06074+4-2205.

4.7 Conclusion

In this chapter, we carried out X-ray studies of the Be/X-ray binary IGR J06074+2205
during X-ray outbursts in October and December 2023 using NuSTAR and NICER observa-
tions of the pulsar. NuSTAR observed the source twice during the October 2023 outburst,
while NICER provided coverage across various epochs during both outbursts. We observed
coherent X-ray pulsations from the neutron star at =374.60 seconds. The pulse profiles of
the pulsar exhibit a strong correlation with both luminosity and energy, revealing the intri-
cate characteristics of the emitting region. In the low luminosity level, the pulse profiles are
relatively complex compared to those at higher luminosity. The pulse profiles exhibit a dip
in the soft X-ray band, which vanishes in the hard X-ray regime. Furthermore, the NuSTAR
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spectra unveil an iron emission line at around 6.4 keV during the brighter state, correspond-
ing to a luminosity of approximately 5.56x 1036 erg s~!. Additionally, a cyclotron absorption
line at ~50.7 keV, indicative of magnetic field strength of 5.69x10'2 G, is detected solely
during this brighter observation. A simple absorbed power-law model adequately described
NICER spectra within the 1-7 keV band. Expanding our analysis, we utilized the long-term
MAXI/GSC light curve to estimate the potential orbital period of IGR J06074+42205, which
is predicted to be approximately 80 days or 80/n days (n=2,3,4). We showed results from
optical spectroscopic analysis of observations taken between 2022 and 2024 using the MIRO
and TAO. We observed variable Ha and Fell emission lines, with an increase in equivalent
width, indicating a dynamic circumstellar disc. Notable variations in the V/R ratio for Ha
and Fell lines are also observed. The appearance of additional emission lines, such as Hel
(5875.72 A), Hel (6678 A), and Hel (7065 A) from the post-outbursts observation in Febru-
ary 2024 suggests the growth of a larger or denser circumstellar disc. This disc continues to
grow without noticeable mass loss, even during the 2023 X-ray outbursts, potentially leading

to a future giant X-ray outburst.









Chapter 5

Long-term study of the first
Galactic ultraluminous X-ray
source Swift J0243.6+6124
using NICER

Swift J0243.6+6124 went into a giant X-ray outburst, followed by several normal outbursts
between MJD 58029 (3 October 2017) and MJD 58533 (19 February 2019). After five years
of quiescent phase, it showed another outburst phase from MJD 60097 (2 June 2023) to MJD
60190 (3 September 2023) as shown in Figure 5.1. The Neutron star Interior Composition
Explorer (NICER) has been monitoring this source since its discovery, capturing data during
the giant outburst and several subsequent normal X-ray outbursts. This chapter presents
timing and spectral results obtained using NICER data in the 0.5-10 keV energy band.
The detailed spectral characteristics of the source in the soft X-ray band remain under
investigation. Therefore, a comprehensive spectral study of the source is carried out during
the giant and subsequent normal X-ray outbursts, including the new outburst in 2023.
Additionally, our timing analysis primarily focuses on multiple normal outbursts, including
the 2023 outburst occurring in the post-giant outburst period between MJD 58303 and 60190.
As NICER has observed this source at various luminosity levels, this chapter emphasizes how
the pulsar properties and surrounding environment change with luminosity. The chapter is
organized as follows: Section 5.1 presents an introduction to the source. Section 5.2 gives
details about X-ray observations. Section 5.3 presents the timing analysis results, and
Section 5.4 discusses the spectral analysis results. Discussions and conclusions are provided

in Sections 5.5 and 5.6, respectively.

5.1 Swift J0243.64+6124

Swift J0243.6+6124 was initially triggered on Swift/BAT (15-50 keV energy range) and
identified as a possible candidate of gamma-ray burst (GRB) or Galactic transient (Cenko
et al., 2017). Subsequent Swift observations showed that the source remains in the X-ray

bright phase over six orbits, which rules out the GRB nature of the source (Kennea & Cenko,
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2017). Hence, Swift J0243.6+6124 is suggested as a new Galactic X-ray transient. Kennea

et al. (2017) discovered this source as an accreting pulsar using Swift/BAT data, where the
neutron star rotates around its own axis at a period of 9.86 s. They localized the position of
the source within the uncertainty of 1.5 arc-seconds: RA (J2000)=02h 43m 40.33s, and Dec
(J2000)= +61d 26m 02.8s and also found that the position is 1.4 arc-seconds away from a
B=13 mag star indicating the possible optical counterpart of Swift J0243.6+6124. Following
this discovery, Stanek et al. (2017) used the ASAS-SN Sky Patrol public all-sky light curve,
which contains 1000+ days of data to check the properties of the optical star. However, they
did not observe any significant optical outburst or variability. The pulsation from the source
is also confirmed by Jenke & Wilson-Hodge (2017). Using optical spectroscopic observation
from the 1.3-m telescope of the Skinakas Observatory (Greece), Kouroubatzakis et al. (2017)
found that the optical star is a Be-spectral type star, confirming Swift J0243.64-6124 as
a BeXRB system. Apart from X-ray and optical observations, Swift J0243.6+6124 was
also observed in the radio band using the Very Large Array (VLA). However, van den
Eijnden et al. (2017) did not detect any radio emission from the source. Initially, the
distance of the source was estimated to be 2.5+0.5 kpc (Bikmaev et al., 2017). Recent
studies suggest that the source is at a distance of ~7 kpc (Wilson-Hodge et al. 2018 and
references therein). Detailed study of the source using NICER, NuSTAR, and Insight-HXMT
observatories suggested that Swift J0243.6+6124 is the first Galactic ultra-luminous X-ray
source (ULX) due to its intense X-ray luminosity reaching up to an order of 1037 1
(Wilson-Hodge et al., 2018; Jaisawal et al., 2019; Doroshenko et al., 2020). This BeXRB

system is known to have a relatively short orbital period (P,;) of around 28 days and a

erg s~

mildly eccentric orbit with an eccentricity (e) of approximately 0.1 (Doroshenko et al., 2018;
Wilson-Hodge et al., 2018).

During the giant X-ray outburst, the pulsar exhibited a rapid spin-up rate (Doroshenko
et al., 2018). Both the pulse profile and the pulsed fraction (PF') showed complex variations
with luminosity, displaying significant changes around a critical luminosity of approximately
10% erg s~ (Wilson-Hodge et al., 2018; Tsygankov et al., 2018). A QPO-like feature at
50-70 mHz was reported in the power density spectra (PDS) within a specific luminosity
range (Wilson-Hodge et al., 2018). Further analysis by Doroshenko et al. (2020) identified

significant changes in the pulse profiles and power spectrum at certain luminosity levels.

The broadband continuum of the source during the outburst was effectively described by
an absorbed cutoff power law model with black body components (Jaisawal et al., 2018). A
two-component transition in the spectral parameters was observed during the giant outburst
(Kong et al., 2020). Recent studies have made significant progress in understanding the
magnetic field of the pulsar. Jaisawal et al. (2019) conducted a detailed study on the
evolution of the iron line width with luminosity, suggesting that a possible disc origin would
require a magnetic field in the range of 10! to 10'? Gauss. Additionally, no cyclotron
absorption line below 100 keV was detected (Jaisawal et al., 2018; Beri et al., 2021). However,
Kong et al. (2022) discovered the CRSF in the 120-140 keV range using data from Insight-
HXMT, estimating the magnetic field of the pulsar to be approximately 1.6x10™ Gauss.
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Figure 5.1: Swift/BAT monitoring light curve (red solid points) of the pulsar
Swift J0243.6+6124 in 15-50 keV range, between MJD 58010 (2017-09-17) and 60220 (2023-
10-03). The light curve is binned with 1 day time frame. The outbursts that are studied using
NICER observations are represented with shaded regions. The dark-violet, violet, and green
colors mark giant, subsequent normal outbursts, and the 2023 normal outburst phase of the
source, respectively.
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Figure 5.2: Upper panel: Fermi/GBM flux in the 12-50 keV band (red) and the source lumi-
nosity with NICER in 0.7-10 keV band (black) evolution during the 2023 outburst. Bottom
panel: Spin frequency evolution of Swift J0243.64+6124 measured using Fermi/GBM (red) and
NICER (black) during the 2023 outburst.
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9.2 X-ray observations

NICER observed the first galactic ULX, Swift J0243.6+6124, between October 2017 and
September 2023, during which the source underwent giant as well as multiple normal out-
bursts. We utilized publicly available NICER data of Swift J0243.64+-6124 observed between
MJD 58029 (3 October 2017) and 58533 (19 February 2019), stored under observation IDs
1050390xxx with a net exposure time of 408 ks. Additionally, for the recent 2023 outburst,
we accumulated around 104 ks of net exposure data observed from June to September 2023
under observation IDs 6050390227 to 6050390277. Figure 5.1 displays the Swift/BAT mon-
itoring light curve (solid red circles) in the 15-50 keV band, with shaded regions above it
indicating the duration of the outburst probed using NICER data. The data reduction tech-
niques followed in preparing data for scientific analysis are presented in Chapter-2. For the
2023 outburst data, we included the SUNSHINE==0 filtering in the GTI to extract night-
side data, addressing the visible-light leak in the XTI optical bench of NICER reported on
22 May 2023. To account for the effects of the motion of the Earth and satellite during ob-
servations, we applied barycentric correction on the data using the solar system ephemeris
JPL-DE430. Light curves and spectra were extracted from each observation using XSE-
LECT. During the normal outbursts, the dead time correction was not applied to the light
curves since the count rate was below 20000 counts s~ . However, for the spectra during the
2017-18 giant outburst, we considered the effect of dead time following Wilson-Hodge et al.
(2018). The corresponding spectral background for each observation was obtained using the
nibackgen3C50 tool. The response matrices and ancillary response files were created using

the nicerrmf and nicerarf commands, respectively.

5.3 Timing analysis and results during post-giant outburst

phase

We performed timing analysis on NICER data obtained during the post-giant outbursts and
the 2023 outburst observations of Swift J0243.64+6124. The period between MJD 58303
and 60190 was selected to investigate the periodic and quasi-periodic oscillations from the
neutron star. Using NICER data, the timing properties of the pulsar during the 2017-2018
giant outburst have been documented by Wilson-Hodge et al. (2018).

NICER light curves were generated with a bin size of 0.1 seconds within the 0.5-10.0 keV
energy range. The timing analysis was conducted on 105 observations, each with a minimum
exposure time of 1400 seconds. We searched for the pulsating signal in the light curves using
the y?-maximization technique (Leahy, 1987) via the efsearch task in the FTOOLS package.
Orbital corrections were applied to the data using the orbital parameters provided by the
Fermi/GBM team!. These corrections were necessary to determine the intrinsic spin period
of the neutron star, which is influenced by binary orbital modulation. This chapter presents
the spin frequency evolution of the pulsar during the recent 2023 outburst (Figure 5.2).
The spin frequency evolution during previous outbursts, including the giant and subsequent

normal outbursts between MJD 58029 and 58533, has been reported by Wilson-Hodge et al.

"https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/swiftj0243.html
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Table 5.1: Observed QPO frequency, width, and its significance with luminosity. The uncer-
tainties are presented at the 1 o confidence level.

MJD | Luminosity | QPO | QPOyw | Significance
1037 erg s7! | (mHz) | (mHz)
58322 0.69 40+2 7+4 3.99
58323 0.63 47+2 | 12.0x2 6.52
58325 0.51 34+1 9+2 8.42
58331 0.29 31+£2 7.7£2 5.68
58344 0.34 30+£1 8.2+2 8.58
58425 1.83 40+1.2 | 6.50+£3 6.52
58430 0.49 38+2 1944 10.0
58449 0.25 3442 44+1.5 4.54
58460 0.47 3243 942 4.51
58521 0.58 40+1 542 5.36

(2018) and Serim et al. (2023), respectively.

The bottom panel of Figure 5.2 presents the pulse frequency of the pulsar obtained from
NICER and publicly available Fermi/GBM data (Malacaria et al., 2020) during the 2023
outburst. The evolution of the 12-50 keV pulsed flux from Fermi/GBM and the source
luminosity in the 0.7-10 keV range observed by NICER are shown in the top panel of the
figure. During the recent outburst, the spin frequency ranged from approximately 102.03 to
102.12 mHz in NICER and Fermi/GBM data.

We also generated the pulse profile of the pulsar during its normal outbursts, including
the 2023 outburst, to study the geometry of the pulsed beamed emission in soft X-rays. Each
light curve was folded at the corresponding spin period using the efold task of the FTOOLS
package. The variation of the pulse profile with luminosity from the previous giant and
subsequent normal X-ray outbursts observed between MJD 58029 and 58533 was studied by
Wilson-Hodge et al. (2018), Serim et al. (2023), and Liu et al. (2023). We found no significant
difference in the pulse profile evolution with luminosity during the normal outbursts between
MJD 58303 and 58533 and the 2023 normal outbursts. Therefore, in Figure 5.3, we show
the pulse profile evolution with luminosity during the normal outbursts between MJD 58303
and 58533 and the 2023 normal outbursts for completeness.

The pulse profiles appear complex with multiple dips/notches at certain pulse phases at

037 erg s~!. To illustrate the detailed variation of dips/notches and

luminosities below 6x1
profile evolution with luminosity, we presented the pulse profiles from 12 NICER observations
in Figure 5.4. Below the luminosity of approximately 0.5x 103 erg s~!, the pulse profiles are
dominated by a single peak. Various dip-like structures arise in the pulse phase range of 0.5-

037 erg s~1. One of the dips becomes

1.0 for luminosities between approximately (0.5-2.5)x 1
more profound, and the profiles evolve into a double-peaked structure at a luminosity of
approximately 2.5x10%7 erg s~!. A smooth single-peaked profile is observed at luminosities

beyond approximately 6x1037 erg s~!.

Furthermore, we calculated the pulse fraction (PF') of the pulse profiles from the 2023
outburst to examine the evolution of soft X-ray emission from the pulsar. This type of
analysis has yet to be conducted with NICER data, except for the 2017-2018 giant outburst.

Therefore, we included the remaining post-giant outburst data in our study. The PF was
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Figure 5.3: The color-coded map of the evolution of the pulse profile of the pulsar with
luminosity during the normal outbursts between MJD 58303 and 60190. The pulse profiles
are normalized to have values between 0 & 1. Two cycles are shown for clarity.
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Figure 5.4: Pulse profiles of the pulsar from the NICER observations, covering a broad range
of source luminosity during the normal outbursts between MJD 58303 and 60190. Two cycles

are shown for clarity. Here, L3, stands for 10%” erg s~ !.
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computed using the root mean squared method as described by Wilson-Hodge et al. (2018)
(see also Ferrigno et al. 2023). It is defined as follows:

PF = (i (rs i?)2/N)1/2

The variation of PF with luminosity is shown in panel (a) of Figure 5.5. To understand
the trend of PF evolution, we fitted a curve to the obtained PF values at different luminosi-
ties using the spline interpolation method. The red line represents the best-fit spline curve,
and the shaded area indicates the moving average standard deviation of the data points.
The PF varied between approximately 10% and 15% for source luminosities in the range of
2 % 10%6 to 9 x 1037 erg s~!. A relatively higher PF value (around 20-25%) was observed at

037 1

a luminosity of approximately 2 x 10°* erg s™-.

5.3.1 Power density spectrum (PDS) analysis

This study presents the first investigation of the evolution of the PDS and its features during
normal X-ray outbursts, including the 2023 outburst. We conducted PDS analysis on 105
light curves within the 0.5-10 keV energy range using NICER data to track how the PDS
varies with luminosity. Additionally, we looked for indications of any QPOs in the PDS
to compare with those observed during the giant outburst (Wilson-Hodge et al., 2018). To
generate the power density spectra, we used the powspec tool from the XRONOS package.
The light curves were divided into intervals of approximately 400 seconds, and the PDS
of each interval was generated. The final PDS was obtained by averaging the PDS from
the segmented light curves, which enhances the detection probability of QPO-like features.
We also applied the powspec norm=-2 command to obtain white-noise subtracted averaged
PDS, with the power expressed in units of (RMS/mean)?/Hz. Figure 5.6 shows the resulting
PDS for observation ID 1050390170 (MJD 58322).

The PDS displayed narrow peaks at multiples of the primary frequency at around 0.101
Hz, corresponding to the spin frequency of the pulsar and its harmonics, which were ex-
cluded during the PDS fitting (James et al., 2010). Initially, we attempted to fit the PDS
continuum with a simple power law model (powerlaw) using XSPEC. However, this model
did not adequately fit the overall PDS across a wide frequency range, approximately 0.001
Hz to 5.0 Hz. Consequently, we replaced the power law with a broken power law model
(bknpower), which provided an acceptable chi-square (x?) value. We examined the evolu-
tion of the slope of the power law before the break (I'1), the break frequency (Bry), and
the slope of the power law after the break (I'y) in the PDS with respect to luminosity. This
is shown in panels (d), (e), and (f) of Figure 5.5, respectively. The red line represents the
best-fitted curve using the spline interpolation method to study the parameter evolution.
From the figure, the break frequency Br; varied between 50 and 80 mHz below 7.5%1037
erg s~!. Above this luminosity, Br ¢ increased to 140 mHz, surpassing the pulsar frequency
(101 mHz). The values of I'; and I'y varied between 0.5-1 and 2-3, respectively, within the
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Figure 5.5: The luminosity evolution of different parameters from the PDS analysis during
normal outbursts. Panels (a-f) display the values of pulsed fraction (PF), break frequency
(Bry), QPO frequency (QPO;), QPO width (QPOw), slope of power law before Bry (I'1),
and slope of power law after Bry(I'2) as functions of luminosity, respectively. The red line
represents the best-fitting curve for these values using the spline interpolation method. The
shaded area indicates the moving average standard deviation of data points. The purple data
points represent values obtained from normal outbursts, except for the 2023 outburst that is
shown in black.
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Figure 5.6: A representative power density spectrum from a NICER observation ID 1050390170
is shown. The continuum is fitted with a broken power law, and the QPO feature is described
using a Lorentzian function. The observed narrow peaks correspond to the pulsar rotational
frequency and its harmonics.

studied luminosity range.

After fitting the PDS continuum with a broken power law model, we examined the
residuals for potential QPOs. In addition to the spin frequency of the neutron star and
its harmonic components, we observed a broad hump-like residual below the pulsar spin
frequency in some cases (around 16 IDs). To investigate this further, we used a Lorentzian
function (lorentz), as the shape of this hump appeared asymmetric. The Lorentzian func-
tion has been widely used in various QPO studies (see e.g., Belloni et al. 2002). Figure 5.6
shows the best-fitted model for observation ID 1050390170 (MJD 58322) in the PDS.

Furthermore, the significance of the QPOs was determined using the method described
in Boutelier et al. (2010), based on Lorentzian fitting. We found that QPOs from 10 out
of 16 IDs between MJD 58322 and 58521 exhibited a significance of more than 30. The
frequency (QPOy) and full width at half maximum (QPOw) of these detected QPOs and
their respective significance are presented in Table 5.1. The evolution of QPO and QPOy,
with luminosity is also shown in panels (b) and (c) of Figure 5.5, respectively. No QPO-like
feature was observed during the recent 2023 outburst of Swift J0243.64+6124.

5.4 Spectral analysis and results

We conducted a spectral analysis of the pulsar using NICER data from multiple outbursts
observed between 2017 and 2023, which covers giant as well as normal outbursts. A total of
150 observations were utilized, enabling us to examine changes in spectral parameters across
a wide range of luminosities. The analysis was conducted in the 0.7-10.0 keV energy range
using the XSPEC (v-12.11.0, Arnaud 1996) package. This specific energy range was chosen

to avoid spectral uncertainties below 0.4 keV and above 10.0 keV and to bypass a strong
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Figure 5.7: The 0.7-10 keV energy spectrum of Swift J0243.64+6124 obtained from the NICER
observation on MJD 58065 (ID 1050390115) near the peak of the X-ray outburst. The second,
third, and fourth panels from the top show the evolution of residual after fitting the continuum,
and subsequent addition of 1 keV, 6-7 keV Fe-line complex, and edge feature, respectively.

edge-like feature near 0.5 keV that appears, especially in the brighter observations. The
feature at 0.5 keV was found to be dependent on the choice of the photo-electric absorption
model and assumed abundances to some extent. It may also have a calibration origin from
the Oxygen edge?. A systematic uncertainty of 1.5% was applied, as the NICER instrument
team recommended. For quantifying line-of-sight X-ray absorption, the wilm abundance
table (Wilms et al., 2000) was used along with the Vern® photo-ionization cross-section.
The spectra were binned with a minimum of 30 counts per energy bin to allow for the
application of chi-square statistics in the analysis.

To understand the evolution of the pulsar emission over multiple outbursts, we employed
a uniform continuum model to assess changes in parameters with varying source luminosity
consistently. We used an absorbed cutoff power law model (tbabsxcutoffpl) to describe
the continuum emission, following the methodology of previous studies (Jaisawal et al., 2019;
Kong et al., 2020). Prominent positive residuals were detected in the energy ranges of 6-7
keV and 0.9-1.1 keV, particularly during the 2017-2018 giant outburst. Additionally, we
observed a 7.1 keV iron edge feature exclusively during high luminosity phases. To address
the positive residuals in the 6-7 keV range, we used one to three Gaussian components
depending on the source luminosity, as recommended by Jaisawal et al. (2019). The residuals
in the 0.9-1.1 keV band were modeled using a single Gaussian component. Figure 5.7

presents a representative spectral model of the pulsar emission and the spectral residuals

’https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/arf-rmf/
Shttps://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node120.html
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Figure 5.8: The panels (a)-(c) show the evolution of the parameters such as column density
(Nu), Photon Index (PI), and Cutoff energy (FE..:) with luminosity obtained from multiple
outbursts of Swift J0243.64-6124. Panel (d) shows the relationship between the photon Index
(PI) and cutoff energy (E..:). The filled and open markers represent data points obtained
from the giant and subsequent normal outbursts, respectively. The black points represent the
values obtained from the 2023 outburst.

after accounting for the continuum and line emission components. This data was obtained
from a NICER observation near the peak of the giant X-ray outburst in 2017.

The continuum parameters obtained from the best-fit models across all NICER ob-
servations from multiple outbursts are presented in Figure 5.8. Panels (a), (b), and (c) of
Figure 5.8 show the variation of spectral parameters such as hydrogen column density (Ng),
photon index (PI), and cutoff energy (Ec,+) with unabsorbed luminosity. The uncertainties
in the parameter values are calculated within the 90% confidence range. The luminosity is
estimated from the unabsorbed flux in the 0.7-10.0 keV energy range, assuming a distance
of 7 kpc (Wilson-Hodge et al., 2018).

We observed that Ny varied narrowly between (0.9-1.2) x 10*2 cm~2 across these ob-
servations. To avoid spectral degeneracies, we refitted the spectra using an absorbed cutoff
power law model with a fixed average value of Ny = 1.064 x 10?2 cm—2. This approach
revealed a positive residual at the lower energy side, which could be described by a soft
bbodyrad component. The luminosity variations of the parameters obtained from this re-
vised model are shown in Figure 5.9.

Two transition points can be identified by examining the overall behavior of these param-
eters in Figures 5.8 and 5.9. The photon index (PI) exhibited a two-component transition
with luminosity, potentially linked to changes in the accretion mode (Figure 5.8). The first
transition occurred at around a luminosity L; of 7.5 x 1037 erg s~!, where PI showed an
increasing trend with luminosity. A decrease in the photon index was observed up to a
luminosity of 2.1 x 1038 erg s~! (L3), which can be identified as the second transition point.

The photon index remains almost stable beyond Ls. A similar trend can also be seen in
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Figure 5.9: The panels (a)-(d) show the luminosity dependencies of spectral parameters such
as photon index (PI), cutoff energy (E..:), blackbody temperature (kT), and blackbody radius
at a fixed column density over multiple outbursts of Swift J0243.64+6124. The symbols have
the same meaning as Figure 5.8.

Figure 5.9. The transitional luminosities L; and Lo are marked with dotted lines in these
figures.

Furthermore, we observed that the cutoff energy (F.,:) increases with luminosity dis-
tinctly below the first transition point L; (Figures 5.8 and 5.9). To ensure consistency
with the limited bandpass of NICER, we imposed an upper limit of 30 keV on the cutoff
energy during fitting, aligning with the maximum value observed in this pulsar based on
broadband spectral analysis using HXMT data (Kong et al., 2020). Between L; and Lo,
E; steeply decreased with luminosity, whereas a gradual evolution was observed above Ls.
Additionally, we noted the unique evolution of PI and FE.,; with luminosity beyond the
second transition point in our study.

Contrary to the trends reported in Figure 3 of Kong et al. (2020) in the super-Eddington
regime, where a positive correlation between PI and F.,; and luminosity was identified,
our findings indicate a constant PI and an anti-correlation trend for E.,; with luminosity.
It is worth noting that in the super-Eddington phase, the emission from an outflow or
a reflection component may alter the shape of the X-ray continuum, a factor that may
not fully be captured due to the limited energy band of the NICER. Therefore, marginal
variations in parameters in the super-Eddington regime can be expected.

To explore this further, we conducted spectral fitting by introducing an additional black-
body component during the super-Eddington phase, as suggested by Tao et al. (2019). The
temperature of this blackbody component exhibited an evolution between approximately 1

and 3 keV, potentially stemming from the contributions of the hotspot and top of the accre-
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Figure 5.10: The figure illustrates the evolution of Gaussian model parameters of 1.0 keV
emission line. The parameters include the central line energy (E;.0), width (¢), and equivalent
width (EW), presented from top to bottom, respectively.

tion column, with a radius between 10 and 40 km. In the presence of the second blackbody
component, the photon index and cutoff energy showed a positive pattern after the second
transition point, similar to Kong et al. (2020). However, caution is warranted in interpreting
these findings due to the constraints imposed by the limited energy band of NICER.

In panels (c) and (d) of Figure 5.9, we present the evolution of blackbody temperature
and corresponding emission radii. Below Lg, the blackbody temperature (k7') gradually
varied in the 0.1-0.7 keV range. The size of the emission site also changed between 10 to 30
km, given the source distance of 7 kpc, below Lo. A sudden change in these parameters was
observed around Ls.

In addition to evolving iron emission lines in the 6-7 keV band (Jaisawal et al., 2019), we
detected an emission line at around 1 keV in the spectra. This feature was mainly observed

during the giant outburst at luminosities above 2 x 1038 erg s=1

, 1.e., the second transition
point. The parameters obtained from the emission line analysis are presented in Figure 5.10.
From this figure, it can be observed that the central energy variation with luminosity falls
within the error bars. However, the line width (o) and equivalent width (EW) of the 1 keV

38 —1
0°° erg s~ -,

line showed an increase as the luminosity increased up to approximately 8 x 1
and beyond that, they decreased with luminosity, indicating a strong luminosity dependency

of the 1 keV emission line.

5.5 Discussion

We investigated the behavior of the first Galactic ultra-luminous X-ray pulsar, Swift J0243.6
+6124, utilizing NICER observations spanning over the giant and multiple normal X-ray
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outbursts occurring between 2017 and 2023. This comprehensive coverage enabled us to

explore the distinctive timing and spectral characteristics of the pulsar across varying mass
accretion rates. Our analysis across these outbursts revealed a wide range of luminosity

variation, spanning from (0.1 to 153)x10%" erg s!

in 0.7-10 keV energy range, with a
distance assumed to be 7 kpc. We begin this section with a discussion of the timing results
obtained from the analysis of data during normal outbursts. Subsequently, we delve into

the implications of the observed two spectral transitions exhibited by the source.

5.5.1 Temporal characteristics of Swift J0243.6+6124 during post-giant

outburst phases

We examined the spin frequency evolution of the pulsar during its recent 2023 outburst
(Figure 5.2). Previous studies on the spin frequency evolution during past outbursts have
been reported by Wilson-Hodge et al. (2018) and Serim et al. (2023). Before the 2023
outburst, the pulsar was in a quiescent state between MJD 58535 and 60097, during which
the spin frequency decreased from 102.10 to 102.03 mHz, according to Fermi/GBM data.
However, following the 2023 outburst, the spin frequency of the pulsar increased gradually
to 102.12 mHz (Figure 5.2). This frequency is consistent with the spin frequency observed
after the giant and subsequent normal outbursts between 2017 and 2019 (Wilson-Hodge
et al., 2018; Liu et al., 2023; Serim et al., 2023). The observed increase in spin frequency is
expected as due to the significant transfer of angular momentum to the neutron star due to
mass accretion.

We also investigated the pulse profile of the pulsar from post-giant outbursts, including
the recent 2023 outburst (Figures 5.3). Pulse profiles provide insights into the geometry of
the emission region. Accretion-powered pulsars typically exhibit simpler and smoother pulse
profiles in hard X-rays. In contrast, in soft X-rays, the profiles appear more complex due
to the effects of circumstellar scattering and absorption (White et al., 1983). Our analysis
revealed complex pulse profiles in the 0.5-10 keV energy band, characterized by various dips
or notches at different pulse phases (see Figure 5.4). Similar features have been observed
in the pulse profiles of other Be/X-ray binary pulsars, such as V0332453, 1A 0535+262,
EXO 20304375, GX 304-1, and RX J0209.6-7427 (Tsygankov et al., 2006; Naik et al., 2008,
2013; Naik & Jaisawal, 2015; Epili et al., 2017a; Jaisawal et al., 2016; Vasilopoulos et al.,
2020). These features are generally attributed to the absorption of photons by streams of
matter locked at specific pulse phases of the neutron star, illustrating the dynamics of matter
distribution within the magnetosphere.

The critical luminosity for Swift J0243.6+6124 is estimated to be ~ 103 erg s~! based
on the behavior of source during its giant outburst (Wilson-Hodge et al., 2018). Given this
threshold, the pulsar was accreting in a sub-critical or near-critical luminosity regime during
the normal outbursts between MJD 58303 and 58533 and the recent 2023 outburst, where
the observed luminosity ranged between 0.2-9.0 x1037 erg s~!. We illustrated the evolution
of the pulse profile with luminosity during these normal outbursts in Figure 5.3. Initially, the

037 erg s

pulse profiles are single peak dominated when the luminosity was below ~ 0.5 x 1
Between ~ 0.5 — 6 x 10%7 erg s~!, various dips/notches appear, and the profile evolves to

a double-peaked structure. A distinct double-peaked profile is observed below the first
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transition point Li. Additionally, the pulse profile transitioned from a double-peaked to

1 similar to the

a smooth single-peaked structure at luminosities above ~ 6 x 1037 erg s~
pulse profile shapes reported by (Wilson-Hodge et al., 2018) at around this luminosity. The
observed pulse profile evolution, even below the critical regime, indicates a change in the
emission geometry or beam pattern depending on the mass accretion rate.

Besides the pulse profile, the pulsed fraction (PF') provides valuable insights into the
pulsating emissions from a source. We observed a variation in the PF' corresponding to
changes in luminosity (Figure 5.5). The pulsed fraction (PF') shows a moderate variation
from ~ 10% to 15% within the luminosity range of ~ 2 x 1036 to ~ 9 x 103" erg s~ 1.
Notably, during the giant outburst, Wilson-Hodge et al. (2018) found that the pulsed fraction
increased with rising luminosity above the critical luminosity of 1038 erg s~! from 20% to
55%. Below the critical luminosity, the PF varied between 15-30% during the giant outburst.
This is consistent with our current findings during the post-giant outbursts. Based on the
examination of PF and observed outburst luminosities, the source was accreting below or

close to the critical regime at the peak of these multiple normal outbursts.

5.5.2 Detection of QPO and break feature in the PDS

We observed low-frequency QPOs from Swift J0243.64-6124 at specific epochs within a
particular luminosity range during the normal outbursts following the giant outburst. The
QPO frequencies detected ranged from 30 to 47 mHz within the luminosity range of (0.2-
2.0) x 1037 erg s~! (see Table 5.1). Panels (b) and (c) of Figure 5.5 display the evolution
of QPO frequency and width with luminosity, respectively. The QPO frequency shows a
positive correlation with luminosity, while the width remains relatively constant. No QPO-
like signatures were detected in the 2023 X-ray outburst with NICER. Additionally, no
QPO was found in the NuSTAR observation during the 2023 outburst (Pradhan et al.,
2023). During the 2017-2018 giant outburst of Swift J0243.64+-6124, QPOs with frequencies
between 50-70 mHz within a luminosity range of 0.28-2.05x 1037 erg s~! in 0.2-12 keV
were observed with NICER by Wilson-Hodge et al. (2018). Furthermore, the power spectra
obtained from the Insight-HXMT observation in the 20-40 keV range revealed weak QPOs
with luminosity-dependent frequencies ranging from =~ 50 to 200 mHz during the giant
X-ray outburst (Doroshenko et al., 2020). This indicates the transient nature and energy
dependency of the low-frequency QPOs. The QPO frequencies detected in our study are
consistent with previous QPO studies in other HMXB accreting pulsars (Paul & Naik, 2011).
Additionally, the phenomenon of QPO detection, primarily in the low luminosity phase, has
been observed in other cases, such as KS 19474300 (James et al., 2010).

In HMXBs, the physical origin of these QPOs is commonly explained by two models:
the Keplerian Frequency Model (KFM; van der Klis et al. 1987) and the Magnetospheric
Beat Frequency Model (MBFM; Alpar & Shaham 1985). The QPO feature arises when the
accretion process is influenced by the interaction between the co-rotating magnetosphere
and the inhomogeneities in the inner accretion disc, which creates variabilities in the mass
accretion rate. The KFM states that this variable mass accretion rate occurs at the Kep-
lerian frequency. For MBFM, this happens at a beat frequency between the spin frequency

of the pulsar and the rotational frequency of matter at the inner disc. In the case of
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Swift J0243.6+6124, the spin frequency of the pulsar is approximately 102.1 mHz, while the

detected QPO frequency ranges from 30 to 47 mHz, nearly one-third of the pulsar frequency.
When the spin frequency of the pulsar exceeds the Keplerian frequency at the inner edge
of the accretion disc, the co-rotating magnetosphere expels the accreted matter outward, a
phenomenon known as centrifugal inhibition of accretion (Lamb et al., 1973). The KFM is,
therefore, applicable only when the QPO frequency is higher than the spin frequency of the
neutron star, as observed in the transient Be/X-ray binary pulsars like EXO 20304375 (An-
gelini et al., 1989) and 1A 0535+262 (Finger et al., 1996). Consequently, the MBFM could
potentially explain the origin of the quasi-periodic variabilities in Swift J0243.64+6124, as ap-
plied in previous studies of sources like 4U 01154634 (Dugair et al., 2013) and KS 19474300
(James et al., 2010).

Based on the detected QPO frequency, we can also calculate the magnetic field of the
neutron star using the MBFM. The magnetic field of the neutron star for a dipolar structure
is given by

. 1, Q)
B=4x 1011M1.f/6Rg3Mig2(m—}Z

)" G (5.2)
Where, M 4=1.4Mp, (mass of the neutron star), M_g=10"8M yr~! (mass accretion rate),
and Rg=10° cm (radius of neutron star).

According to MBFM, Qg = Qgpo + €25, where Qg, Qgpo, and {2 represent the Keple-
rian frequency, QPO frequency, and pulsar spin frequency, respectively. For the luminosity
range of 0.2-2.0 x 107 erg s~ (assuming a distance of 7 kpc), the mass accretion rate (M)
is estimated to be between 0.02-0.13 x 10~ Mg, yr~!. Applying these values in the relevant
equation and considering the detected QPO and pulsar frequencies, the magnetic field (B)
of the neutron star is estimated to be ~2.5 x 10'? G. This magnetic field value aligns well
with measurements from previous studies using indirect methods (Tsygankov et al., 2018;
Doroshenko et al., 2020; Bykov et al., 2022). For instance, Tsygankov et al. (2018) found
that the non-detection of the propeller effect constrained the upper limit of the magnetic
field to 6 x 10'2 G. Additionally, Doroshenko et al. (2020) analyzed various features such as
the propeller effect and state transitions to estimate the magnetic field range to be ~ (3-9)x
10'? G, with the lower limit being more probable.

Our estimated magnetic field also aligns with findings by Jaisawal et al. (2019), who
suggested a lower magnetospheric radius and a relatively low magnetic field ranging from
10 to 10'? G based on significant iron line broadening at higher luminosities. Bykov et al.
(2022) calculated magnetic field of the pulsar by using the reflection model relxilllp during
the super-Eddington phase of the source, and found that at the peak of the outburst, the
inner accretion radius was approximately 2-3 x 107 cm, corresponding to a magnetic field
of 3 x 10'? G. However, some other studies have suggested that the magnetic field of the
pulsar might be an order of magnitude higher than our estimate. For example, Kong et al.
(2022) detected a cyclotron resonance scattering feature (CRSF) in the 120-146 keV range
through phase-resolved spectroscopy during the bright phase of the outburst. The calculated
magnetic field from this observation is approximately 1.6 x 10" G, which is the strongest
magnetic field detected for a neutron star in binaries. This high magnetic field component
is thought to represent the quadrupole component of the magnetic field.

A distinct break is evident in the power density spectra, as depicted in Figure 5.6. The
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variation of the obtained break frequency (Bry) with luminosity is illustrated in panel (e) of

0%7 erg s71, the Bry remains stable at ~80 mHz.

Figure 5.5. Below a luminosity of ~7.5x1
However, beyond this threshold, the break frequency increases to 140 mHz, surpassing the
pulsar spin frequency (101 mHz). A similar evolution pattern was observed by Doroshenko
et al. (2020) (Figure 6) in the 20-40 keV Insight-HXMT light curve. Notably, the first

037 erg s~!, although their connection

spectral transition was also noted at around 7.5x1
remains unclear.

Furthermore, the slopes of the power laws below and above the break frequency exhibit
variations in luminosity, ranging between 0.5-1 and 2-3, respectively. These slopes, denoted
as 'y and I's in the PDS, are attributed to variabilities in the accretion disc and magne-
tosphere of the neutron star, respectively (Hoshino & Takeshima, 1993; Revnivtsev et al.,
2009). This suggests a transition of matter flow from the accretion disc to the magneto-
sphere. The higher values of I's compared to I'; indicate a suppression of variabilities within
the magnetosphere (Revnivtsev et al., 2009). Moreover, the observed break frequency, nearly
1.4 times the spin frequency, suggests that the variability timescale relative to the break fre-
quency is not directly associated with the expected Keplerian timescale at the inner edge of
the disc (Revnivtsev et al., 2009). This inference holds particularly true at low luminosity

levels, where the spin period is anticipated to be around the same duration.

5.5.3 Spectral characteristics of Swift J0243.6+6124

To comprehensively understand the X-ray emission mechanisms in Swift J0243.6+6124 and
complement our timing investigations, we conducted spectral analysis utilizing high-cadence
NICER data. Our study spanned a broad time frame from 2017 to 2023, encompassing the
giant outburst, multiple subsequent normal outbursts, and the recent 2023 X-ray outburst.
Through spectral analysis, we determined that the highest luminosity of the source in the
0.7-10 keV range reached 1.53x103? erg s~!. This finding indicates that throughout the ob-
servation period, the source surpassed the Eddington luminosity limit (Lggq = 1.25x10%8 erg
s~! for a typical 1.4M, neutron star), the theoretical maximum luminosity for a spherically
symmetric emitting source. However, our observations of luminosity beyond the Edding-
ton limit are influenced by certain assumptions in its calculation; firstly, assuming spherical
accretion, and secondly, considering interactions between incoming matter and outgoing
photons through Thomson scattering. However, in the case of highly magnetized neutron
stars, the interaction cross-section can be significantly lower than the Thomson scattering
cross-section, allowing radiation to escape in a direction perpendicular to the mass accretion
direction. In aggregate, this phenomenon can elevate the luminosity of the pulsar beyond
the Eddington limit (Basko & Sunyaev, 1976).

Our spectral analysis unveiled two distinct transitional luminosities, labeled as Ly and
Ly, approximately ~7.5 x 1037 and ~2.1x10% erg s~! in 0.7-10.0 keV energy range, re-
spectively, for a distance of 7 kpc. These transitions manifest in continuum parameters such
as the photon index and cutoff energy, as depicted in Figures 5.8 & 5.9. Insight-HXMT
observed similar transitions at ~1.5 x10%® erg s™! and 4.4 x1038 erg s~! in 2-250 keV band
at a distance of 6.8 kpc (Kong et al., 2020). These two transitions in spectral parameter

evolution represent novel findings for Swift J0243.6+6124. Such behavior has potentially
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not been observed previously in any other accretion-powered pulsars. In a study by Reig

& Nespoli (2013), spectral analysis of nine Be/X-ray binary pulsars indicated the presence
of two branches, suggesting a single-luminosity transition. However, the photon index of
these sources evolved differently compared to Swift J0243.64+6124, i.e., the photon index
decreased with increasing luminosity up to the first transition point (Figure 6 of Reig &
Nespoli 2013) except for Swift J1626.6-5156, where it remained constant. This discrepancy
underscores the distinct X-ray emission mechanisms in Swift J0243.64+6124 compared to
other accretion-powered pulsars. While Reig & Nespoli (2013) identified only a single tran-
sition point in the evolution of spectral parameters with luminosity, indicating the presence
of two accretion modes on either side of the transition point or critical luminosity, our study
of Swift J0243.64+6124 revealed two transition points. This suggests the presence of three

distinct accretion modes, implying a more intricate behavior in this source.

In accretion-powered X-ray pulsars, the relationship between the photon index and lu-
minosity evolves depending on the accretion regimes, where the primary source of X-ray
emission is the accretion column. Typically, these pulsars exhibit a negative correlation
between the photon index and luminosity below a single transition point or critical lumi-
nosity. Conversely, a positive correlation is anticipated between these parameters in the
super-critical luminosity domain. In the sub-critical luminosity regime, the shock region
within the column is positioned much closer to the neutron star surface (Becker et al.,
2012). The shock region ascends as the mass accretion rate rises, resulting in a taller col-
umn in the super-critical luminosity domain. In this scenario, photons may not acquire
sufficient energy through bulk Comptonization to generate high-energy photons, resulting
in a softer spectrum as luminosity increases. Conversely, in the sub-critical regime (below
the transition point), the size of the interaction region diminishes with increasing luminosity.
This leads to a rise in optical depth, thereby stiffening the spectrum. However, in the case
of Swift J0243.64+6124, a notable observation was made: there exists a positive correlation
between the photon index and X-ray luminosity up to a transition point of approximately
7.5x10%7 erg s~! (first transition zone). Beyond this threshold, the correlation becomes

1

negative up to a certain limit (2.1x10% erg s~!; second transition zone), and subsequently,

no correlation was observed beyond a luminosity of 2.1x1038 erg s—!.

First accretion mode (Lx < Li): Below the luminosity threshold of ~7.5x1037
erg s~1, we observe a positive correlation between the photon index and luminosity within
the first transition zone. This positive correlation signifies that the lower-energy X-ray
photons contribute more to the continuum than bulk Comptonized photons in the accretion
column. A softer spectrum suggests the possibility of blackbody emission from the source.
In this accretion mode, we observe a rise in the soft blackbody emission with a temperature
(kT) ranging from approximately 0.1 to 0.7 keV, emanating from a region with a radius
(Radius) of approximately 10 to 30 km. The temperature and size of this emitting region
suggest a combination of photons originating from both the surface of the neutron star
and the hot spot region (Zhao et al., 2019; Elshamouty et al., 2016). This soft photon
emitting region, characterized by temperatures between 0.3 and 0.4 keV and sizes ranging
from 25 to 38 km, was also identified by Beri et al. 2021 using AstroSat during similar

luminosity ranges. Previous studies have also indicated the presence of single or multiple
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blackbody components representing soft X-ray emissions from the column and/or optically
thick outflow in the spectrum of Swift J0243.6+6124 (Jaisawal et al., 2018; Kong et al., 2020;
Tao et al., 2019). These thermal regions may contribute to the softer spectrum observed
in this accretion mode. As the X-ray luminosity increases, the gas shock region (photon
emitting region) is expected to ascend within the polar region. This leads to an increase
in the plasma temperature in the shocked region, resulting in a rise in shock height with
the mass accretion rate. Consequently, the optical depth decreases, leading to less efficient
cooling of the accreting plasma. This increase in plasma temperature in the accretion column
explains the observed correlation between the photon index (PI) and cutoff energy (Ecu:)
within the first transition zone.

Second accretion mode (L1 < Lx < Ly): In this regime, the photon index and the
cutoff energy exhibit correlated behavior, but both parameters show an anti-correlation with
the luminosity. This indicates the presence of a different emission mechanism compared to
the previous accretion mode. Within the specified luminosity range, the properties of the ac-
cretion column exhibit distinct characteristics, as also observed in the timing analysis (Kong
et al., 2020). This behavior aligns with observations in the sub-critical regime of several
sources such as 4U 0115+63, 1A 05354262, 1A 1118-612, GRO J1008-57, EXO 20304375,
28 1417-624, and SMC X-2 (Reig & Nespoli, 2013; Epili et al., 2017a; Jaisawal et al., 2021;
Gupta et al., 2018; Jaisawal et al., 2023). In this luminosity range, it is expected that a ra-
diation shock is present in the accretion column, although its strength is insufficient to bring
the matter to a complete rest at the stellar surface (Basko & Sunyaev, 1976; Becker et al.,
2012). Instead, the plasma velocity reduces significantly due to Coulomb interactions near
the base of the accretion column (Burnard et al., 1991; Nelson et al., 1993). Consequently,
the height of the emitting region decreases with increasing luminosity following the relation
of he L)_(E)/7 (Becker et al., 2012). The reduction in the size of the sinking region, or the
Comptonization region, leads to an increase in optical depth, producing harder photons and
thus a lower photon index (Becker et al., 2012). Additionally, the cutoff energy decreases
as the cooling mechanism through Comptonization dominates over the heating mechanism
in this luminosity range, given the increased density resulting from the decreasing height of
the emission region.

Third accretion mode (Lxy > Lg): Within this luminosity range, the source enters a
super-critical state, where we observed that the photon index (PI) remains nearly constant
with luminosity while the F.,; value decreases. This state is marked by the prevalence
of radiation pressure, dictating the flow dynamics of plasma, ultimately leading to plasma
settling on the stellar surface (Davidson, 1973; Basko & Sunyaev, 1976). The height of the
emission region in this scenario increases with luminosity, following the relation h, o< Lx
(Becker et al., 2012). Here, the effective velocity of incoming electrons decreases due to
the balance between advection (inwards) and diffusion (outwards) of photons (Becker et al.,
2012). With the reduced effective electron velocity, the photons do not acquire enough energy
through bulk Comptonization, resulting in spectral softening. Additionally, we detected a
blackbody emission with a temperature of approximately 0.1 keV and a size of around 200

km. These characteristics of the blackbody emission suggest the presence of optically thick



Chapter 5. Long-term study of the first Galactic ultraluminous X-ray source

Swift J0243.6+6124

126 using NICER
outflow during the super-Eddington phase, as proposed by Tao et al. (2019) and Beri

et al. (2021).

In our spectral examination spanning from 0.7 to 10 keV, along with the evolving iron

emission lines as previously noted (e.g., Jaisawal et al. 2019), we detected emission lines at
around 1 keV (see Figure 5.7). These lines exhibited noticeable intensity during the super-
Eddington phase. The likelihood of these lines originating from instrumental artifacts is low,
as indicated by the instrument team?. The ~1 keV line has also been observed in various
sources with NICER, including Serpens X-1 (Ludlam et al., 2018), IGR J17062-6143 (Bult
et al., 2021), and NGC 300 X-1 (Ng et al., 2022). These emission lines displayed a distinct
single-peak shape, which prompted us to model them using a Gaussian function. The changes
in the key parameters associated with these lines are depicted in Figure 5.10. Several other
studies have also reported the presence of this line in ULX pulsars (Kobayashi et al. 2023 and
references therein). These line features could originate from a combination of Fe-L emissions
(Gu et al., 2019). The evolution of the 1 keV line parameters with luminosity is illustrated
in Figure 5.10. The central line energy variation with luminosity remained within the error
bars. However, ¢ and EW initially increased with luminosity up to the first transitional
luminosity L; (~ 7.5x10%7 erg s7!), and then decreased beyond that with luminosity. The
line width reached up to 0.1 keV, implying that the velocity of the line-emitting material
could be around 10% of the light speed based on Doppler broadening. This suggests that the
lines might have originated from the accretion disc or an ultra-fast outflow proposed during

the super-Eddington phase of the pulsar (van den Eijnden et al., 2019; Jaisawal et al., 2019).

5.6 Conclusion

In conclusion, our analysis of the ultra-luminous X-ray source Swift J0243.64+6124 using
NICER data has provided significant insights into its behavior across varying luminosity
phases. We observed a luminosity-dependent break in the power density spectra, suggesting
alterations in the accretion dynamics, and identified quasi-periodic oscillations within a
specific luminosity range. Throughout the 2023 outburst, the neutron star exhibited a
spin-up state alongside variations in its pulse profile. Spectral examination unveiled two
luminosity-dependent transitions occurring at Ly ~ 7.5x10%7 erg s7! and Ly ~ 2.1 x 1038

Lin continuum parameters, highlighting the presence of three distinct accretion modes

erg s

during the giant outburst. We also detected a soft blackbody component (kT ~ 0.08-0.7
keV), which underwent a discontinuous transition as the source transitioned from a sub-
Eddington to a super-Eddington state. Notably, emission lines around 1 keV were observed
during the super-Eddington state, indicative of X-ray reflection from the accretion disc or

outflow material.

‘https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/arf-rmf/
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Chapter 6
Summary and Future Work

This thesis presents our studies on X-ray and optical emission mechanisms in Be/X-ray
binaries using X-ray and optical observations of three binary systems with various observa-
tories. The BeXRBs, the largest group within high mass X-ray binaries (HMXBs), typically
consist of a neutron star and a massive non-supergiant Be star. The neutron stars in these
systems derive their energy by accreting mass from the circumstellar disc of the Be stars,
predominantly emitting in the X-ray regime. The companion Be stars are bright in optical
and infrared wavebands. They commonly show HI, Hel, and Fell emission lines at specific
phases of their lifetime. Such distinctive characteristics are attributed to an equatorial cir-
cumstellar disc around the Be star. The BeXRBs show two types of X-ray activities: normal
(Type I) and giant (Type II) X-ray outbursts. The peak luminosity of a normal outburst
can reach up to 1037 erg s~! and are periodic. The periodic nature is attributed to mass
accretion by the neutron star during the periastron passage of BeXRB. On the other hand,
the giant outbursts are very bright compared to the normal outbursts. The peak luminosity

037 erg s!. The giant outbursts are rare and

during the giant outbursts can increase to ~1
occur once or twice in a decade. The cause of the giant outbursts in these systems, the inter-
action of the neutron star and Be circumstellar disc, and the change in the X-ray emission
properties of the neutron star during these outbursts need to be understood clearly. In this
thesis, we attempted to address these topics using X-ray and optical observations of a few
BeXRBs during X-ray outbursts and quiescent phases.

During the giant X-ray outburst, the luminosity of pulsars changes from 3 to 4 orders
of magnitude, and they can also achieve the super-Eddington state, which is very rare
in accreting pulsars. The X-ray emission properties change significantly due to the large
variation in luminosity. That motivates us to understand the dynamics of complex physical
processes in the accretion column with mass accretion rate or luminosity, especially at the
super-Eddington phase, which is rarely achieved by any accreting pulsars. To achieve our
objectives, we used data from X-ray and optical observatories. This approach is crucial as
pulsars emit in X-rays, while their Be companions emit in optical wavelengths.

Three BeXRBs, 1A 05354262, IGR J060744-2205, and Swift J0243.6+6124, are studied
to achieve our objective in this thesis. These sources are chosen as they provide the best
scenario that aligns with our objective. We have carried out optical spectroscopic analysis
using data from MIRO and IAO. We studied the evolution of the Ha line, the best tracer of

the circumstellar disc around Be stars. The change in properties of the Ha line is investi-
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gated before, during, and after the outburst to check the effect of the X-ray outburst on the
circumstellar disc. Using X-ray data from NICER, AstroSat, and NuSTAR, we performed
timing and spectral analysis to understand the properties of the pulsar. Timing and spec-
troscopic analysis are carried out at various X-ray luminosities to investigate the change in
emission properties of the pulsar with mass accretion rate. The results obtained from these
studies are presented in previous chapters. In this chapter, a summary and future scopes

are described.

6.1 Summary

In Chapter-3, we present optical spectroscopic results of the BeXRB 1A 0535+262, covering
epochs before, during, and after the 2020 giant X-ray outburst. Various DIBs and telluric
features are detected in the spectra alongside features like Ha, He T (6678 A), and He I
(7065 A), which are specific to the Be star. These three line features are found to be in
emission form throughout our observation, confirming the absence of the disc-loss phase.
The Ha line is a good indicator of the physical condition of the circumstellar disc and also
has good SNR for a detailed study. The He I line shapes vary throughout our observation.
However, during our observations, the SNR of this line is very poor for a detailed study.
The Ha line is found to be strongly variable as the outburst progresses. Before the outburst,
the Ha emission line was asymmetric and single-peaked with a broad red wing. However,
during the outburst, the shape of the line exhibited a broad blue wing. After ~400 days
from the onset of the outburst, the profile evolved to a double peaked profile. For a detailed
quantification of the variation in shape, the Ha lines are modeled with the Voigt function.
Two Voigt functions are used to model the red-shifted and blue-shifted components. By
fitting the Voigt function, we calculate two important parameters: V/R (the ratio of blue-
shifted to red-shifted flux) and AV (peak velocity difference between the blue-shifted and
red-shifted components). We also calculate the equivalent width (EW) and FW HM of Ha
lines. The value of AV is used to calculate the radius of the Be disc. The size of the disc
radius varies significantly during our observation period. Before the giant outburst, the size
of the Be disc increased and then decreased significantly as the outburst progressed. Prior
to the giant outburst, the size of the disc radius is found to be larger than the truncating
radius, suggesting a highly misaligned Be disc. From the change in shape and strength of the
Be disc, we suggest that during the 2020 giant outburst, the highly misaligned disc warped
and precessing, and the neutron star captured a huge amount of matter from the warped
disc. We also study the properties of the pulsar during the rising phase of the outburst using
AstroSat pointed observation. The X-ray pulsation at 103.55 s is detected in the light curves
up to 110 keV. The energy-resolved pulse profiles are generated using SXT, LAXPC, and
CZTI data to study the change in its properties in a broad energy range. The pulse profile
evolved from a double-peaked shape in low energy ranges to a single-peaked shape at hard
X-ray ranges. Pulse profiles obtained in the lower energy ranges exhibit various absorption
dips, whereas in higher energy ranges, pulse profiles are smoother. The multiple absorption
dips are present because of the inhomogeneous distribution of soft X-ray absorbing material

in the ambient region of the neutron star. The broadband spectroscopy is also carried out
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in the 0.7-90.0 keV range, and the source luminosity is estimated to be 3.91 x 103" erg
s~!. The CRSF is detected at 46.3 keV, suggesting the magnetic field of the pulsar to be
5.2x1012 G.

Chapter-4 discusses the X-ray and optical studies of BeXRB IGR J06074+42205. We
started our monitoring observations of IGR J060744-2205 in the optical band in November
2022. The source then underwent two X-ray outbursts in October and December 2023.
IGR J06074+2205 was observed during both the X-ray outbursts with NICER, whereas
NuSTAR observed the source only during the October outburst. We also carried out optical
observations close to the outbursts, and the observation continued after that. X-ray tim-
ing and spectral analysis of NICER and NuSTAR observations are carried out. We detect
coherent X-ray pulsations from the neutron star at ~374.60 seconds. Using this period,
the pulse profiles are generated at different luminosity levels in the 0.5-10 keV energy band
using NICER data. The pulse profiles at lower luminosity are found to be complex in shape,
whereas at higher luminosity, the pulse profiles exhibit smoother shape. Then, to investi-
gate the energy variation of the pulse profiles, we generated pulse profiles at different energy
bands. Interestingly, the shape of pulse profiles did not vary much with energy in lower
luminosity levels. However, it varied significantly at the higher luminosity phase. In the
0.5-1 keV band, the pulse profile is smooth and single-peaked. With increase in energy, a
second peak arises in the 0.5-1 phase range. The second peak eventually becomes dominant
at higher energies. Furthermore, the NuSTAR data are used to generate pulse profiles to
understand the properties of the pulse profile in the hard X-ray energy range. NuSTAR
observed the source at two different luminosity levels. Energy-resolved pulse profiles are
generated in narrow energy ranges. The shape of the pulse profiles in low energy (< 20 keV)
is significantly different for two NuSTAR observations. At the low luminosity phase only, an
absorption dip is present in the 0.5-1 phase range, which is more prominent at lower energy.
Hence, the pulse profiles showed a strong correlation with both luminosity and energy, high-
lighting the complex characteristics of the emitting region. The spectral analysis is carried
out using 13 NICER observations in the 1-7 keV energy band. A simple absorbed power-law
model described the NICER, spectra within the 1-7 keV band. The line of sight absorption
and the photon index did not vary much, highlighting the fact that there was no change
in the emission properties of the source in the observed luminosity range. The luminosity
evolution of the source during the two outbursts suggests that NICER observed the source
during the declining phases. To understand the properties of the source in the hard X-ray
regime, we carried out the spectral analysis using NuSTAR data. The NuSTAR spectra
reveal an iron emission line at around 6.3 keV during the brighter phase, corresponding to a
luminosity of ~5.56x10% erg s™1. A cyclotron absorption line at approximately 50.7 keV,
indicating a magnetic field strength of 5.69x10'? G, is detected only during this brighter
observation. The orbital parameters of the source are not known yet. Using the long-term
MAXI/GSC light curve, we estimated the potential orbital period of IGR J06074+2205 to
be approximately 80 days or 80/n days (n=2,3,4). Further, we presented results from optical
spectroscopic analysis of observations taken between 2022 and 2024 with MIRO and TAO,
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using MFOSC-P and HFOSC instruments, respectively. A prominent Ha line is observed
throughout our observation. The prominent Fe IT (5577.91 A) line is only observed in recent
observations due to the large wavelength coverage of HFOSC. These observations show vari-
ability in the Ha and Fell emission lines, with an increase in equivalent width. The Ho and
Fe II lines are fitted with the Voigt function. Using the best-fitted parameters, the size of
the line-emitting regions is calculated. We find that the size of both line-emitting regions is
increasing with time. This suggests that the circumstellar disc around the Be star is growing
larger and becoming denser. In our latest observation, we also observe weak signatures of
He I (7065 A), He I (6678 A), and He I (5875.72 A) lines, which support the presence of a
stronger disc. The Ha line is found to evolve from double-peaked to single-peaked. However,
the Fe II line remains double-peaked. This suggests the different orientation angle of Ho and
Fe II line emitting region with respect to the observer. We also noted a distinct variation
in the V/R value for Ha and Fe II, indicating a non-uniform distribution of a one-armed
perturbation in the radial direction. Optical studies suggest that disc properties did not
change much during the X-ray outbursts in October and November 2023, unlike during the
giant outburst observed in 1A 05354-262. The strength of the disc is also increasing, which

can lead to another outburst in the future.

Chapter-5 presents the long-term Study of the first Galactic ULX Swift J0243.64+6124
using NICER. Swift J0243.6+6124 was discovered during the 2017/18 giant outburst. After
the giant outburst, the pulsar also showed multiple normal outbursts, including the recent
one in 2023. Using the long-term monitoring capabilities of NICER, Swift J0243.64-6124 was
observed during the giant and subsequent normal outbursts. We carried out a comprehensive
analysis of the X-ray timing and spectral properties of the X-ray pulsar Swift J0243.6+6124
during its giant and normal outbursts between 2017 and 2023. The timing analysis is car-
ried out on the data during the normal outbursts. During the 2023 outburst, the neutron
star exhibited a spin-up state, and the pulse profile varied significantly with luminosity be-
tween 1.8x10%6 and 9.3x1037 erg s~!. At a lower luminosity state, the pulse profiles exhibit
complex structure. With increasing luminosity, the profile becomes smoother. The pulse
profile variation with luminosity suggests a change in the behavior of the ambient region
with luminosity. We also observed a luminosity-dependent break in power density spectra,
indicating changes in accretion dynamics close to the magnetospheric radius. Interestingly,
the quasi-periodic oscillations are observed only within a specific luminosity range. Then,
we carried out spectral, which includes giant as well as normal outbursts. To understand the
evolution of the pulsar emission over multiple outbursts, we considered a uniform contin-
uum model to assess the changes in model parameters with the source luminosity. Spectral
analysis revealed two luminosity-dependent transitions at approximately Li ~ 7.5x10% erg
st and Ly ~ 2.1 x 1038 erg s™! in continuum parameters, highlighting three distinct ac-
cretion modes during the giant outburst. In the first accretion mode, a positive correlation
between the photon index (PI) & cutoff energy (Ecy:) was observed, and both are correlated
to luminosity. In the second accretion mode, both the PI & E.,; exhibited a correlated be-

havior with each other, but both parameters showed an anti-correlation with the luminosity.
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In the third accretion mode, the source is in a supercritical state, and we found that the
PI remains almost constant with luminosity while the E.,; value decreases. These findings
suggest the change in complex dynamics of physical processes near neutron stars as the
source evolves from the sub-Eddington to the super-Eddington phase. We detected a soft
blackbody component (kT ~ 0.08-0.7 keV), which underwent a discontinuous transition as
the source evolved from a sub-Eddington to a super-Eddington state. We also observed an
emission line around 1 keV during the super-Eddington state. The line width reaches up
to 0.1 keV, suggesting the velocity of the line-emitting material is around 10% of the speed
of light. Hence, ultra-fast moving material is the probable origin of the 1 keV line. The
detection of ~1 keV line signifies that during the super-Eddington phase, a strong optically
thin ultra-fast outflow is present in the system.

The focus of my thesis is on Be/X-ray binary systems (BeXRBs) to examine the mech-
anisms of giant X-ray outbursts and corresponding X-ray and optical emissions from the
binary companions. The BeXRBs exhibit two types of outbursts: Type I (normal) and
Type II (giant). While the basic mechanisms of Type I outbursts are well understood,
the causes of giant outbursts still need to be better understood. Giant outbursts are rare,
with some sources never exhibiting this kind outburst. To address this gap, I conducted
a long-term optical study of a particular BeXRB source, finding that during a giant X-ray
outburst, mass accretion takes place by the neutron star from a warped circumstellar disc of
the companion Be star. This suggests that the accretion of mass from a warped disc could
be a key mechanism behind the giant X-ray outbursts. Additionally, my research delves into
the physical processes within the accretion column that influence X-ray emissions from pul-
sars. These processes vary significantly with the mass accretion rate or luminosity, especially
when pulsars exceed the Eddington limit, a rare phenomenon. By studying a specific source,
I found that the source underwent three distinct accretion modes as it evolved from sub-
Eddington to super-Eddington states. This indicates that the complex physical processes in
the accretion column change drastically with varying luminosity states. My contributions to
the community include providing insights into the mechanisms behind the giant outbursts
in BeXRBs and advancing the understanding of the dynamics of physical processes in the

accretion column during different luminosity phases.

6.2 Future prospects

Building on the findings of this thesis, several directions for future research emerge that can
further advance our understanding of BeXRBs. In the future, I will focus on more detailed
statistical aspects of various X-ray and optical phenomena observed in BeXRBs.

Firstly, while this study has suggested that the giant X-ray outbursts in BeXRBs may
be driven by the accretion of mass from a warped circumstellar disc, further investigations
are needed to confirm this mechanism across different sources. Future research plan in-
volves long-term multi-wavelength observational campaigns to track the disc dynamics and
mass transfer processes in a broader sample of BeXRBs. High-resolution spectroscopy and
advanced modeling techniques could provide deeper insights into the conditions that lead

to the formation of warped discs and their role in triggering giant outbursts. We have
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been monitoring and will continue our monitoring program of six BeXRBs in the optical
waveband. This will help us understand the long-term optical properties of BeXRBs and
the different conditions of the disc at which X-ray outbursts occur. During our project on
IGR J06074+2205, we came to know about two of its peculiar properties such as (i) the
detection of pulsation when the Ha line was in absorption, and (ii) the transition of Ha
line from emission to absorption without observation of any significant X-ray outburst. Fu-
ture multi-wavelength simultaneous observations will help us in understanding these aspects.
We also have proposed optical observation of two BeXRBs 1A 0535+262 and LS V 44+77
at higher wavelength resolution (R~30000) from the Hanle echelle spectrograph (HESP)
mounted on the Himalayan Chandra Telescope (HCT) at IAO. The HESP data will help us
understand the complex structure of line emission profiles that arise due to the effect of the
warped discs.

Quasi-periodic oscillation (QPO) features are observed in Swift J0243.64+-6124 and ex-
hibited exciting properties. The QPOs are detected only within a specific luminosity range.
Hence, studying QPOs in detail will provide us knowledge on the complex interaction be-
tween the inner accretion disc and the magnetic field of the neutron star. The energy-resolved
pulse profile of IGR J06074+2205 obtained using NICER data exhibited unique properties
that, at lower energy, the pulse profile is single-peaked. However, with increase in energy,
another peak is found to emerge in the pulse profile. The evolution of pulse profiles in such
a manner is also observed in sources like GX 301-2 and Vela X-1. However, this behavior of
the pulse profile is in contrast with many other accreting X-ray pulsars like GRO J1008-57,
4U 0115463, 4U 1909+07, 1A 0535+262, and 2S 1417-624, where secondary peak intensity
decreases as the energy increases. Hence, a detailed study of this feature is required to
provide a clear picture. In future, I will look into this feature in more detail at different
luminosity and energy ranges.

Additionally, the study of the physical processes in the accretion column, especially
during the super-Eddington phase, remains an area for exploration. My future work will
focus on conducting detailed physical modeling of the accretion column dynamics under
varying mass accretion rates. The physical models will be applied to broadband spectra

using data from X-ray observatories like NuSTAR and AstroSat.
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