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Synopsis

Introduction

Ultraluminous X-ray sources (ULXs) are one of the brightest X-ray emit-
ting sources with luminosity exceeding the classical Eddington limit of a
10M, black hole (i.e., Ly > 10% ergs™1). Initially, the powerhouse of ULXs
was thought to be sub-Eddington accretion onto intermediate-mass black
holes (IMBHs). However, recent spectral and timing studies have estab-
lished that few sources are certainly stellar-mass compact objects like neu-
tron stars (NSs). Many ULX populations could also be stellar-mass black
holes (StMBHs). Nevertheless, there is a sub-class of sources known as hy-
perluminous X-ray sources (HLXs), which are still considered candidate
IMBHs. ULXs are understood to be unique X-ray binary systems since
their spectral properties are observed to be different from most of the sub-
Eddington X-ray binaries or AGNs. Interestingly, most ULXs have shown
unique spectral curvature ~ 6-10 keV, confirmed by broadband X-ray stud-
ies. These sources are mysterious since many essential questions about their
properties remain unanswered. For example, what is the powerhouse of
such high luminosity in the ULXs, why do their spectral properties differ
from Galactic X-ray binaries (XRBs), what is the origin of unique spectral
curvature in these sources, and what is the nature of the central compact
objects? We study some individual sources using different space-based X-
ray observatories, examine their timing and spectral properties, and explore
plausible answers to some questions. We specifically explore some of their
fundamental characteristics, like the nature of the compact objects and the
physics of the accretion flow, and propose a new theoretical model to ex-

plain the unique spectral curvature of ULXs.
X-ray flaring in NGC 4395 ULX1

We report the detection of X-ray flaring events in NGC 4395 ULX1 using
XMM-Newton observations. We find that the spectral state of this source
is best classified as intermediate between the soft and supersoft ultralumi-
nous states. The flaring incidents are found to be spectrally harder than
the steady-emission intervals. Consequently, we also find that the high-

energy photons exhibit higher fractional variability than the soft photons.

xiii



The continuum spectra are described by a two-component thermal accre-
tion disk, i.e., one Keplerian disk and a slim disk. In all observations, we
detect a broad hump-like feature around ~ 0.9 keV on top of the contin-
uum spectra. A higher slim-disk temperature due to a higher mass accre-
tion rate is a characteristic feature during the flaring events. The luminos-
ity—temperature profile is broadly consistent with both L o« T? and L « T*
relations. The empirical prediction for a slim accretion disk in the case of
super-Eddington accretion onto a stellar-mass compact object is L « T2,
which is a possible scenario in ULX1. The origin of the flaring events is un-
derstood as an intrinsic change in accretion rate or the presence of variable

clumpy wind in the inner region of the accretion disk.
Spectral variability in NGC 1042 ULX1

We report X-ray spectral variability in an ultraluminous X-ray source NGC
1042 ULX1, using archival XMM-Newton and recent NuSTAR observations.
In long-term evolution, the source has shown a trend of variation in spectral
hardness. The variability in different XMM-Newton observations is promi-
nent above ~ 1 keV. Cool thermal disk component with a characteristic
temperature of ~ 0.2 keV manifests that the spectral state of NGC 1042
ULX1 in all epochs is similar to that of the ultraluminous state sources. An
apparent anti-correlation between luminosity and powerlaw index demon-
strates that the source becomes spectrally harder when it is in a brighter
state. That is conceivably related to variation in accretion rate, the strength
of comptonization, wind/outflow in the system, or a manifestation of vary-
ing disk occultation. Typical hard ultraluminous type spectra indicate that
NGC 1042 ULX1 is a low inclination system in general. Spectral prop-
erties suggest that, like many other ULXs which show spectral curvature
around ~ 6-10 keV, NGC 1042 ULX1 could be another stellar-mass super-
Eddington accretor.

Synchrotron cutoff in ULXs

The origin of spectral curvature at around E ~ 10 keV in ultraluminous
X-ray sources is not well understood. We propose a simple but novel theo-
retical model based on synchrotron radiation to explain this spectral cutoff.

We show that emission from different latitudes can explain the spectral cur-

Xiv



vature, which is based on the underlying equation:

e2w?

dly = -~ [tan? 0]%(np cos 0) + B*J,*(nBcos0)] dQ), (1)

where B = ©v/c, B is the magnetic field strength, and 6 is the angle be-
tween radiated emission and the particle’s orbital plane. J,(x) is the Bessel
function and J},(x) its derivative. The integer n denotes the discrete en-
ergy levels of electron’s energy with w = nwp, where wp = eB/ymc, and
v = 1/4/1— B2 We show that relativistic plasma can give rise to such
spectral curvature for neutron star magnetic fields (B ~ 10 G) due to the
variation in the latitude of synchrotron radiation. A semi-relativistic plasma
(7 ~ 10) with high latitude angle or a highly relativistic plasma (y ~ 10°)
with emission close to the electron’s orbital plane can adequately explain
this curvature for two pulsar ULX systems, namely, NGC 5907 ULX1 and
NGC 7793 P13. A corollary of our study is that most ULXs that show such

spectral cutoff might be neutron star systems.

We also discuss results from the analyzed X-ray data of a few other ULX
sources (e.g., NGC 4190 ULX1, NGC 4254 X2, NGC 1291 ULX1, NGC 4244
ULX1). We investigate their spectral properties with different models and
explore their physical implications. The study of several ULX sources helps
us understand and compare their physical characteristics. We study a ULX
source NGC 6946 X-1, which exhibits soft spectra. A study of its continuum
spectral properties shed light on the underlying accretion mechanism in this

source.
Summary and future prospects

We have studied some individual ULXs and their spectral and timing prop-
erties, which helped us understand the physical scenarios in those systems.
We estimated crucial physical properties like the mass of the compact ob-
ject and possible magnetic field strength for some of these sources. We find
the flaring events in NGC 4395 ULX1 for the first time, which is an inter-
esting transient event that occurred in the ULX. We deciphered some char-
acteristics of the transient flaring events in this ULX, which redirects to the
origin of such incidents, such as an intrinsic change in accretion rate or the
presence of variable clumpy wind that partially occults the inner region

and imprints the hard emission variability. We find spectral variability in
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NGC 1042 ULX1 and anti-correlation between spectral photon index and
luminosity which can be interpreted as geometrically beamed hard emis-
sion through the optically thin tunnel or direct hard emission from neu-
tron star accretion column, or varying strength of Comptonization due to
change in accretion rate. We also develop a new theoretical model based on
synchrotron radiation to explain the origin of ULX spectral curvature. We
show the congruence of the theoretical model and data for two pulsar ULXGs.
In the future, this theoretical model can be further investigated extensively
for multiple ULX sources. Investigation of other individual sources and
class of ULX sources is crucial to constrain the physics of these systems. In
the future, we would also undertake a detailed study of the wind or out-
flow mechanism due to super-Eddington accretion. One aspect for future
studies will be a dedicated investigation of HLXs, their timing, and spectral
properties. Future missions like Athena and XRISM will be vital to decipher
more mysteries of ULXs owing to their high effective area and high spectral

resolution.
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Introduction

1.1 | X-ray Astronomy

Human curiosity to unravel the mysteries of the universe is pre-historic. This
curiosity guided our mind to perceive the surroundings with the depth of logic
and philosophy. As the “Homo Sapiens” progress through the modern era, our
understanding of the universe is primarily based on experiments, logical infer-
ence from observations, and explaining possible theories, which are the basis
of “Science.” Broadly defined, Astronomy is a branch of natural science where
we study the universe as a whole and its constituents, i.e., the celestial objects.
Since the invention of telescopes, observation of the sky has been revolutionized,
and we can see cosmic events that were impossible to observe with the naked
eye. The human eye can see a narrow frequency band of the electromagnetic
spectrum, known as the “optical” spectrum. The wavelength of the received
spectrum depends on the energy of the underlying physical phenomena from
which the photons have been generated. Generally, the higher energetic band
of the electromagnetic spectrum comes to us from the most violent phenomena
occurring in the universe. The “X-ray” frequency belongs to such high energy
phenomena.

X-ray astronomy sets off a new era since the observations of X-rays from the
Scorpius constellation, a first of its kind outside of our solar system (Giacconi

et al. 1962). Since X-rays cannot penetrate the Earth’s atmosphere, the observa-
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Chapter 1. Introduction 1.2. X-ray binaries and accretion

tories which detect X-rays are all space-based. The celestial objects from which
the modern observatories detect a significant fraction of X-rays are mostly ex-
treme gravitating objects like active galactic nuclei, compact objects like white
dwarfs, neutron stars and black holes, galaxy clusters, supernova remnants, and

stars.

1.2 | X-ray binaries and accretion

A star remains in a state of equilibrium when it has sufficient fuel that burns to
provide radiation pressure, counter-balancing its gravitational pull. When the
star runs out of such fuel, it collapses due to its own gravitational pull and can
form a compact object in the final stage of its life cycle. Depending on the ini-
tial mass of the star, it can end up in the states like a white dwarf, neutron star,
or black hole. In some cases, another star often comes under the gravitational
influence of the compact object and forms binary systems. The central compact
object engulfs material from the companion by a process called “accretion”. Bi-
nary systems with the core of white dwarfs, neutron stars, or black holes are
significant emitters of X-rays. Typically, when the system has a core of a neutron
star or a black hole, accreting from their companion stars, they are named “X-ray
binary (XRB)” systems (see, e.g., Frank et al. 2002; Shapiro & Teukolsky 1983).

1.2.1 | Accretion

The primary source of the power from the binary systems is understood to be

the extracted gravitational potential energy from the accreting material falling

onto the compact objects (Frank et al. 2002). Suppose the mass of the gravitating

body is M with a radius R. Accretion of mass m would release the gravitational
potential energy as,

GMm
AEqec = R (1.1)
where G is the gravitational constant. This extracted energy is primarily lib-

erated in the form of electromagnetic radiation. If we relate the accretion energy
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with the emitted energy, which is a fraction of the total energy of the accreting

material, we get,

CMm = 17mc2, (1.2)
where 7 is the efficiency of the accretion given by the compactness (M /R) of
the accreting object, i.e., 7 = GM/Rc?, and c is the speed of light in the vacuum.
For a simple nuclear fusion reaction, i.e., the well-known hydrogen “burning”
process, 1 = 0.007. However, generally, for X-ray binaries like a black hole or
neutron star systems, the 7 is assumed to be ~ 0.1 (Frank et al. 2002). Nonethe-
less, it is important to note that accretion efficiency significantly increases with
increasing spin of a black hole (Reynolds 2021). This is due to the fact that
observed emission from a black hole accretion predominantly comes from the
inner region of the accretion flow close to the black hole horizon, which is prac-
tically the inner stable circular orbit (ISCO). This ISCO strongly depends on the
spin of the black hole, inducing spin-dependence of the accretion efficiency 7. In
addition, efficiency can highly vary in the case of neutron star accretion, where
the kinetic energy of the matter falling on the hard surface of the neutron star
would efficiently radiate thermal energy, which increases the accretion efficiency
value (D’Angelo et al. 2015; Narayan & Yi 1995).

1.2.2 | Accretion luminosity and Eddington limit

The luminosity of astrophysical sources is defined by the total energy emitted
per unit time from those systems. For the accretion process, thus, the luminosity

would be,

Lacc - = Umc 7 (1.3)

where 11 is the accretion rate. There is, however, a limit of maximum possible
luminosity from a star to maintain the condition of hydrostatic equilibrium, i.e.,
outward radiation pressure balancing the inward gravitational pressure. As-

suming fully ionized hydrogen plasma and steady spherically symmetric accre-
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tion, this maximum limit of luminosity is known as the Eddington luminosity
(Frank et al. 2002), and it is given by,
Liag = % ~ 1.3 x 10% (N%) ergs ™!, (1.4)
where m, is the proton mass, o7 is the Thomson scattering cross-section,
and M denotes the solar mass. This expression has limitations owing to the
assumptions of spherically symmetric steady accretion and scattering by fully
ionized hydrogen plasma. In general, if the hydrogen mass fraction is X, then
(Poutanen et al. 2007),

M., 17 _
Lggg ~ 1.5 x 10% (M_@) (5 - ) ergs L.

See Poutanen et al. 2007, where solar hydrogen mass fraction X = 0.7 is as-

(1.5)

sumed, and in the fully ionized hydrogen assumption, X = 1. This maximum
luminosity limit has utter importance in understanding and classifying sources
based on the emitted power. The accretion rate that is responsible for the Ed-
dington luminosity is known as the Eddington accretion rate (ri1g;,), such as,

Lgga = Ntitgaac’. (1.6)

For a solar mass (1M) object, it is expected that the luminosity of the source
would be Ly < 1.3 x 10%® ergs~!(from Eq. 1.4). Most Galactic X-ray binary
population exhibits luminosity less than their Eddington limit. Such accretion
processes are known as sub-Eddington accretion. If the luminosity of the source
becomes larger than the Eddington limit, for a fixed accretion efficiency, it is
expected that the accretion rate would be higher than the Eddington accretion
rate. Such an accretion process is known as super-Eddington accretion.

For example, a 10M, object is expected to emit within the luminosity range
of 1.3 x 10% erg s~L. If the intrinsic luminosity is more than this limit, one can
expect that the host is much more massive than ~ 10Ms. Many active galactic
nuclei (AGNs) exhibit very high luminosity, e.g., ~ 10¥-10%" erg s~!. They are
supermassive black holes (SMBHs) at the center of the galaxies, with Millions to
Billions of times more massive than solar mass. Thus, such high luminosity is
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possible within the sub-Eddington accretion regime. However, if a 1My com-
pact object like a neutron star shows luminosity ~ 10¥-10*! ergs™!, then it is
expected that their accretion mechanism is super-Eddington in nature.

1.2.3 | Sub-Eddington accretion and spectral states

Most XRBs are sub-Eddington accreting systems where the central compact ob-
ject is a black hole or a neutron star engulfing material from the companion star.
Depending on the mass of the companion star, the XRBs can be high-mass XRBs
(HMXBs) or low-mass XRBs (LMXBs). Typically, for HMXBs, the accretion pro-
cess is wind-fed accretion, whereas, for LMXBs, the process is Roche-Lobe over-
flow.

Interestingly, the black hole XRBs show transient properties like sudden out-
bursts and quiescent phases. The quiescent state has orders of magnitude less
luminosity compared to the luminosity in an active state of the sources. The out-
burst phase generally exhibits different spectral states and transitions between
them (see Remillard & McClintock 2006 for a review).

Broadly, the most prominent spectral states are high/soft, low/hard, and
very high state. The thermal emission-dominated spectra with higher luminos-
ity belong to the high/soft or thermal state. In this case, the spectra are domi-
nated mainly by the multi-color blackbody emission from accretion disks. The
hard powerlaw dominated (1.4 < I' < 2.1) low luminosity state is known as
low /hard or simply hard state. The hard state in black hole XRBs is mainly un-
derstood to be associated with a quasi-steady radio jet. In XRBs, a significant
fraction of radio spectra are often detected, which are generated via jet syn-
chrotron emission. In fact, the non-thermal emission in these systems is asso-
ciated with Compton up-scattering in the corona or synchrotron emission from
the jet. Another state that is in a relatively higher luminosity regime with spec-
tra being comprised of both thermal and softer powerlaw (I' > 2.4) components
is known as a very high state or steep power law state (Remillard & McClintock
2006).

These different states broadly exhibit some interesting timing characteristics

(Homan & Belloni 2005; Homan et al. 2001). The low state power spectrum
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Figure 1.1: Different spectral states of sub-Eddington black hole XRBs are shown
in a schematic diagram via a jet-disk coupling model taken from figure 7 of
Fender et al. (2004). The upper central panel shows the hardness-intensity
(HID) diagram, where hardness (ratio between count rates of hard and soft pho-
tons) increases to the right and intensity increases upwards. The lower panel
shows how the bulk Lorentz factor of the outflow depends on the hardness.
The sketches outside describe the picture of contributions from the jet (blue),
corona (yellow), and accretion disk (red). The spectral state denoted as HS is
the high/soft state, VHS/IS is the very high/intermediate state, and LS is the
low /hard state.

exhibits strong band-limited noise with typically ~ 20-50% rms and a break fre-
quency below 1 Hz. The intermediate/very high state typically shows weaker
noise ~ 1-20% rms, break frequency around 1-10 Hz. Quasi-periodic oscilla-
tions (QPOs) are observed in this intermediate/very high state in between 1
and 10 Hz. In the case of high state, the noise is very weak, less than ~ 2-3%
rms.

Figure 1.1 (taken from Fender et al. 2004) shows different spectral states and
transitions between these states for the active phase of black hole binary sys-
tems. Typically, for an outburst, the XRB starts from a corona dominated quies-

cent state (i) and progresses to a low/hard state (ii) with increasing luminosity
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and a steady jet. At some point in the very high state, the bulk Lorentz fac-
tor increases rapidly and produces internal shock in the outflow (iii), eventually
ceasing the jet production, which leads to the disk-dominated high/soft state

@iv).

1.3 | Ultraluminous X-ray sources

Ultraluminous X-ray sources (ULXs) are non-nuclear point sources that have
apparent isotropic X-ray luminosity (in 0.3-10.0 keV energy band) more than
10% ergs~! (see Feng & Soria 2011; Kaaret et al. 2017; King et al. 2023 for detail
reviews). This luminosity limit is broadly defined, corresponding to the Edding-
ton luminosity of a 10M, black hole. That means if ULXs are sub-Eddington
accretors, their mass would be more than 10M,. Since the ULXs are far from the
location of the galactic centers, they are not SMBHs. Nevertheless, one possible
explanation is that the mass of the central accretor could be 10°Ms < M <
10*M, i.e., an intermediate-mass black hole (IMBH) (Colbert & Mushotzky
1999).

There are, however, some arguments that do not support the IMBH inter-
pretation. The understanding regarding the formation of IMBHs is still un-
clear. Some models include rapidly merging stellar-mass black holes (StMBHs)
in globular clusters or stars in dense clusters. However, forming a binary sys-
tem with an IMBH host would require a companion star with a sustainable mass
transfer rate (see King et al. 2023 and references therein), which needs to be bet-
ter understood. Some sources have luminosity L, > 10! ergs~! and are known
as hyperluminous X-ray sources (HLXs). These sources are still considered the
best IMBH candidates (Brightman et al. 2016; Kaaret et al. 2017; Webb et al. 2010).
There are two prominent IMBH candidates, namely ESO 243-49 HLX-1 and M82
X-1 (Kaaret et al. 2017). Sutton et al. (2012) has studied some bright sources
where the typical hard spectrum similar to the Galactic XRB sources indicates
that their spectra are consistent with the hard spectral state. Their high lumi-
nosities suggest that the mass of these sources corresponds to IMBHs. Several
studies of the spectra of ESO 243-49 HLX-1 (Davis et al. 2011; Godet et al. 2012;
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Straub et al. 2014) with different spectral models, which include fully relativistic
thin disk and fully relativistic slim disk models, estimate the mass of the black
hole at the core to be in the range of IMBH in all cases. Pasham et al. (2014)
detected twin-peak high-frequency QPOs with a 3:2 frequency ratio in M82 X-1,
which constrained the central black hole mass to be 428 £ 105M. Although
there are possible IMBH candidates in ULX and HLX systems, more recent ob-
servational evidence suggests that ULX spectral properties are quite different
from the standard spectral properties of sub-Eddington XRBs (Gladstone et al.
2009; Sutton et al. 2013). Hence, most of the ULX spectral states are not related
to the low state of IMBH spectra.

Two distinct spectral features of ULXs are the presence of soft-excess S 2 keV
and spectral break in the high energies like ~ 6-10 keV. The consensus for ex-
plaining these features distinguishing from XRBs is that ULXs do not undergo
the sub-Eddington accretion process. They are possibly super-Eddington ac-
creting systems with stellar-mass hosts at the cores. These high luminosities in
ULXs can be explained by super-Eddington accretion (Begelman 2002) or highly
relativistic beaming (Kording et al. 2002) from stellar-mass accretors. In neutron
stars, due to high magnetic field > 1012-10!3 G, the electron scattering cross-
section can get reduced (Canuto et al. 1971), which in turn, would increase the
maximum limit of the luminosity. However, these models are limited to the lu-
minosity range up to 3 x 10% ergs™! (see, e.g., King et al. 2023). King et al.
(2001) suggested that high geometric collimation (or geometric beaming) can
cause such extreme apparent luminosity. If the true luminosity of a ULX is L
and the geometric beaming factor is b << 1, then the apparent spherical lumi-
nosity would be,

1
Lo = 3L >> L. (1.7)

To summarize, if sub-Eddington accretion onto IMBHs is not feasible, then
the high emitted luminosity in ULXs can be interpreted with several other sce-
narios based on super-Eddington accretion rate and beaming. Recent consensus
is that mild beaming (b < 1) with an accretion rate close to or above the Ed-

dington accretion rate (i.e., M > ritgy;) is the dominant reason for such high
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luminosity in these sources (Feng & Soria 2011). If the central accretor is an
StMBH with M < 20M, or a neutron star, then the accretion rate is required to
be significantly above the Eddington accretion rate (i.e., i1 > ritg;;). Whereas, to
generate the same luminosity, for a massive StMBH (20M < M < 100My,), the
accretion rate can be close to the Eddington rate (i.e., 11 ~ ritggy).

1.3.1 | Super-Eddington accretion

Super-Eddington accretion happens when the accretion rate is higher than the
Eddington rate. It is theoretically expected that when the accretion rate is high,
the inner region of the accretion disk geometry is modified from the standard
accretion disk or the well-known thin accretion disk (Shakura & Sunyaev 1973).
In a standard thin accretion disk, the disk scale height is much smaller than
the radius (H << R). However, when the accretion rate increases, the inner
region takes a funnel-like structure and H ~ R (Abramowicz et al. 1988; Dotan
& Shaviv 2011; Sadowski 2011).

The vertical dynamical equilibrium in accretion disk gives the relation be-
tween scale height H, radius R, and the isothermal sound speed cs = \/P_/p,
where P and p are total pressure and density, respectively, combined from gas
and radiation.

H Cs
R~ o

where, vy = /GM/R is the Keplerian velocity (King et al. 2023; Lasota 2016;

Shakura & Sunyaev 1973). This can be written as (King et al. 2023),

(1.8)

H _L(R)
R Lgaa’

L(R) is the local luminosity at radius R. If L(R) << Lg44, and H << R, the
accretion disk is the standard thin accretion disk. If L(R) ~ Ly, then the scale

(1.9)

height approaches the scale of radius H ~ R, and essentially, when L(R) > Lg44,
H > R, the accretion disk takes more of a spherical form rather than a disk.
There are some characteristic radii of the accretion disk in the super-Eddington

regime. When the local luminosity exceeds the Eddington limit, the thin accre-
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tion disk geometry starts to get modified to a puffed-up geometry and becomes a
more spherical-like inner accretion flow. This characteristic radius is the “spher-
ization radius” (Rs,p,). Shakura & Sunyaev (1973) showed that R, depends on
the Eddington ratio ni1g = 11/ 114 as,

27 .

Rsph ~ ZmORS/ (110)

where R; = 2GM/c? is the Schwarzschild radius of a gravitating body (see
also Begelman et al. 2006; King 2009).

The photon diffusion or escape time scale is given by Ht/c, where 7 is the
optical depth. The viscous infall time is R/v,, where v, is the radial velocity.
Inside a certain radius, where the diffusion time scale equals the viscous infall
time, the photons are trapped and advected faster than the escape time scale.
This radius is known as the trapping radius (Lasota 2016),

Rirapy = %%RS. (1.11)

This accretion flow, where photons are trapped inside the R4y, is called the
advection-dominated accretion flow. Another model discussed by Shakura &
Sunyaev (1973) is that inside the Ry, the accretion flow is such that the local
flux is equal to its Eddington value at all radii. For the black body accretion
disk, the luminosity (or flux) is equal to the UTff £1 where T,¢ is the effective
temperature, and ¢ is the Stefan-Boltzmann constant. The total luminosity from
the disk is essentially the sum of luminosities from regions inside and outside of
Rspn (see, e.g., King et al. 2023).

Liotar = Linin + Litnick

Roi Re
_ 47'((/R oTly RAR + [~ 0T RaR)
sp

in

~ Lpga(1+ In rirg) (1.12)

This is known as the “windy” solution. Here, the accretion rate decreases

with radius to preserve the radiation flux consistent with its Eddington value.
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Figure 1.2: The super-Eddington slim accretion disk schematic diagram taken
from figure 1 of Dotan & Shaviv (2011) shows different regions of the accretion
disk, including wind. The different regions are depicted as e.g., (A) the sub-
Eddington thin accretion disk, (B) the disk becomes radiation-pressure domi-
nated, the energy release becomes correlated to the Eddington limit, and the
disk begins to inflate, (C) Above the convection layer, a porous layer is gen-
erated, (D) wind is accelerated from the region where the porous structure is
optically thin, (E) the photosphere located within the wind.

The excess energy generated due to the high accretion rate can be released via
the launch of outflowing wind within the spherization radius (Poutanen et al.
2007).

Another model that depends on the advection-dominated accretion flow is
often considered when discussing the radiative mechanism in ULXSs, the “slim
disk” model. The advective flow with a high accretion rate, where H ~ R, is
known as the “slim disk” (Abramowicz et al. 1988; Sadowski 2011). A char-
acteristic radius in this scenario is where the transition between radiative and
advective cooling occurs. This is the transition radius (Raus). Interestingly, the
total luminosity from slim disk geometry would be similar to the “windy” so-
lution luminosity explained above, where the slim disk luminosity would be
calculated with the region between R;, and Ryygys.

Hence, the total disk luminosity would be,

Liotar = Linin + Lstim =~ Lgga(1+ In 1itg). (1.13)

In the slim disk scenario, inside the trapping radius, the disk is advection
dominated, i.e., photon diffusion time from the disk interior to the surface is

higher than the accretion time. As a consequence of this change in disk ge-
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Rotation axis
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Figure 1.3: Schematic representation of the super-critical accretion scenario with
the outflowing wind into consideration (taken from figure 1 of Middleton et al.
2015a). The inclination of line of sight of the observer is 8, wind cone opening
angle is 0,. When 6 is small (position 1), the maximum unobscured emission
from the hot inner disk is observed. With moderate 6, a significant fraction of
hard X-ray flux will be scattered out of the line of sight due to wind (position
2), and with very high 6 (position 3), the outer photosphere of the wind will
dominate the emission, which would be dominant in UV and mostly out of the
X-ray bandpass.

ometry, the temperature profile of the disk also changes. For a thin disk T(R) o
R~3/% whereas, for a slim disk itis T(R) o< R~1/2. In figure 1.2 taken from Dotan
& Shaviv 2011, a schematic diagram of the “slim disk” is represented where an
apparent change in the accretion disk geometry due to super-Eddington accre-
tion rate can be observed.

There is another advection-dominated model where H >> R, where most
of the radiation is emitted through a long central funnel. This is known as the
Polish doughnuts (e.g., Abramowicz et al. 1978; King et al. 2023; Kozlowski et al.
1978).

In both “windy” solution and advection-dominated solutions, the L ~ Lg;;(1+
In ri1p) relation remains valid, and thus, it is an appropriate approximation for
the unbeamed intrinsic luminosity of ULXs. If a beaming factor b is introduced,
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then the apparent luminosity would be,

1 .

In recent studies, there has been a detailed exploration of possible accretion
geometries in ULXs. Middleton et al. (2015a) has described three different zones
(see figure 1.3) for the geometry of super-critical accreting disk. In the region
inside the inner photospheric radius (R i), the emission appears as a distorted
hot disk as the wind is transparent (7 < 1). In the second zone between the
Rpp,in and Rgpp, the disk is advection-dominated due to the accretion rate being
above riig;; and the wind is optically thick T > 1. The third zone is at a radius
greater than Rgp;, where optical depth 7 of the wind decreases with increasing
radius and quasi-thermal blackbody emission is generated.

1.3.2 | ULX spectra and different states

Modern X-ray observatories like XMM-Newton, Chandra, and NuSTAR provide
high signal-to-noise ratio (S/N) spectra from ULXs, which help constrain the
spectral properties with high precision. Typical continuum signatures include
soft-excess < 2 keV and high energy spectral curvature ~ 6-10 keV (Gladstone
et al. 2009; Sutton et al. 2013). Advection-dominated disk with outflowing wind
scenario due to super-Eddington accretion (Poutanen et al. 2007; Shakura & Sun-
yaev 1973) can broadly justify some of these properties. The spectra of ULXs are
significantly different from those of sub-Eddington XRBs or AGNs, especially
compared to the hard sources. More interestingly, there are dissimilarities be-
tween the spectral properties of different ULXs, which leads to the classification
of ULX spectral states.

The key contributing factor while classifying the spectral states of ULXs is
the spectral hardness and phenomenologically the relative contribution of spec-
tral components (see Kaaret et al. 2017; Sutton et al. 2013). When the spectra
are dominated by thermal components from a geometrically modified accre-
tion disk, the state is known as the “Broadened disk (BD)” state. Typically
inner disk temperature of these sources is > 0.5 keV and disk contribution in
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Figure 1.4: From figure 1 of Sutton et al. 2013, three different spectral types in
ULXSs are shown.

the 0.3-1.0 keV spectra is much higher than the powerlaw component (Sutton
et al. 2013). ULXs that show two-component spectra, i.e., a cool accretion disk
and a powerlaw tail, in the 0.3-10.0 keV energy range, are classified as “Ul-
traluminous (UL)” state sources. Broadly, these UL state sources are further
classified into two regimes, depending on the hardness of their spectra. These
two classes are hard ultraluminous (HUL) or soft ultraluminous (SUL) regimes.
For HUL sources, powerlaw index I' < 2 and for SUL sources I' > 2. In UL
state sources, the relative contribution of flux from the powerlaw component
in 0.3-1.0 keV energy is significantly higher than that of the disk component
(Sutton et al. 2013). Figure 1.4 taken from Sutton et al. (2013) shows three dif-
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ferent spectral types of ULXs. The literature has some correlated classifications
of these HUL and SUL regimes. As defined in Gurpide et al. 2021a,b, they are
identified as the hard intermediate and soft bright states, respectively. Typi-
cally, if the source luminosity is higher, the spectra from the source appear to be
softer, thus named as soft bright states, and the comparatively lower luminos-
ity sources exhibit harder spectra, i.e., the hard intermediate state. A possible
physical reason for such a luminosity-hardness relation is that when the accre-
tion rate is higher, more clumpy winds are generated, and the hot photons are
down-scattered by the dense medium of the winds and become softer. A sub-
class of SUL sources is “supersoft ultraluminous” (SSUL) sources or “Ultralu-
minous supersoft sources” (ULSs). Spectra of SSUL sources are dominated by a
single component cool blackbody emission (T3, < 0.14 keV), and the most frac-
tion of their flux are observed at energies < 1 keV (Pinto et al. 2021; Urquhart &
Soria 2016). Their bolometric luminosity is typically a few times 10%° ergs~!. See
figure 2 of Kaaret et al. 2017 where different ULX spectral states are compared
with spectra of Galactic black hole binaries.

It is crucial to understand that the distinctions between these classifications
are not always rigid. Quite often, ULXs show the spectral transition between
these different states or regimes (e.g., D’Ai et al. 2021; Gurpide et al. 2021a,b;
Sutton et al. 2013; Walton et al. 2020). Several physical parameters like variation
in accretion rate, accretion disk inclination angle with respect to the line of sight,
the strength of the outflowing wind, and contribution from different radiative
processes can cause such a spectral transition in different epochs of observation.
The hardness of the sources depends on the mass outflow rate and the viewing
angle of the disk. The softer sources are being observed close to the plane of the
disk (e.g., Middleton et al. 2015a,b; Pinto et al. 2021).

Modern observations with broadband X-ray coverage help constrain the dif-
ferent emission components of ULXs. The high S/N data for several ULXs show
that two thermal components and an additional high-energy component best
describe the broadband spectra. This additional high energy component is typ-
ically interpreted as comptonization from the corona for non-magnetic sources
or emission from the accretion column for highly magnetized neutron stars (e.g.,
Walton et al. 2020; West et al. 2018). The two thermal components consist of a
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soft/cool component and a hard disk component. They have different interpre-
tations in different scenarios. For example, in a black hole system, the soft com-
ponent can either come from the outer and cooler thin accretion disk or from
the down-scattered photons from optically thick wind, and the hard component
would come from the hot inner accretion flow due to super-Eddington accretion
(e.g., Luangtip et al. 2016; Walton et al. 2014, 2015a). It is considered that weakly
magnetized neutron star (B < 10'! G) would have a similar accretion scenario
like the black hole systems (King & Lasota 2016). The thin accretion disk can
extend up to the boundary layer of the neutron star, and the soft component
comes from the disk, whereas the hard component comes from the optically
thick plasma at the boundary layer (Koliopanos et al. 2017; Syunyaev & Shakura
1986). Even when the magnetic field is high, due to extreme accretion and high
luminosity (Ly > 5 x 10% ergs™!), the material within the Alfvén radius be-
comes optically thick and can produce hard photons (Koliopanos et al. 2017;
Mushtukov et al. 2017). The cool thermal component comes from the accretion
disk truncated at the magnetospheric radius (Rp;). An alternative explanation

of the cool thermal component is the optically thick wind generated down the

Rspi-

1.3.3 | Wind and atomic features

A crucial feature as the consequence of super-critical inflow is the generation
of outflowing wind. Qiu & Feng (2021) studied a sample of ULX sources, in-
cluding black holes and pulsating ULXs, and argued that most sources show
constant soft black body luminosity, a manifestation of this optically thick wind.
In neutron stars, the thermal blackbody luminosity from wind exceeding the Ed-
dington limit can possibly be related to the reduced scattering cross-section in a
high magnetic field scenario or boosted radiation owing to the magnetic buoy-
ancy (Qiu & Feng 2021). The ionized plasma in the wind clouds is the source of
atomic lines, often detected by high-resolution grating instruments. Broad resid-
uals between 0.5-2.0 keV are detected in several ULXs by CCD detectors from
different observatories like XMM-Newton and Chandra (Middleton et al. 2015b;

Stobbart et al. 2006). This broad feature is associated with the forest of emission
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Figure 1.5: An example figure of Quasi-periodic oscillation discovered in ULX.
Image is taken from figure 1 of Atapin et al. (2019) .

and absorption lines concentrated around ~ 1 keV. These lines have been con-
tirmed in several sources by XMM-Newton RGS instruments e.g., NGC 55 ULX,
NGC 247 ULX-1, NGC 1313 X-1, NGC 5408 X-1, NGC 300 X-1, Ho IX X-1, Ho II
X-1 (see, e.g., Kosec et al. 2018a,b, 2021; Pinto et al. 2016, 2017, 2020, 2021).

The lines are mostly blue-shifted absorption lines and rest-frame emission
lines (Pinto et al. 2016, 2017) or, in some cases, blue-shifted emission lines (Kosec
et al. 2018a). The outflowing velocity estimated for these winds can be as high
as > 0.2c¢, which is consistent with the expected velocity from radiatively driven
winds in super-critical accretion scenario (see King et al. 2023 and references

therein). The kinetic luminosity of the wind is estimated as,

Prind = %mwmdvfmd = 2nLi0n%vfuindmp, (1.15)
where r1i1,,;,4 is the wind outflow rate, v,;,4 is the velocity of the wind, ()
is the solid angle, L;,, is the ionizing luminosity, ¢ is the ionization parameter.
Some ionized elements observed in ULXs are Mg XII, Ne X, Ne IX, Fe XVI, Fe
XVII, Fe XVIII, O VII, O VIII, N VII (Pinto et al. 2016). Some studies (e.g., Middle-
ton et al. 2015b) have found that these wind features weaken when the source
exhibits a harder spectral state. This could be related to the changing optical
depth of the wind along our line of sight because of the wind precession or a
change in the accretion rate in the system. In fact, the higher disk inclination
of the ULX is a possible reason for these wind features being detected predomi-
nantly in softer sources, with hotter inner regions being shrouded from the line
of sight.

17



Chapter 1. Introduction 1.3. Ultraluminous X-ray sources

1.3.4 | Timing properties of ULX

The variation of photon count rate with time (the light curve) is an essential
aspect of study in ULX science to understand the temporal variability in the
sources. This variability can happen in a broad range of duration, i.e., from very

short (in order of seconds) to large (in order of days or months) time scale.

A straightforward study is to perform a Fast Fourier Transform (FFT) of the
light curve and analyze their periodogram or power spectral density (PSD).
There are individual ULXs whose PSDs have shown red-noise or broken power
law (Atapin et al. 2019; Dewangan et al. 2006; Heil et al. 2009; Strohmayer &
Mushotzky 2003; Strohmayer et al. 2007). Often, it is understood that fluctua-
tion in accretion rate can give rise to such red noise in the power spectrum. Light
curve variation is also measured with a quantity called fractional rms variabil-
ity (Uttley & McHardy 2001; Vaughan et al. 2003). This measures the variance
of the source light curve over the Poissionian noise normalized to the average
count rate.

Some ULXs have shown significant variability (~ 30% fractional rms; Mid-
dleton et al. 2015a), whereas many ULX sources have shown very low variability
(Heil et al. 2009). Physically, it is possible that the intrinsic variability originat-
ing in accretion inflow can be weakened due to photon scattering inside the
neutron star accretion column or by significant mass loss by the wind (Middle-
ton et al. 2015a; Mushtukov et al. 2019). However, in soft sources like NGC 5408
X-1 or NGC 6946 X-1, linear rms-flux relations have been found (Hernandez-
Garcia et al. 2015), thus suggesting significant variability. This can arise from the
stochastic process of accretion flow being obscured by the clumpy wind gener-
ated due to the super-Eddington accretion process (Middleton et al. 2011; Sutton
et al. 2013). In fact, Sutton et al. (2013) showed that high levels of fractional vari-
ability are more common in SUL or some BD ULX sources compared to the HUL
sources.

Some ULXs have been discovered to exhibit QPOs on top of the noise in
the power spectrum, like NGC 5408 X-1, NGC 6946 X-1, NGC 1313 X-1, M82
X-1, IC 342 X-1 (Agrawal & Nandi 2015; Atapin et al. 2019; Pasham et al. 2015;
Pasham & Strohmayer 2012; Rao et al. 2010; Strohmayer & Mushotzky 2003,
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2009). The origin of QPOs is not very well understood, but they can potentially
come from accretion rate modulation or precession of accretion disk (King et al.
2023). See tigure 1.5 as an example of QPOs in one ULX source (M82 X-1) taken
from Atapin et al. (2019).

The discovery of pulsation in M82 X-2 (Bachetti et al. 2014) has changed the
tield of ULX science. It has confirmed the presence of a neutron star at the core
of the ULX binary system. After this discovery, a few extragalactic ULX sources
like NGC 5907 ULX1, NGC 7793 P13, NGC 300 ULX-1, NGC 1313 X-2, M51
ULX-7 have been confirmed to show pulsation (Carpano et al. 2018; Fiirst et al.
2016; Israel et al. 2017a,b; Rodriguez Castillo et al. 2020; Sathyaprakash et al.
2019). Detection of pulsation in ULX requires advanced timing techniques like
acceleration or jerk pulsation search (e.g., Andersen & Ransom 2018; Ransom
et al. 2002). The discovered pulsing ULXs have a pulse period in the range of
~ 1-30 s. Few ULXs have been confirmed to show spin-down/up similar to
Galactic pulsar binary systems (e.g., Bachetti et al. 2020; Israel et al. 2017a). In
several cases, it is also seen that the pulsed fraction increases with increasing
photon energy.

In figure 1.6, taken from Israel et al. 2017b, the detection of pulsation in the
NGC 7793 P13 source is shown. In recent studies, searching for pulsation us-
ing the acceleration or jerk search technique has become a standard procedure
to correct the Doppler smearing effect in individual ULX sources. See figure
1 of Israel et al. 2017a, where the pulsation in NGC 5907 ULX1 is found to be
stronger after correcting the photon-arrival time for the derivative of the period
(P) term. However, not many ULX sources have shown such detection of pul-
sation. One reason could be the absence of enough count statistics in the data.
Another physical reason could be that the pulsed emissions are prevented from
being observed by other spectral components or due to unfavorable viewing an-
gles and the presence of outflowing wind. It is also understood that the neutron
star would not appear as a pulsar if the Ry << Rgp;. In other words, the pulsed
fraction would be stronger if Ry ~ Rgpy, thus generating a high spin-up rate
in the system (e.g., King & Lasota 2016; Walton et al. 2018a). Apart from these
short-timescale variabilities in ULXs, some sources have shown periodicity in

much longer timescales. Those are mostly related to orbital or super-orbital pe-
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Figure 1.6: Detection of pulsation in the Fourier power spectra of NGC 7793 P13
light curves. The inset in the figure exhibits the folded profiles. Image is taken
from figure 1 of Israel et al. (2017b) .

riods (e.g., Brightman et al. 2019; Fiirst et al. 2018; Kaaret et al. 2006; Vasilopoulos
et al. 2021).

1.4 | Radiative processes in ULX

Radiative processes in ULXs and XRBs, primarily responsible for the continuum
emission, can be broadly divided into two types, e.g., thermal and non-thermal
emissions. The primary source of the thermal-like emission in ULXs can be the
accretion disk, wind, or boundary layer emission from the neutron star. Non-
thermal emissions like synchrotron radiation or Compton scattering often con-
tribute to hard energy spectra for binary systems or AGNs. Phenomenologically,

the non-thermal emissions are approximated with the powerlaw spectrum.
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1.4.1 | Thermal emission

Thermal processes are characterized as emission processes in thermal equilib-
rium. That signifies a characteristic temperature in the process, manifesting the

radiated spectrum.

1.4.1.1 | Blackbody radiation

Blackbody radiation is the radiation from material in thermal equilibrium, which
is optically thick (Rybicki & Lightman 1979). The spectrum is the Planckian func-
tion,
2hv3 1
By(T) = — - , (1.16)
cc exp( kB—T) -1

where v is the frequency of radiation, kp is Boltzmann’s constant, & is the

Planck’s constant, T is the blackbody temperature.

1.4.1.2 | Thin accretion disk

In X-ray binaries and ULXs, the major contribution of X-rays can come from
the accretion disks. The standard thin accretion disk (Shakura & Sunyaev 1973)
spectrum is essentially a sum of black body radiation with different peak tem-
peratures, i.e., the multi-color disk (MCD). It is important to note that the geo-
metrically thin and optically thick accretion disk is created for the sub-Eddington
accretion process. In such a disk, the energy radiated within R and R — AR is
47tRARcT?, where ¢ is the Stefan-Boltzmann constant. This energy equals the
energy released for disk matter to fall within this distance of AR. Thus, the re-
leased energy is proportional to R">AR. Hence,

T(R) o< R73/%, (1.17)

The observed flux spectrum from the thin accretion disk is given by (Mak-
ishima et al. 1986; Mitsuda et al. 1984),

ROll
f(E) = CODS29 /R "27RB(E, T)dR, (1.18)
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where, B(E, T) is the Planckian distribution, R;, and R,,; are the inner and
outer boundaries of the disk, D is the distance to the source, and 6 is the disk
inclination with the line of sight. If we use Eq. 1.17 in Eq. 1.18, then we get,
2 Tin
) = T [ ) Rs(E T (1.19)
where, T;,, and T, are the inner and outer temperature of the disk. The total
luminosity of the disk is related as L = 47tR? o T#.

1.4.1.3 | Super-Eddington accretion disk

The accretion disks in the super-Eddington accretion process geometrically dif-
fer from the thin accretion disk and become broadened accretion disks. The
radial dependent temperature profile in the broadened accretion disk is,

T(R) x R7P, (1.20)

where, p = 3/4 is the thin accretion disk limit, and p = 1/2 is the slim
accretion disk limit. Such an accretion disk is often called the “p” free multi-
color disk.
The observed flux spectrum from the “p” free MCD is (Hirano et al. 1995;
Mineshige et al. 1994; Watarai et al. 2000),
27tR? cos@ (T, T dT
flE) = T [ ) P BE T T (121)
Figure 1.7 shows the spectrum for different values of p ranging from 0.5 to
0.75 but for fixed temperature and normalization (i.e., fixed inner radius, disk
inclination, and distance). We notice that for a smaller p value (e.g., slim disk),
the spectrum has a more enhanced soft energy band compared to a standard

thin disk.

1.4.1.4 | Bremsstrahlung radiation

Bremsstrahlung is the free-free emission due to accelerated charged particles in

the presence of an electric field of another high energetic particle (Longair 2011;
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Figure 1.7: The model spectra of “p” free MCD emission shown for three values
of p. The standard thin disk is for p = 0.75. While the p value decreases, the
geometry of the inner region of the disk gets modified due to a higher accretion
rate. In fact, it is seen that for a fixed temperature, a smaller p value gives a
more enhanced soft energy band in the observed spectrum compared to the thin
disk. The p = 0.5 limit is for a slim disk. The model spectra are plotted for fixed
temperature and normalization using XSPEC (see Chapter 2) model diskpbb.

Rybicki & Lightman 1979). Electrons transitioning between unbound states man-

ifest as continuous distribution known as the Bremsstrahlung spectrum. Bremsstrahlung
can become an important emission mechanism in fainter spectral components

(see King et al. 2023; Walton et al. 2015b).

1.4.2 | Non-thermal emission

The emission in astrophysical sources, which does not depend on any character-

istic temperature of the source, is non-thermal emission.
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1.4.2.1 | Synchrotron radiation

Accelerated relativistic charged particles in the presence of a magnetic field ra-
diate synchrotron radiation (Landau & Lifshitz 1975; Longair 2011; Rybicki &
Lightman 1979). For an extremely relativistic particle (8 ~ 1), the angle inte-
grated synchrotron power per unit frequency from a single particle is given by
(Rybicki & Lightman 1979),

3 .
P(w) = ﬁq BsmocP(_
27T mc? We

where B is the magnetic field strength, g4 and m are the charge and mass of

@y, (1.22)

the particle, respectively, a is the pitch angle, w is the emitted frequency, and

we = 37%qBsina/2mc, v is the relativistic boost.

1.4.2.2 | Cyclotron radiation

Cyclotron radiation has a similar emission mechanism to synchrotron, except
the particle is non-relativistic, and the emission becomes discrete lines. In neu-
tron star XRBs and ULXSs, often cyclotron absorption lines are observed. These
absorption features appear due to the resonant scattering of the photons by
charged particles in the Landau orbits. The phenomena predominantly occur
near the poles of the neutron stars in the presence of a high magnetic field. The
discovery of the cyclotron line in M51 ULX-8 confirms the source as a neutron
star, even though pulsation is not detected in its light curves (Brightman et al.
2018).

1.4.2.3 | Compton scattering

High-energy photons scattered by charged particles lose energy. This process is
known as Compton scattering or Compton down-scattering. On the contrary,
when a high-energy electron scatters a low-energy photon, and the scattered
photon becomes highly energetic, the process is known as Inverse Compton
scattering or Compton up-scattering. In many cases in XRBs and ULXSs, the ther-
mal disk photons work as the seed photons, which undergo an Inverse Compton

scattering manifesting as a hard energy spectrum.
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1.5 | Thesis outline

This thesis describes the study of some individual ULXs and their interesting
X-ray spectral and timing properties. The primary motivation of this thesis is
to explore different sources and find their new and unexplored physical char-
acteristics. Also, it explains a new theoretical approach to describe the unique
spectral curvature in ULX sources. In Chapter 1, we introduce the context of
the study on ultraluminous X-ray sources and explain several aspects of X-ray
emission mechanisms in X-ray binaries and ULXs. Chapter 2 discusses the X-ray
observatories used for observing the sources and explains the primary data anal-
ysis methods. Chapter 3 reports the detection of the first X-ray flaring events ob-
served in NGC 4395 ULX1. This chapter discusses detailed spectral and timing
studies of the flaring events in the source, and the underlying physics is inter-
preted. Chapter 4 presents a comprehensive study of the highly luminous ULX
source NGC 1042 ULX1 and its spectral variability using archival XMM-Newton
data and the first hard X-ray data from NuSTAR observation. In Chapter 5, we
discuss a novel theoretical model that explains the origin of spectral cutoff in
ULX sources. Chapter 6 discusses the study of a sample of ULX sources, like
NGC 6946 X-1, NGC 4190 ULX1, NGC 1291 ULX1, NGC 4254 X2, and NGC 4244
ULX1, using available X-ray data and compares their spectral properties which
are found to have a common underlying mechanism of the super-Eddington ac-
cretion process. Finally, Chapter 7 summarizes the main context of the thesis

and sets some future directions for the research in ULX science.
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X-ray observatories and data analysis
techniques

2.1 | X-ray observatories

X-rays cannot probe the Earth’s atmosphere; hence, we need space-based ob-
servatories to detect X-rays from astrophysical sources. Here, we discuss the
primary observatories from which we have utilized data for our work in this
thesis. ULXs are predominantly extragalactic sources, and highly sensitive in-
struments are often essential to detect them. Observatories like XMM-Newton,
Chandra, NuSTAR, Swift, and NICER are among the most used observatories to
study ULX sources.

XMM-Newton (Jansen et al. 2001) is useful for its high sensitivity and effec-
tive area, good spectral resolution in grating instruments, and a well-calibrated
tull coverage of soft X-ray energy band in ~ 0.3-10.0 keV. NuSTAR (Harrison
et al. 2013) becomes useful as a complimentary observatory since it has cover-
age in higher energy band ~ 3.0-79.0 keV. Hence, joint observations with XMM-
Newton and NuSTAR become crucial in studying broadband X-ray properties
of ULXs.

Often, ULXs are found in crowded regions in the sky. Hence, with its sub-
arcsec spatial resolution, Chandra (Weisskopf et al. 2002) becomes helpful in
separating nearby contaminating sources from the ULXs. Swift (Gehrels et al.
2004) and NICER (Gendreau et al. 2016) help monitor sources in a long-term
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Figure 2.1: Artist impression of XMM-Newton observatory. Image credit
- ESA/XMM-NEWTON (https://xmm-tools.cosmos.esa.int/external/xmm_
science/gallery/images/Telescope. jpg).

interval. Hence, these two instruments are pivotal in detecting transient events
in the sky and finding if these events are associated with ULXs.

Although we have utilized most of these observatories for the surveys of
ULXs and analyzing their available data, the main results in this thesis are based
on observations from XMM-Newton, NuSTAR, and partially from NICER. Hence,
we will discuss the detailed properties of these three instruments in this chapter.

2.1.1 | XMM-Newton

X-ray Multi-Mirror Mission (XMM-Newton) is a European Space Agency (ESA)
science mission with instruments and contributions directly funded by the ESA
Member States and NASA. The mission was launched on December 10, 1999.
There are three coaligned high throughput telescopes in the observatory. The
primary focal plane instruments are two Reflection Grating Spectrometer (RGS)
cameras and three imaging detectors (one pn and two MOS cameras) compris-
ing the European Photon Imaging Camera (EPIC). These all are charge-coupled
device (CCD) detectors.
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The EPIC cameras have imaging capability with a field of view (FOV) of 30
arcmin. The typical spectral resolution of these cameras in ~ 0.15-15.0 keV en-
ergy range is E/AE ~ 20-50, and angular resolution is ~ 6 arcsec full-width half
maxima (FWHM) or ~ 15 arcsec half power diameter (HPD). The RGS cameras
have high spectral resolution ~ 150-800 in 0.33-2.5 keV energy range. The ob-
servatory also has an optical /UV telescope called Optical Monitor (OM). Figure
2.1 shows the XMM-Newton detector configuration.

The scientific reduction of XMM-Newton data is performed using the Science
Analysis System (SAS) ! software (Gabriel et al. 2004). To analyze the data, apart
from the software, we utilize the Current Calibration Files (CCF). The science
products are generated from the Observation Data Files (ODF). Primarily for
EPIC data, tasks like epproc and emproc are used to reduce the scientific prod-
ucts of pn and MOS data, respectively. The data are cleaned from soft-proton
and background flaring events using standard methods 2 and then the cleaned
event files are utilized for further scientific analysis. The main tool to generate
the spectra and lightcurves from the event files is evselect. In general, while
generating the spectra and light curves, we use parameters like PATTERN <= 4
for pn, which takes the single and double events, whereas, for MOS, we use the
single, double, triple, and quadruple events by the parameter PATTERN <= 12.
For timing analysis, we use the barycen tool to perform the barycentric cor-
rection. The epiclccorr task is used to subtract the background and obtain
the cleaned source light curves. This epiclccorr task also corrects for the vi-
gnetting, bad pixels, chip gaps, point-spread function (PSF), and quantum effi-
ciency in the data. rmfgen and arfgen tasks are used to generate the response
matrix files (RMFs) and ancillary response files (ARFs), respectively. Standard
tiltering criteria with #XMMEA_EP flag for pn and #XMMEA_EM flag for MOS detec-
tors are used. In all cases of pn spectral analysis, as recommended, the FLAG==0
criteria have been used. rgsproc is used to create science products for RGS data.

Depending on the source nature, location of the source on the CCD chip, and
observation telemetry factors, the analysis procedures slightly vary for different
observations. In each chapter of the thesis, we have discussed relevant reduction

Ihttps://www.cosmos.esa.int/web/xmm-newton/sas
Zhttps://www.cosmos.esa.int/web/xmm-newton/sas-thread-epic-filterbackground
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Figure 2.2: Diagram of NuSTAR observatory. The top is the deployed, and
the bottom is the stowed configuration. Image credit - https://heasarc.gsfc.

nasa.gov/Images/nustar/Fig_observatory.pdf (see also figure 1 of Harrison
et al. 2013).

and analysis procedures different from the general approach mentioned here.

2.1.2 | NuSTAR

The Nuclear Spectroscopic Telescope Array (NuSTAR) is the first X-ray imaging
telescope in the high energy (3-79 keV) band of the electromagnetic spectrum (a
project led by Caltech, funded by NASA, and managed by NASA Jet Propulsion
Laboratory (JPL)). The observatory was launched on June 13, 2012, by NASA.
Primary optics of NuSTAR mission is designed based on the conical approxima-
tion to the Wolter-I design. It consists of 133 mirror shells. There are two focal
plane modules (FPMs): FPMA and FPMB. They are made up of Cadmium-Zinc-
Telluride (CdZnTe) detectors. The energy resolution of the detectors is moder-
ate, e.g., ~ 0.4 keV at 10 keV and ~ 0.9 keV at 68 keV. The angular resolution of
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NuSTAR is 58" HPD or 18" FWHM. The temporal resolution is very high (~ 2us),
and thus NuSTAR is useful for meaningful timing analysis of ULXs. NuSTAR
detector played a vital role in discovering the first extragalactic ULX pulsar M82
X-2 (Bachetti et al. 2014).

The NuSTAR data analysis is done by HEASOFT (Nasa High Energy Astro-
physics Science Archive Research Center (Heasarc) 2014) software 3 nustardas
package (jointly developed by the Space Science Data Centre (SSDC; Italy) and
Caltech (USA)). Tools like nupipeline and nuproducts are used to generate
clean, calibrated science products like spectra, light curves, images, and re-
sponse files. The dynamically updated calibration files are also used while creat-
ing the science products. The 1cmath tool is used for subtracting the background
and obtaining the clean source light curves for both FPMs in NuSTAR data. In
each chapter, we briefly note if there are any specific filtering criteria used for
the NuSTAR data analysis. The detector configuration is shown in figure 2.2.

Figure 2.3 shows the effective areas of different X-ray detectors. In the soft
energy regime, XMM-Newton is one of the instruments with a very high effec-
tive area, whereas NuSTAR plays a crucial role in the high energy band, which

is not covered by any other X-ray imaging detector.

2.1.3 | NICER

Neutron Star Interior Composition Explorer (NICER) was launched on June 3,
2017. The payload is in the International Space Station (ISS), primarily focused
on studying the timing properties of neutron stars in soft X-ray band (0.2-12.0
keV). The primary instrument in NICER consists of 56 X-ray concentrator op-
tics and silicon drift detectors. NICER has a higher effective area compared to
XMM-Newton. However, NICER is a non-imaging instrument with a 5 arcmin
diameter of FOV; hence, analysis of ULXs within crowded regions is less sensi-
tive. NICER is useful for well-isolated ULX sources with minimum contamina-
tion from nearby sources. The timing precision of the detector is < 300 ns. The

spectral resolution E/AE varies between ~ 6-80 in 0.5-8.0 keV energy range.

Shttps://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Figure 2.3: The comparison of effective areas of different X-ray telescopes.
XMM-Newton and NuSTAR are active imaging observatories with high ef-
fective areas in the soft and hard energy bands, respectively. Image credit -
https://www.nustar.caltech.edu/page/researchers.

2.2 | Data analysis techniques

The X-ray data analysis has four primary aspects: imaging analysis, timing anal-
ysis, spectral analysis, and polarimetric studies. The thesis primarily explores
the first three avenues using modern X-ray observatories. Several packages like
FTOOLS (Blackburn 1995; Blackburn et al. 1999), XRONOS, and XSPEC (Arnaud
1996) from HEASOFT have been used to analyze the light curves and spectra
in most of the studies. Other packages like HENDRICS * (Bachetti 2018) and
PRESTO ° (Ransom 2011) have been used for accelerated search timing analysis.
Sometimes, we have separately written codes ° to analyze spectral and timing
data, wherever required. The data from the observatories utilized in the thesis

“nttps://hendrics.stingray.science/en/latest/
Shttps: //github.com/scottransom/presto
®https://www.python.org
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0.65 13 2 2.6 33 39 46 5.2 59

Figure 2.4: Example of an RGB image from XMM-Newton pn camera for NGC
1291 ULX1 studied in this thesis. The soft energy band (red image) is in 0.3-1.0
keV, the medium band (green image) is in 1.0-3.0 keV, and the hard energy band
(blue image) is in 3.0-10.0 keV energy range. The image is smoothed with a
Gaussian function for visual purposes.

are available or will be available after the proprietary right period (in case the
data are obtained from our proposal) in the High Energy Astrophysics Science
Archive Research Center (HEASARC) archive ”.

2.2.1 | Imaging analysis

The images are created from the cleaned event files from the observations. A
tool like ds9 ® reads those images, which helps us localize the ULX and its co-
ordinates. ds9 is also used to create true color images (RGB images) to identify
images processed in different energy bands separately. For example, in figure
2.4, we show the RGB image of NGC 1291 ULX1 from XMM-Newton pn data.

"https://heasarc. gsfc.nasa.gov/db-perl/W3Browse/w3browse.pl
8https://sites.google.com/cfa.harvard.edu/saoimageds9
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2.2.2 | Timing analysis

The primary timing analysis tool is 1curve from FTOOLS. 1curve reads the in-
tensity vs. time from the events and produces binned lightcurves. This tool can
easily calculate and plot the simultaneous energy time series, ratio, or sum of
the multiple time series.

The basic tool to calculate the power spectrum density of the lightcurves is
powspec. A fast FFT algorithm or a slow Fourier algorithm can compute the
power spectrum. However, for ULXs, more advanced tools are required to per-
form a robust pulsation search, including tools like HENDRICS and PRESTO.
In the case of pulsar binaries, detection of pulsation can be affected due to
the orbital motion of the pulsar. If the duration of observation is longer than
even a small fraction of the orbital period, the apparent pulsar spin frequency
would vary with time due to Doppler shifting. In fact, the detection signifi-
cance would be low in such cases since the Fourier signal will be smeared across
the neighboring bins. Thus, a technique named Fourier Domain Acceleration
Search technique (Dimoudi et al. 2018; Ransom et al. 2002) is utilized to detect
pulsation. This acceleration search technique accounts for the Doppler smear-
ing while searching for pulsation by assuming a constant acceleration over the
observation time scale, which is a small fraction of the orbital period.

The HENDRICS (Bachetti 2018) is based on the Stingray software ° (Hup-
penkothen et al. 2019). The primary purpose of this tool in the study of ULXs
is to utilize the accelerated search of pulsations in the time series data, which
is implemented by tasks like HENaccelsearch or HENzsearch. PRESTO (Ransom
2011) is another software that utilizes the acceleration search algorithm. On top
of that, it has the capability to utilize the jerk search technique, which is ad-
vantageous compared to the other timing analysis tools. As in the acceleration
search technique, a constant acceleration with linearly varying spin frequency
is assumed; in jerk search, however, a constant jerk is assumed with linearly
varying acceleration and quadratically varying spin frequency. This technique
is available through the accelsearch program within PRESTO.

https://docs.stingray.science
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2.2.3 | Spectral analysis

The primary X-ray spectral fitting package XSPEC (Arnaud 1996) is used for
analyzing the spectra of ULXs. The spectrometers capture the photon counts (C)
within the instrument channel (I), which can be converted to the spectrum as
follows:

() = / F(E)R(I, E)dE, 2.1)

where, R(I, E) is the instrumental response and the spectrum is f(E). Find-
ing the f(E) from C(I) by inverting the above equation is not possible due to
the non-invertible nature of the response matrix. Thus, a “forward folding tech-
nique” is undertaken for spectral fitting. A model spectrum f(E) is chosen, and
for each f(E), the count spectrum C,(I) is predicted. Then C,(I) is matched
with the observed C(I). A fit statistic is used for the comparison.

Usually, photon counts are in Poissonian distribution. However, the distri-
bution can become Gaussian for a large sample of photon counts. This can be
performed by grouping the spectrum with sufficient counts per bin. In the case
of Gaussian distributed data, we can use x? statistics to compare the data and
the model. The fit statistic is then defined as:

2 = i (i =mi)? 22)

where, m; are the predicted model count rates, y; are the observed data rates
and ¢; are their errors. The best fit is found by minimizing the x? statistics and
ideally when the x? value is similar to the degrees of freedom (v), i.e., x> /v ~ 1.
This thesis mostly uses the x? statistics for spectral analysis. If the data are not
Gaussian and the distribution is Poissonian due to low count statistics, then
instead of Xz/ another statistic, known as Cash statistics (cstat; Cash 1979), is
used.

Most of the works of this thesis are based on the fundamental structure of
data analysis described in this chapter. Nevertheless, where any different pro-
cedures have been followed it is described in the respective chapters.
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X-ray flaring in NGC 4395 ULX1

This chapter is based on the results that appeared in the literature as
Hard X-Ray Flares and Spectral Variability in NGC 4395 ULX1, Ghosh
T., Rana V., Bachetti M., 2022, Ap], 938, 76 (Ghosh et al. 2022); ar Xiv:2202.01432

3.1 | Prologue

A large number of ULXs have been observed and studied in detail with modern
X-ray observatories. However, only a handful of ULX sources have shown short-
term timing variability in terms of fractional variability and quasi-periodic or
periodic oscillation. In particular, transient incidents like strong X-ray flaring in
ULXs are less common than in XRBs. Sources like NGC 1313 X-1 (Walton et al.
2020), NGC 247 ULX-1 (Pinto et al. 2021), NGC 4559 X7 (Pintore et al. 2021),
NGC 7456 ULX-1 (Pintore et al. 2020), NGC 55 ULX (Barra et al. 2022; Pinto
et al. 2017; Stobbart et al. 2004), M74 X-1 (Krauss et al. 2005), 4XMM J111816.0-
324910 in NGC 3621 (Motta et al. 2020) are a few examples which have shown
variability in their lightcurves like strong flaring, dips or slow heartbeat like
features. Even in these sources, the transient incidents do not happen at regular
intervals. Hence, detecting such flaring events in a ULX source is exciting since
these flaring activities can help shed light on the dynamics of accretion processes
in these sources.

Variability in ULXs, especially fractional variability in the lightcurves, are
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Table 3.1: Details of 2018-2019 observations of NGC 4395 ULX1 discussed in this
chapter. The exposure times noted here are flare-corrected approximate livetime
CCD exposures for pn/MOS1/MOS2.

Serial No. Observation ID Date Epoch ID Cleaned Exposure (ksec)

1 0824610101 2018-12-13 XM1 71/89/94
2 0824610201 2018-12-19 XM2 48/67/69
3 0824610301 2018-12-31 XM3 50/66/70
4 0824610401 2019-01-02 XM4 77/97/100

predominantly found to be stronger in soft ULX sources (Sutton et al. 2013) com-
pared to ULXs in other spectral states. The soft ULX sources generally exhibit
powerlaw index I' > 2 in 0.3-5.0 keV energy band (Pinto et al. 2021). Some
sources, like NGC 55 ULX and NGC 247 ULX-1, exhibit soft spectra and fall
somewhere between the ULX and ULS spectral states (See figure 1 of Pinto
et al. 2017). Although their spectra are softer compared to many other soft
ULX sources, unlike most ultraluminous supersoft sources, they show spectra
extending up to ~ 5 keV. Typically, their spectra are best modeled by two black-
body components (Pinto et al. 2017, 2020, 2021). Interestingly, both sources have
shown variability in the form of flaring or dips in the lightcurves (Barra et al.
2022; Pinto et al. 2017, 2021; Stobbart et al. 2004).

NGC 4395 ULX1 (2XMM ]122601.4+333131; Liu & Bregman 2005) is a soft
ULX and has been known to exhibit a long-term variability (Kaaret & Feng
2009). Vinokurov et al. 2018 suggested that the source possibly exhibited a pe-
riod of 62.8 days in archival observations. Nevertheless, the source has never
shown significant short-term transient features in X-rays. Earnshaw & Roberts
2017 studied this source using previous XMM-Newton and Chandra observa-
tions. Those data also did not show any significant short-term timing variability
like flaring incidents in this source. We have studied four high-quality XMM-
Newton observations taken in 2018-2019. We detect flaring activities from this

source for the first time in two of these observations.

38



Chapter 3. X-ray flaring in NGC 4395 ULX1 3.2. Observation details

3.2 | Observation details

The NGC 4395 galaxy contains a low luminous AGN, and XMM-Newton tar-
geted the galactic center four times within three weeks of time scale between
December 2018 and January 2019. The source ULX1 is around ~ 3 arcmin away
from the AGN. Thus in all four observations, ULX1 was in the field of view of
XMM-Newton detectors. In X-ray observations by XMM-Newton and Chandra,
it is found that ULX1 is well isolated from any other nearby X-ray sources. Thus,
the spectral and timing studies are clean from contamination from other X-ray
sources. The main observations used for a detailed study of ULX1 in this chapter
are noted in table 3.1.

The data reduction procedure for these observations is broadly based on the
method outlined in Chapter 2. The source extraction region is a circle of 25 arcsec
radius centered at o, = 12 : 26 : 01.5,433 : 31 : 31.0, and the background
extraction region is a circle of 50 arcsec radius in a nearby source-free region on
the same chip. After removing the background flare-affected time intervals from
the cleaned events, the final spectra and lightcurve products are produced.

Unfortunately, for all pn data, ULX1 falls near the chip gap. Additionally,
strong bad column events in the source region have affected all pn observations.
The most affected data are from the XM3 and XM4 epochs, where a significant
fraction of the source region falls in the chip gap, and the bad column passes
through the central region of the source. Such events have significant charge
loss, and as a consequence, the pn spectra in these observations have a signifi-
cant flux loss. In XM1 and XM2 observations, the bad column passes through
the edge of the source region. Hence, these two epochs are comparatively less
affected. Nevertheless, we have verified how significantly the chip gap and bad
column issue in pn observations affected their spectra. We find that the spectral
profile is unaffected except for a flux loss in XM3 and XM4 observations (see
section 3.4 for details). Hence, simultaneous pn and MOS1/2 spectral fitting are
performed with different models for further analysis.

The purpose of a robust timing analysis includes searching for fast-timing
properties like pulsation or exploring the short-time variability. Hence, we used

minimally filtered data for timing analysis to maximize the number of counts
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and increase sensitivity for searching short-time variability features. Thus, light
curves are created following the procedure described in Chapter 2 for XMM-
Newton data reduction. Spectral analysis of the pn data is done with a strict
tiltering constraint of FLAG==0 for all observations. This strict constraint min-
imizes the charge loss effect in the data affected due to bad column and chip
gap. As a general procedure, all pn and MOS1/2 spectra are grouped using
specgroup with a minimum 20 counts per energy bin and oversampling factor
3. In all observations, pileup in the data is evaluated with epatplot, and no
significant pileup is found.

The RGS data for all four observations are extracted using standard proce-
dure. However, we find that the RGS source spectra are significantly dominated
by the background in all four observations, thus making them unreliable for
any meaningful scientific analysis. In the full energy range for different epochs,
the combined RGS1+RGS2 spectral count rate varies between ~ 0.007-0.016
counts/sec, whereas the cleaned exposure time is within the range between
~ 171-226 ksec.

3.3 | Timing Analysis

A sample of soft ULXs, including NGC 4395 ULX1, were studied in Earnshaw
& Roberts 2017 with archival X-ray observations. In those samples of sources,
NGC 4395 ULX1 exhibited itself as the least variable source. During 2018-2019
XMM-Newton observations, the source exhibits both short-term (in the time
scale of a few kilo seconds) and long-term (in the time scale of a few days) timing
variability.

In figure 3.1, we plot the pn lightcurves for all epochs with a 2000 sec bin-
ning. An apparent visual inspection detects that in the XM1 and XM3 epochs,
the source exhibits a relatively steady flux, while strong flare-like activity is de-
tected in epochs XM2 and XM4. We also investigate the time series in two differ-
ent energy bands to inspect any energy-dependent nature of the flaring events.
The soft energy band of the light curves is set between 0.3 and 1keV (figure 3.1
tirst panel), and the hard energy band is set above 1 keV (second panel). The
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Figure 3.1: 2000 seconds binned XMM-Newton pn light curves of ULX1 for four
individual epochs, namely XM1, XM2, XM3, and XM4. The soft (0.3-1.0 keV)
and hard (1.0-8.0 keV) count rates are shown in the first and second panels,
respectively. The hardness ratio, which is defined as the hard /soft photon count
rate, is shown in the third panel. The fourth panel shows the sum of the soft
and hard band lightcurves, i.e., the total lightcurve. A steady but slight uprising
trend of the flux is observed in the first epoch (XM1). In the second epoch (XM2),
a flaring episode occurred from around 30 ksec to 80 ksec of that observation.
Another steady but slightly declining trend of flux is seen in the third epoch
(XM3). Finally, in the fourth epoch (XM4), a large flaring episode happened,
covering most portion (~ 80 ksec) of that observation. As seen in the hardness
ratio plots, the prominent flares in XM2 and XM4 are predominant in the hard
energy band.

background dominates above ~ 5 keV for XM1 and XM3 epochs, and for XM2
and XM4 epochs, the background only starts dominating above ~ 8 keV (see
Section 3.4.1). However, it is essential to directly compare light curves from all
four epochs. Hence, the hard energy band of the light curves is created between
1.0 and 8.0 keV for all four epochs. The third panel in figure 3.1 is the ratio of

hard photon count rate to soft photon count rate, i.e., defined as the hardness
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Figure 3.2: The example power spectral density plots for XM4 pn (left) and
MOS2 (right) observations, respectively. This shows the presence of power law-
shaped red noise in the power spectrum.

ratio. The fourth panel, on the other hand, shows the sum of soft and hard band
photon count rates. It is apparent from the figure that the ULX1 count rate varies
significantly between different epochs within only three weeks. The flaring inci-
dent in XM2 observation lasts around ~ 50 ksec, which is prominent primarily
in the hard energy band of the light curves. The flaring detected during the XM4
epoch is the longest flaring episode among these observations, spanning around
~ 80 ksec, a large fraction of the total observation time scale of that epoch. In re-
ality, the long flare of the XM4 epoch consists of multiple ephemeral sub-flaring
episodes. Nevertheless, the minimum count rate level of these transient sub-
flares is significantly above the count rate level of persistent epochs like XM1
and XM83. Thus, the whole ~ 80 ksec long flare in the XM4 epoch is considered
as a single flaring epoch for our scientific analysis. The hardness ratio in the
XM2 and XM4 epochs demonstrates that the variability in the light curves is sig-
nificantly different in the two energy bands, and the flaring events are stronger
in the hard spectral band (above ~ 1 keV). However, XM1 and XM3 epochs do
not show any flaring events. Thus, the hardness ratio remains nearly constant
for these two persistent epochs.

The inherent properties of the transient events occurring in ULXs are often
best understood by short-term variability studies. A simple Fourier space in-
vestigation of the time series is the first task to search for such variabilities. We

perform the power spectral density (PSD) analysis but find no evidence of quasi-
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periodic or periodic oscillation in any of the observations. We, nevertheless, de-
tect the presence of red noise at low frequencies in some of the observations. In
tigure 3.2, we show the PSDs from the pn and MOS2 light curves of the XM4
epoch. We can detect powerlaw like PSD manifesting the red noise in both data.
Detection of such red noises in both pn and MOS instruments suggests that the
nature of the power spectrum is related to the intrinsic properties of the source
and not just due to any artifact owing to the bad column or chip gap in pn data.

An essential aspect of time series analysis in ULXSs is to search for transient
pulsation. As discussed earlier, the acceleration search technique is essential to
detect such transient pulse periods while correcting for the Doppler shift due
to binary orbital period correction. We utilize the EPIC pn data for this purpose
due to its high time resolution ~ 73.4 ms. We implement HENaccelsearch task of
HENDRICS to search for pulsation in the 0.3-8.0 keV energy range. We restrict
the frequency range within 0.01-6.8 Hz to avoid any artifact due to the Nyquist
limit. In this HENaccelsearch task, the maximum number of Fourier frequency
bins (zmax) is used as 100 with a Fourier frequency bin resolution (Az) of 1. No
significant pulsation is detected in any of these epochs.

We also utilize the HENzsearch task with a fast-folding algorithm that searches
for the first spin derivative to search for pulsation in the same energy and fre-
quency range. No pulsation is detected in this case also. Nevertheless, an im-
portant aspect of this tool is that it estimates the upper limit on the pulsed am-
plitude gmg Toept for the best candidate frequency within 90% confidence. Here,
Linay and I, represent the maximum and minimum values of the folded profile,
respectively. It is easy to estimate the upper limit on the pulsed fraction, defined
as I’”“}‘m min from the pulsed amplitude. We find that in these four epochs, the
upper limit on pulsed fraction varies between ~ 10-17%.

To extend our analysis in smaller time intervals of the flaring epochs, we
further divide the XM2 and XM4 epochs into three sub-epochs (see figure 3.3
left and right panel, respectively). They are named pre-flare, flare, and post-
flare intervals. The similar count rates and overlapping spectral properties of
the pre-flare and post-flare intervals persuade us to combine them as a single
“non-flaring” interval. A similar pulsation search exercise using the methods

mentioned above is executed in those segmented “flaring” and “non-flaring”
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Figure 3.3: For XM2 (left) and XM4 (right) epochs of observation, different tran-
sient intervals are defined. The pre-flare, flare, and post-flare intervals are sep-
arately indicated. As discussed in the text, the pre-flare and post-flare intervals
are combined to get the “non-flaring” interval.

Table 3.2: Fractional variability in pn and MOS lightcurves for all four epochs.

Epoch pn MOS
soft hard soft hard
XM1 0.17+0.02 0.17£0.02 0.154+0.02 0.11+0.04
XM2 0.11+£0.01 052+0.04 0.12+0.02 047 +0.04
XM3 0.15+0.02 0.08=+0.06 0.1940.02 0.09+0.05
XM4 0.15+0.01 0474+0.03 0.14+0.01 0.47+0.03

intervals. No pulse period is found in either case. During these segmented

intervals, the upper limit of the pulsed fraction is found to be varying between

~ 11-23%.

We also utilize the accelsearch tool from the PRESTO package by employ-

ing the “jerk” search technique. The maximum number of Fourier frequency

bins is 200, and the maximum number of Fourier frequency derivative bins wmax

is used as 600 (Andersen & Ransom 2018). The frequency range is restricted

within the range specified before. Again, no significant pulsation is detected.

Another quantitative measurement of variability in the light curves is mea-

suring the fractional root mean square (RMS) variability amplitude (Fy,,). This

measures the variance of a source over the Poissonian noise in the time series,
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normalized to the average count rate (Edelson et al. 2002; Vaughan et al. 2003).

§2 _ g2
XZ

/ (3.1)

Fvar -

where 5% = ﬁ YN (xi—%)*and 02 = % YN | 0% x; is the count rate at i’th
bin, ¥ is the mean count rate, N is the total number of bins, ¢; is the uncertainty

in count rate in i’th bin. The error on F,;, is quantified as,

1 /18
- 3.2
Foar V 2N %2 (3.2)
We use the 1000 second binned XMM-Newton pn light curves in both soft

and hard energy bands and estimate the F,; and its error. The measured F,,,

U-Fzmr =

values are listed in table 3.2. To verify whether the variability in pn light curves
is an artifact of the bad column or chip gap as described in section 3.2, we also
utilize the MOS observations and measure the F,; in the light curves. To in-
crease the count statistics, first, we add the MOS1 and MOS2 light curves for
both soft and hard energy bands and bin the net light curves by 1000 sec. A
similar variability trend is detected in both the pn and MOS data (see table 3.2).
Thus, it is confirmed that these variabilities are intrinsic properties of ULX1. The
estimates demonstrate that the F,,; is significantly higher in the flaring XM2 and
XM4 epochs than the non-flaring XM1 and XM3 in the hard energy band, i.e.,
above 1.0 keV. The hard lightcurves in XM2 and XM4 flaring epochs have a frac-
tional variability of ~ 50%, whereas, for the soft lightcurves and the steady XM1
and XM3 epochs, the variability is < 20%.

3.4 | Spectral Analysis

Here, we discuss the results from spectral analysis of the 2018-2019 XMM-Newton
observations in detail. The neutral absorption model Tuebingen-Boulder ISM
absorption (tbabs in XSPEC) accounts for both Galactic and local extinctions.
The updated abundance (Wilms et al. 2000) and photoionization cross-section

(Verner et al. 1996) are used. We use two absorption components where the
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Table 3.3: The best fit model (tbabs (GAL) *tbabs* (gauss+diskbb+diskpbb)) pa-
rameters of NGC 4395 ULX1 XMM-Newton spectra for the four epochs. The ab-
sorbed flux Fy and luminosity L, are calculated in the 0.3-10.0 keV energy range.
The Galactic absorption is fixed to 0.04 x 10?2 cm~2. “p” value of diskpbb model
is fixed to 0.50, resembling a slim disk. The distance is assumed to be 4.76 Mpc
(Vinokurov et al. 2018) to calculate the luminosity.

Parameter Unit | XM1 XM3 | XM2 XM4
Ny 10?2 cm =2 0.05759%  0.067305 |0.04+£0.01 0.0540.01
Eline keV 091+0.02 092+£0.02| 092700  0.957002
Oline keV 0.1570% 011105 | 014700 0.13+0.03

Norm 10 Sphotons cm=2 57! 5.71j§;§§ 3.68f§;§§ 4.12%;%% 3.86j(});§§
Tinin keV 0.1775%% 0181002 | 0227003 022752
oYMy 55109 42718 20" 1653
Tetim keV 0547597 0587005 | 0.7870%8  0.8440.05
O Mgy, 0.067503  0.037305 | 0.02+£0.01 0.0240.01
x%/d.o.f 165/168  150/140 | 218/206  275/238
Fy 107 Bergs lem™2 | 531+£0.12 526+0.14 | 9244+0.18 11.06 £0.17
Ly 10% ergs™! 144+0.03 1.43+0.04 | 2514+0.05 3.0+0.05
2

Galactic absorption column! is a fixed parameter at the value of 0.04 x 10%2 cm™
(HI4PI Collaboration et al. 2016) and the local absorption is measured by another
tbabs component which is allowed to vary as a free parameter. The statistical
uncertainties in the spectral parameters are measured within a 90% confidence
interval unless mentioned otherwise. The fluxes and their errors are estimated

using the model cflux.

3.4.1 | Time-averaged spectroscopy

We first analyze the spectra from individual epochs and investigate the time-
averaged spectroscopic properties of the source in each epoch. The MOSI spec-
tra for all four epochs are plotted in figure 3.4 - top left panel.

Ihttps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 3.4: Top: The unfolded MOS1 spectra for different epochs are plotted.
Simple powerlaw model of zero photon index (I' = 0) is used to unfold the
spectra. The normalization of the model is kept arbitrarily high for plotting pur-
poses. A significant long-term spectral variability is observed in different epochs
of ULX1 spectra. In the left panel, the MOS1 spectra of the XM1 and XM3 epochs
exhibit overlapping spectral features. XM2 and XM4 epochs clearly show differ-
ences in spectral shapes and divergence in hard spectral regimes. From the time-
resolved spectroscopic analysis, the flaring and non-flaring spectra of the XM2
and XM4 epochs are plotted in the middle and right panels. A similar diver-
gence in spectral characteristics predominantly above 1 keV is seen in these two
tigures. Bottom: The residuals of the best-fit continuum are shown for MOS1
spectra corresponding to the epochs shown in the top panels. For plotting pur-
poses, the Gaussian component is removed from the best-fit model to show the
significant contribution of Gaussian in the spectra.
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The spectra of the XM1 and XM3 epochs exhibit similar features in terms of
flux and spectral profile. Spectra from both epochs are steep and extend only
up to ~ 5 keV, after which the background starts dominating. Whereas the
flaring epochs XM2 and XM4 have comparatively harder spectra and higher
flux compared to the other two epochs, and their spectra extend up to ~ 8 keV,
after which the S/N decreases significantly.

It is important to verify whether the chip gap and strong bad column issue
in the pn data affect the source spectral properties. For that purpose, we carry
out an individual analysis of pn and MOS1/2 data for all four observations with
a simple absorbed powerlaw model along with an additional Gaussian compo-
nent. The necessity of the Gaussian component is discussed below. We find
that the spectral parameters from pn data are consistent with the MOS1/2 data
within the statistical confidence range, with the only exception of the normal-
ization component of the powerlaw model in XM3 and XM4 epochs. Hence, we
perform simultaneous fitting of pn and MOS1/2 data for each epoch with the
cross-calibration constant fixed to 1 for the MOS1 camera, and for the MOS2
and pn camera, the cross-calibration constant parameter is left free to vary. The
other parameters of the models are tied between the cameras. As expected, the
cross-calibration values remain within 10% of MOSI1, except for pn data in XM3
and XM4 epochs, since these pn data are most affected by the noisy detector
column and chip gap as described in Section 3.2.

We explore various physically motivated and phenomenological models in
XSPEC to quantify the contribution of different emission mechanisms in ULX1
spectra. To characterize the spectral hardness of individual epochs, we use the
simple powerlaw fit. The powerlaw index in XM1 and XM3 epochs are found to
be ~ 4.6 and ~ 4.8, respectively, and in XM2 and XM4 epochs, they are ~ 3.7
and ~ 3.5 respectively. It is clear that the flaring epochs XM2 and XM4 are spec-
trally harder than XM1 and XM3 epochs. It is also interesting to compare the
spectral photon indices of NGC 4395 ULX1 with those observed from canonical
BH XRBs that range between ~ 1.7 in low /hard state to ~ 2.5 in steep power-
law state or very high state (Remillard & McClintock 2006). Thus, it is found
that in all epochs, ULX1 spectra are much steeper compared to the spectra of

sub-Eddington BH XRBs. On top of the powerlaw continuum, we detect a soft
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excess around ~ 0.4 keV and a broad Gaussian emission-like feature around
~ 0.9 keV. A more complicated model consisting of a thermal blackbody disk,
a powerlaw, and a Gaussian can provide a good fit to the ULX1 spectra in all
epochs. Nevertheless, it is crucial to understand that the powerlaw model ex-
tends to low energies arbitrarily, which can cause degeneracy between parame-
ters of the powerlaw component and the other low energy components like the
extinction or Gaussian line. Hence, it is prudent to explore other models for
ULX1 spectra that provide more robust, physically consistent descriptions.

Two-component models composed of a cool and a hot thermal component
are widely used to justify ULX spectra. Soft ULXs like NGC 55 ULX and NGC
247 ULX-1 to moderately hard ULXs like NGC 1313 X1 and NGC 4559 X7 have
been modeled with such combination of two thermal component models (Kara
et al. 2020; Pinto et al. 2017, 2020; Pintore et al. 2021; Walton et al. 2020). An in-
terpretation would be that the cooler component originates from the outer disk,
and the hotter component comes from the inner accretion disk, the geometry
of which would depend on the accretion rate of the system. Such a physical
scenario motivates us to explore a continuum with a thin accretion disk and
a slim accretion disk to fit the NGC 4395 ULX1 spectra. We find that a cool
thermal component, represented by a diskbb in XSPEC and a comparatively
hotter slim accretion disk (diskpbb in XSPEC, with p = 0.50) provide an ade-
quate continuum description in all epochs. The “p” parameter of the diskpbb
model always gives the value close to the lower limit of the parameter, i.e.,
0.50. Hence, we keep the parameter fixed to the value of 0.50 and let other
parameters free to vary. It is important to reiterate that the p = 0.50 is the
slim disk limit. On top of the continuum, we find that a broad Gaussian-like
feature around 0.9 keV is always prominent. We find that without any such
Gaussian model component, the x2/d.o.f for only continuum fits are 402/171
for XM1, 297/209 for XM2, 255/143 for XM3, and 375/241 for XM4 epochs.
However, if we include the Gaussian component to model such a broad fea-
ture, the fit statistics are significantly improved (see table 3.3). Thus, the best-
fit description of a physically motivated model that we use to fit the data is
tbabs (Gal) *tbabs* (gauss+diskbb+diskpbb).

The absorption parameter Ny value remains consistent in all four epochs
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Table 3.4: Parameters for the time-resolved spectroscopic analysis of XM2 and
XM4 epochs using best-fit model same as in table 3.3.

Parameter Unit XM2 XM4
flaring  non-flaring | flaring non-flaring
Nu 10?2 cm 2 0.0570:07 0.07 £ 0.02
Eline keV 0.9010.05 0.9170.0%
Tline keV 0197008 015790 | 0217008 0.0970.08
Norm 10 °photons cm™2 s~ | 7.09%,02%  583%2%7 | 9637287 4357733
Tihin keV 0187009 0187005 | 0157007 0.1870:
HOT My 32135 41131 6875 58150
Tetim keV 0.89702 05270 | 0807003 056700
nOTMs)im 0.02+0.01 0.11%312 | 0.04£0.01  0.057)7;
x*/d.o.f 349/327 409/344
F, 107 Bergstem™2 | 1236703 7.87+£021 | 1249£021 6.50 % 0.25
Ly 10¥%rgs! 3357077 2144006 | 3.39+£0.06 1.76+0.07

(~ 0.05 x 10?2 cm~?2). Similarly, the Gaussian line energy remains consistent
at a ~ 0.9 keV value. The temperature of the low-energy thin disk component
also remains similar in these four epochs. However, the temperature of the hot
inner disk component of diskpbb model is higher in the XM2 and XM4 epochs
compared to that of the XM1 and XM3 epochs. Typically, the average diskpbb
temperature in the XM2 and XM4 epochs is ~ 1.5 times higher than that in the
XM1 and XM3 epochs. The best-fit parameters are noted in table 3.3. The resid-
uals from the same model for MOS1 spectra are plotted in the bottom left panel
of figure 3.4 for each observation. The Gaussian component is removed from
the best-fit model in the plot for visual purposes. The strong presence of such
a Gaussian-like structure is evident from the residual plots. The model compo-
nents are shown in figure 3.5 (top panel). The contribution of each component

and their variation in different epochs is clear from the figure.

3.4.2 | Time-resolved spectroscopy

An interesting approach to understanding the properties of flaring episodes in
ULX1 described in section 3.3 is to conduct a robust comparative study of the
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spectral properties in flaring and non-flaring epochs. Here, we primarily con-
sider the XM2 and XM4 epochs, where the flares are prominent. As discussed
earlier, we divide the XM2 and XM4 epochs into three sub-epochs: pre-flare,
flare, and post-flare. Since the spectral flux and properties overlap during pre-
flare and post-flare regimes, we consider them as single non-flaring intervals.
The flaring and non-flaring spectra of MOSI1 for the XM2 and XM4 epochs are
overplotted in figure 3.4 top middle and right, respectively. Apparently, the
spectra of flaring and non-flaring states remain consistent below 1 keV but sig-
nificantly diverge in the higher energy band, i.e., after 1 keV. This property has
already been shown in part from the timing analysis.

Since the tbabs (Gal) *tbabs* (gauss+diskbb+diskpbb) model adequately de-
scribes the spectra from both steady XM1 and XM3 epochs and the flaring XM2
and XM4 epochs, we fit the same model for the time-resolved spectra of the
flaring epochs. The flaring and non-flaring spectra are fitted simultaneously
for each observation, linking absorption and line energy parameters but letting
the disk parameters vary freely. The best-fit values of the spectral parameters
and their error estimates are quoted in table 3.4. Figure 3.4 shows the residuals
from the best-fit model (without the Gaussian component) for MOS1 spectra of
the XM2 epoch (bottom-middle) and XM4 epoch (bottom-right). Interestingly,
similar to the time-averaged spectroscopic results, the cool diskbb temperature
remains similar between flaring and non-flaring episodes. However, the best-fit
diskpbb temperature in the flaring episode of XM2 is ~ 1.7 times higher than the
non-flaring episode. For the XM4 epoch, the factor is ~ 1.4. Also, as expected,
the spectral parameters of non-flaring episodes of XM2 and XM4 epochs remain
consistent with the values estimated for XM1 and XM3 epochs where no flaring
is detected. Especially the similar temperature of the disk components could
indicate steady accretion in the non-flaring episodes of XM2 and XM4 and the
steady XM1 and XM3 epochs. Figure 3.5 (bottom panel) shows the model com-
ponents for flaring and non-flaring spectra. The variation of contribution from
spectral components due to flaring events is seen from the figure, specifically

the variation in diskpbb component.
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Figure 3.5: The model components are shown for MOS1 spectra of different
epochs. The red component is the gaussian, green represents the diskbb, and
blue represents diskpbb components. Black represents the total model. The vari-
ation in the diskpbb model component due to flaring incidents is clear from the
tigure.

3.5 | Discussions

Previously Earnshaw & Roberts 2017 analyzed some archival data of ULX1, in-
cluding data from XMM-Newton observations, and showed that ULX1 spectra
exhibit a steep powerlaw tail and a presence of Gaussian-like feature near ~ 0.9
keV, which a mekal model could explain. Nevertheless, recent studies of mul-
tiple ULX sources suggest that a two-component thermal model might be more
physically motivated to describe the spectra of ULXs (Kara et al. 2020; Pinto et al.
2017, 2020; Walton et al. 2020).
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An interpretation of the two-thermal component is that accretion disks around
ULXs have a two-tiered structure. Far from ULXs, the disk is a typical thin ac-
cretion disk (Shakura & Sunyaev 1973). Once the local luminosity of the disk
approaches the Eddington limit, the inner region of the disk inflates. Winds are
launched down the spherization radius, which carries away the excess mass,
and advection plays a crucial role inside the accretion disk. Such a physical sce-
nario would depict that the low-energy thermal disk component corresponds
to the outer thin accretion disk, and the high-energy component corresponds to
the inner accretion flow from a slim accretion disk modified by the disk wind.
Considering this physical accretion scenario, we would discuss how these new
XMM-Newton observations conform with the description.

Before 2018, the XMM-Newton observations of NGC 4395 ULX1 do not show
any significant short-term variability in the source (Earnshaw & Roberts 2017).
However, significant flaring episodes are detected in the latest 2018-2019 ob-
servations. The hard spectral component is best described by the radial advec-
tion of the slim accretion disk component modeled by diskpbb, which eventu-
ally implies the super-critical accretion scenario. The luminosity measurement
(L ~ 1.4-3.0 x 10%* ergs~!) shows that if ULX1 hosts a typical ~ 10M, black
hole, then it is accreting at or just above the Eddington accretion rate. Thus, as
a first impression, one might compare the ULX1 spectral state with the broad-
ened disk spectrum while comparing it with known ULX spectral categories.
Nevertheless, it is crucial to note that the hot inner disk temperature of ULX1 is
relatively less than the typical hot temperature found in BD state ULX sources.
Also, in addition, ULX1 requires a cool thermal component, not typically seen
in BD ULXs. An alternative comparison would be with SUL or ULS sources
based on the soft nature of ULX1. In all observations, the source exhibits a pow-
erlaw photon index of I' > 2 in the 0.3-5.0 keV energy band; hence an appar-
ent classification would be that NGC 4395 ULX1 is a soft ultraluminous source.
However, many SUL sources show higher luminosity compared to what is ob-
served for NGC 4395 ULX1 (Sutton et al. 2013). There cannot be a direct com-
parison with ULSs since ULS sources usually exhibit a single ultrasoft black-
body spectrum, whereas ULX1 shows two disk component spectra. Thus, we
infer that NGC 4395 ULX1 is an intermediate case between SUL and ULS state
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sources. It is interesting to compare that the spectral properties of NGC 4395
ULX]1, like the spectral profile, two thermal component continuum, and atomic
emission/absorption-like features, are similar to those of NGC 55 ULX and NGC
247 ULX-1, in particular (Pinto et al. 2017, 2021). The geometry of the accretion
disk might be a key factor for the soft spectral nature of the source. The line
of sight could be nearer to the plane of the disk, thus obscuring the hard pho-
tons coming from the inner and hotter region of the accretion disk (see similar
discussion for NGC 55 ULX in Pinto et al. 2017).

The power spectral density of the ULX1 time series in a few observations
shows powerlaw type low-frequency red noise. Variation in mass accretion rate
in X-ray binaries can cause such red noise in the power spectrum (Uttley &
McHardy 2001). However, on top of the red and white noise, no quasi-periodic
or periodic oscillation signature is found in any of the observations. The energy-
dependent analysis of the time series of flaring XM2 and XM4 epochs confirms
that the hard spectral components dominate the flaring activities. Similar behav-
ior is observed in some other ULXs (e.g. Gurpide et al. 2021a,b; Middleton et al.
2015a). One interpretation could be the partial occultation of the inner region
of the accretion disk due to the outflowing wind launched by the super-critical
accretion. In principle, this might explain our results since the presence of a
Gaussian-like feature also supports the presence of outflowing wind. Another
interpretation could be that this variability happens due to a genuine change in
the accretion rate, which eventually contributes to the flaring behavior.

The luminosity-temperature relation in a standard thin accretion disk fol-
lows L o T* relation. However, in the absence of beaming, for an advection-
dominated disk, the relation is L o T? (Kubota & Makishima 2004). This could
be the case in our data, as we show in figure 3.6. We plot the unabsorbed bolo-
metric luminosity in 0.01-10.0 keV energy band from the diskpbb component
and corresponding disk temperature. We have extended the energies of the
instrumental responses in XSPEC to obtain the bolometric flux (F,;) from the
diskpbb component following a similar study by Urquhart & Soria 2016. For this
luminosity-temperature relation analysis, we have also included two additional
XMM-Newton observations (ID - 0142830101,0200340101) to increase the statis-
tics in the luminosity vs. temperature plot. These two observations are chosen,
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Figure 3.6: Relation between the unabsorbed bolometric luminosity of the hard
slim disk component vs. temperature of that disk. The 95% confidence intervals
on the normalizations of the powerlaw relations are indicated with the shaded
regions.

particularly since their exposures are comparable to those of the four observa-
tions studied here. In these two older observations, the source exhibits similar
spectral characteristics as it shows in the non-flaring epochs of the 2018-2019
observations. The spectral parameters of these two observations are consistent

with those of the non-flaring epochs when fitted with the same spectral model.

We followed the same data reduction method for these two observations as
we did for other observations in this chapter. The source exhibits steep spectra
extending up to only 5 keV, similar to the non-flaring XM1 and XM3 epochs,
after which the background starts significantly dominating the source spectra.
In observation 0142830101, the pn data is affected by chip gap and bad column,
as happened for other observations discussed in this chapter. To verify whether
the spectral properties are affected due to the chip gap and bad column, we
give a similar treatment as described in sections 3.2 and 3.4. Simultaneous pn
and MOS1/2 data fitting is performed with cross-calibration of MOS1 fixed to
1 and left free to vary for MOS2 and pn cameras. In observation 0200340101,
the pointing of the detector is such that the source is highly off-axis (see also

Earnshaw & Roberts 2017) and falls out of the field of view of the pn camera.
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Thus, for this observation, only MOS1 and MOS2 data are utilized.

We have utilized the data points from flaring and non-flaring epochs for XM2
and XM4 epochs, and for other observations, the time-averaged data points are
used. The bolometric luminosity and disk temperature and their 1o errors are
obtained. Then, we fit the data using scipy.odr routine ? (Boggs & Rogers 1990)
with both L « T? and a L « T* relations. To adopt a conservative approach, we
consider the larger error on both axes for the fitting method. In figure 3.6, we
see that the luminosity-temperature plane of the diskpbb component is broadly
consistent with both L o« T? and L o« T* relations. We have also shown the
95% confidence intervals on the normalizations of the powerlaw relations by
the shaded regions in the figure.

For a disk inclination angle 6 and distance to the source D, the bolometric lu-

27D?

osg Fro1- Conventionally, it is assumed that Ly, = 47tD?Fy,,

minosity is Ly, =
which is equivalent to the disk inclination angle of ~ 60° (see Urquhart & Soria
2016 for details). We have used the simple L;,; = 471D?Fy,; relation to estimating
the bolometric luminosity. However, it is important to note that since the incli-
nation angle of the disk is highly uncertain, the absolute value of the L;, needs
to be taken with caution. However, the luminosity-temperature plane would
follow a fixed positive powerlaw relation for a fixed inclination in all epochs.
From the figure 3.6, although the data broadly follow both the relations, em-
pirically, for an advection-dominated accretion disk or a slim disk, the L o« T2
relation is expected to be more appropriate.

We also study the relation between luminosity and accretion rate for the
source. We know that for a slim disk in the presence of advection, the luminos-
ity relates with the Eddington ratio as L ~ L,z4[1 4 Inritg] (Shakura & Sunyaev
1973). The ratio of luminosities during flaring and non-flaring episodes is

L
__flare o (3.3)
Lnon— flare

Hence, from this relation, we can estimate how the mass accretion rate has
changed during flaring events. Simple algebra would lead to the relation be-

tween the Eddington ratios of flaring and non-flaring episodes as

Zhttps://docs.scipy.org/doc/scipy/reference/odr.html
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moflm'e =€ mononfflare' (34)

However, if the apparent change in the luminosity of the advection-dominated

disk is dominated by geometrical beaming from the disk winds, then,

L Ledd[l +1In Tflo]ﬁ’l%, (3.5)

since, the beaming factor is proposed to scale as 73 /115 (King & Lasota 2016;
King et al. 2017; King 2009). Since, in ULX1, the luminosity ratio is small (~ 2),
the relation between luminosity and Eddington ratio would take an approxi-

mate form of,

32
L M0 10y
flare - f1 (3.6)

Lnonfflare mononiﬂm

In this case, the Eddington ratios of flaring and non-flaring episodes would
take a simple form as,

10, = V21t (3.7)

non— flare*

The spectral parameters can be used to estimate some physical parameters
relevant to ULX1 accretion. The normalizations of the accretion disk component
provide an estimate of the inner radius (R;,,) of the disk.

Riy ~ Ex>N2Dyg(cos 8) ~ 2km, (3.8)

where ¢ is the geometric correction factor and « is the color correction factor,
Dy is the distance in 10 kpc unit, N is the normalization, and 6 is the inclination
angle of the disk (Kubota et al. 1998; Soria et al. 2015). The inner radius from
the disk normalizations is calculated for all four epochs XM1, XM2, XM3, and
XM4. The large uncertainty measurement in the normalization parameter of
diskbb indicates that the radius of the thin accretion disk can take a very large
value ranging between ~ 2000(cos 6)~2 km to ~ 7000(cos )2 km assuming
¢ ~ 0412 and x ~ 1.7 (Kubota et al. 1998; Shimura & Takahara 1995), relevant
for a thin disk.
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However, the normalization of the diskpbb component, i.e., the slim accre-
tion disk, remains similar in different epochs. Hence, we take a simple average
to estimate the inner radius of the slim disk. It is important to caution that, to
estimate such an inner radius, it is assumed that the radius is, in fact, constant,
which is appropriate for L T* relation. Nevertheless, if the L « T2 relation is
considered, then the inner radius need not be constant unless advection plays
a significant role in the inner accretion flow. Since diskpbb model is just an ap-
proximate powerlaw scaled model of the radial dependent temperature, it does
not formally include all the physical effects of advection on the inferred inner

radius.

For a slim accretion disk, it is more appropriate to assume the value ¢ ~ 0.353
and x ~ 3 (Soria et al. 2015; Vierdayanti et al. 2008). Thus, the radius from the
average normalization turns out to be ~ 273(cos 9)_% km. This corresponds
to the last stable circular orbit (Rjsco = 6GM/c?) of a ~ 31M, non-rotating
black hole if the disk is face-on, or if the disk inclination is ~ 60°, then the mass
of the non-rotating black hole would be ~ 43M.. On the other hand, if the

estimated radius corresponds to the magnetospheric radius of a neutron star,

ie, Ry =7 x 107Aml%R;70 BiLg cm, where my = M/Mg is the neutron star
mass in solar mass units, Bjp = B/10'2 G, Lsg = L/10% erg s™1, R¢ = R/10°
cm and A ~ 0.5 for disk accretion (Mushtukov et al. 2017). Then for a 1.4M¢
neutron star, the estimated magnetic field would be ~ 6.1 x 10'! Gauss for a face
on disk geometry or for disk inclination of ~ 60°, the magnetic field strength
would be ~ 1.58 x 10!2 Gauss. The neutron star radius of ~ 10° cm is used. For
disk inclination of ~ 60°, the average luminosity in 0.3-10.0 keV is measured for
four epochs which is ~ 2.1 x 10* ergs~!. The luminosity would be two times

less for a face on disk.

If we consider the above interpretations as the description of ULX1 spectral
properties, then the variable part of the spectrum is dominated by the inner disk
component. This might be related to an intrinsic variation in accretion rate or
due to a variable clumpy wind partially occulting the inner region, which in
turn imprints such variability in hard emission. However, it is important to un-

derstand that the measured neutral absorption column density remains similar
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during these different observation epochs. This suggests that if the wind clouds
that block the inner region of the disk are not highly ionized, the transient flar-
ing phenomena are directly related to the inner disk region, which could be far
distanced from the wind cloud regions. Nevertheless, if the wind cloud regions
are highly ionized, then changes in line of sight scattering would imprint such
high variability without exhibiting variation in neutral absorption components.

Another plausible scenario of hard photons dominating the flaring events
could be related to the inverse-Compton scattering process. Due to the high
accretion rate, the number of inner disk photons can proliferate significantly
during the flaring events. These photons would eventually interact with highly
energetic electrons via the inverse-Compton process in the Coronal region and
thus release harder photons. Hence, we see that flaring events are spectrally
harder than non-flaring events.

Finally, the broad Gaussian-like emission feature around ~ 0.9 keV in NGC
4395 ULX1 is similar to such reported detections in several other ULX sources
like NGC 1313 X1, NGC 55 ULX, NGC 247 ULX-1 (Pinto et al. 2017, 2020, 2021).
The broad feature is a combination of a forest of lines that EPIC instruments
cannot resolve. Such lines concentrated around ~ 0.9 keV include Mg XII, Fe
XXII-XXIII, Ne X, Ne IX, O VIII, and O VII lines, which have also been observed
in soft sources like NGC 55 ULX and NGC 247 ULX-1 (see, e.g., Kosec et al. 2021;
Pinto et al. 2017).

It is also important to mention that such ~ 1 keV broad feature in EPIC data
can be modeled by emission lines around ~ 0.9 keV or absorptions around ~ 0.7
and ~ 1.2 keV (Middleton et al. 2015a, 2014). However, for the analysis of NGC
4395 ULXI1 spectra, we utilize the gaussian model to explain the broad feature
owing to its well-constrained parameters and simpler nature of spectral fitting.
However, without any confirmation from grating data from RGS, we cannot
discard the presence of absorption lines in ULX1 spectra since the spectral res-
olution of EPIC data is insufficient to decipher all the lines within that energy
band. Unfortunately, the S/N of RGS data is poor for all four observations. The
background mostly dominates the RGS spectra of ULX1, which did not allow us
to precisely quantify any emission or absorption feature present in the source.

Future X-ray monitoring of NGC 4395 ULX1 will be crucial in establishing its
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transient nature and a better understanding of the physical properties and ac-

cretion mechanism of the source.
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Spectral variability in NGC 1042 ULX1

This chapter is based on the results that appeared in the literature as
Spectral variability in NGC 1042 ULX1, Ghosh T., Rana V., 2022, MN-
RAS, 517, 4247 (Ghosh & Rana 2022); arXiv:2209.02458

4.1 | Prologue

Investigation of spectral variability in individual ULX sources can indicate some
of the crucial features of the accretion mechanism and the nature of the accretors.
A systematic study of spectral variability should include the correlation study
between different spectral parameters and their implications. Such studies are
widely done in the case of XRB and AGN systems (e.g., Yang et al. 2015). With
more data availability, similar studies have also been getting attention in the
tield of ULXs (e.g., Kajava & Poutanen 2009).

A sample of ULXs has been studied by Kajava & Poutanen (2009), which
shows distinctive luminosity-spectral photon index (Lx-I') correlation and anti-
correlation in different sources. Such correlation studies become essential to de-
cipher the variation in ULX accretion scenarios over time. However, it is crucial
to consider some critical factors before concluding a correlation property. Since
the powerlaw model extends to the lower energy band without any bound, it is
evident that the absorption and other soft continuum components, like a cool ac-

cretion disk, can become degenerate with the powerlaw component (e.g., Feng

61


https://doi.org/10.48550/arXiv.2209.02458

Chapter 4. Spectral variability in NGC 1042 ULX1 4.2. Observation details

& Kaaret 2009; Kajava & Poutanen 2009; Pinto et al. 2017). Therefore, it is possi-
ble that the luminosity contribution from the soft spectral counterparts is often
misinterpreted. Hence, it becomes imperative to investigate and mitigate these
“artifacts” before establishing that such correlations are based on real physical
property.

NGC 1042 ULX1 (2XMM J024025.6-082428) is an extreme ULX. Sutton et al.
(2012) studied that the peak X-ray luminosity of the source reaches Ly ~ 5 x 10%°
ergs 1. NGC 1042 is a SAB(rs)cd type galaxy, and the distance to the galaxy is
~ 18.9 Mpc. Sutton et al. (2012) investigated a population of extremely bright
ULXSs using archival X-ray data from the XMM-Newton and Chandra observa-
tories. One of the extremely luminous ULX in that sample is NGC 1042 ULXI1.
In this chapter, we study ULX1 utilizing seven archival XMM-Newton observa-
tions, three of which (0093630101, 0306230101, 0553300401) were studied in de-
tail by Sutton et al. (2012). We also analyze one NuSTAR observation of ULX1 to
investigate its high energy properties beyond ~ 10 keV. Our main focus is on the
spectral characteristics and variability of the source in different XMM-Newton
observations and exploring a detailed investigation of how the different spectral
parameters vary over time. A crucial property that we investigate with NuSTAR
data is searching for typical spectral curvature in NGC 1042 ULX1. Such a cur-
vature is not detected in any XMM-Newton observation.

The details of observations and the analysis procedure for this chapter are
discussed in section 4.2. The main results of NGC 1042 ULX1 spectral and tim-
ing analysis are discussed in section 4.3. Finally, section 4.4 includes a detailed
discussion of the analysis.

4.2 | Observation details

We study all archival XMM-Newton (Jansen et al. 2001) and one new NuSTAR
(Harrison et al. 2013) observation of NGC 1042 ULX1. The details of observa-
tions used in this chapter are given in table 4.1. None of the archival XMM-
Newton observations are pointed observations for NGC 1042 ULX1. Those ob-
servations primarily targeted other sources like NGC 1052 galaxy and SDSSJ024052-
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Table 4.1: The observation details of NGC 1042 ULX1 utilized in the chapter.
The cleaned spectral exposures are mentioned for MOS1/MOS2/pn for XMM-
Newton and FPMA /FPMB for NuSTAR in ksec unit

Serial No. Observation ID  Date of observation Epoch ID Exposure
XMM-Newton
1 0093630101 2001-08-15 XM1 13.6/-/9.8
2 0306230101 2006-01-12 XM2 49.4/479/-
3 0553300301 2009-01-14 XM3 46.8/44.5/—
4 0553300401 2009-08-12 XM4 53/-/42.6
5 0790980101 2017-01-17 XM5 48.5/46/—-
6 0865260301 2021-01-29 XM6 -/19.9/16.3
7 0891800401 2021-07-16 XM7 26.4/26.4/20.5
NuSTAR
1 30701004002 2021-12-16 N1 104 /103

082827. Therefore, ULX1 falls highly off-axis in most observations in XMM-
Newton detectors. As a consequence, all three EPIC cameras do not always
simultaneously detect the source. The NuSTAR observation taken in 2021 was
part of a joint NICER+NuSTAR venture. However, unfortunately, we find that
the background completely dominates the NICER spectrum of the source. Hence,
we only utilize the NuSTAR data for our scientific purposes.

After extracting the XMM-Newton science products following the standard
procedure, we clean the data from the background and proton flare by elim-
inating the time intervals strongly affected by flaring activities by identifying
those intervals in the single event high energy light curves !. We then perform
a detailed spectral and timing study of NGC 1042 ULX1. We employ a stringent
filtering constraint of FLAG== 0 for the spectral analysis of both pn and MOS
data.

As mentioned earlier, the source ULX1 (RA: 02:40:25.6, Dec.: -08:24:30.0; Sut-
ton et al. 2012) is highly off-axis in most of the XMM-Newton observations.

Nevertheless, a 30 arcsec radius circle encloses the source region in all obser-

Ihttps://www.cosmos.esa.int/web/xmm-newton/sas-thread-epic-filterbackground
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Figure 4.1: The XMM-Newton and NuSTAR unfolded spectra of ULX1. A zero
photon index powerlaw model is used to unfold the spectra and for visual pur-
poses, the spectra have been rebinned. The MOSI spectra are plotted for all
XMM-Newton observations except for the XM6 epoch, for which the MOS2
spectrum is shown. For the N1 observation, the spectrum from the FPMA mod-
ule is presented.

vations. Thus, it is reasonable to consider ULX1 as a point source in all cases.
The source photons are extracted from a 30 arcsec circle around the source, and
a nearby source-free 60 arcsec circle from the same chip is used for extracting
corresponding background photons. The specgroup task is utilized to group
the spectra with a minimum of 20 counts per energy bin and an oversampling
factor 3 has been used to ensure the minimum width of a group as 1/3 of the
corresponding energy resolution (in full-width half maxima).

The standard data reduction process for NuSTAR is followed as discussed in
chapter 2. The grouping of NuSTAR spectra is performed to ensure a minimum
of 20 counts per energy bin. In the NuSTAR detectors, the source region is se-
lected as a 30 arcsec circle around the source, and the background is chosen from

a 60 arcsec radius circle in a nearby source-free region.

64



Chapter 4. Spectral variability in NGC 1042 ULX1 4.3. Results

Np(1022cm~2)

! |
o IR T I SN
\ - }ot \

14

52000 53000 54000 55000 56000 57000 58000 59000 52000 53000 54000 55000 56000 57000 58000 59000
Time (MJD) Time (MJD)

16 P

14

0.10 0.15 0.20 0.25 0.30
Ni(1022cm~2)

Figure 4.2: The Ny and I variation over different XMM-Newton observation
epochs are shown in the top left and right panels, respectively. The relation be-
tween the Ny and I is depicted in the bottom panel. We utilize an absorbed
powerlaw model with the Ny parameter being allowed to vary for different
epochs of observation for these parameter estimates.

4.3 | Results

4.3.1 | Spectral Analysis

In this section, we discuss the results from the spectral analysis of NGC 1042
ULX1. The analysis followed the standard procedure discussed in previous
chapters. The tbabs model with updated abundances (Wilms et al. 2000) and
cross-sections (Verner et al. 1996) is used to quantify the neutral absorption com-
ponent. Similar to the previous chapter, we report uncertainties on the measured
spectral parameter with a 90% confidence interval unless mentioned otherwise.
The cflux model estimates the fluxes and their errors throughout the chapter.
As a first exercise, we inspect the source spectral properties visually by plot-

ting the unfolded spectra from all observations studied in this chapter (see fig-
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ure 4.1). For this purpose, we have used a powerlaw model with zero photon
index, i.e., essentially a constant model, to generate the unfolded spectra. Ap-
parently, below ~ 1 keV, the spectra from all epochs remain mostly overlapping.
However, above ~ 1 keV, the variability in different epoch spectra is clearly
observed. For XMM-Newton spectra, the S/N decreases significantly after 8.0
keV; for NuSTAR spectra, the background dominates significantly after 20.0 keV.
Hence, we restrict the analysis of XMM-Newton spectra within the 0.3-8.0 keV
energy range, and for NuSTAR spectra, 3.0-20.0 keV energy range is utilized.

We start with a simple absorbed powerlaw model to simultaneously fit the
spectra from individual XMM-Newton epochs and observe the variation of spec-
tral parameters during these epochs. For each observation, the parameters from
all cameras are linked except for a constant parameter. This constant parameter
is allowed to vary to take into account the cross-calibration effects. However, the
parameters for each epoch are not linked to other epochs and are left free to vary.
The time evolution of the parameters Ny and I' and their correlation properties
are plotted in figure 4.2. The neutral absorption parameter N is found to be
consistent within error among these different epochs of observation (see figure
4.2 - top left). Nevertheless, interestingly, we find that the spectral photon index
(I') shows a significant variation in different epochs ranging between ~ 1.4-2.7
(see figure 4.2 - top right). The relation between Ny and I is shown in figure
4.2 - bottom panel. This figure depicts that Ny does not have any substantial
influence on the significant variation of photon indices in different epochs.

We also simultaneously fit spectra from all XMM-Newton epochs by keeping
Ny free to vary globally but linking between different epochs to inspect the in-
fluence of Ny on the spectral hardness and flux. We find that keeping Ny linked
between different epochs does not significantly alter the fit statistics in terms of
x?/d.o.f from 631/534 to 642 /540, which is expected since the Ny parameter in
all epochs is found to be statistically similar. Nevertheless, more importantly,
this comes with a prize of better constraints on the other spectral parameters.
Our primary aim is to quantify the spectral variability for different epochs by
robust measurements of the continuum spectral parameters. Hence, we keep
this Ny parameter linked for further analysis of XMM-Newton data. Linking
the Ny parameter also ensures that the apparent spectral variability in the con-
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Table 4.2: Spectral parameter details for the powerlaw model with linked Npg,
in seven epochs of XMM-Newton observation of NGC 1042 ULX1. We list the
observed (absorbed) fluxes and luminosities in 0.3-8.0 keV energy range. The
intrinsic (unabsorbed) fluxes are typically ~ 1.2-1.6 times the observed fluxes.

Parameters Unit XM1 XM2 XM3 XM4 XM5 XM6 XM7
Model = tbabs*powerlaw
Ny 10%2cm =2 0.18 +0.02
r 200+0.14 1554007 211+£010 153+006 2341013 2174009 1.847012
Ny 1074 1517040 1194008 1.01+0.08 1464010 1.18+0.10 098+0.10 1.20+0.13
x2/d.o.f 642/540
Eops 10 Bergs 'em=2 5727081 6961044 3547028 gyyt0 3557031 3081032 5260
Lops 10+40ergs ! 2441035 298708 1517012 3754022 1.52+£013 1407073 225002

Table 4.3: Spectral parameter details for the diskbb+powerlaw model in seven
epochs of XMM-Newton observation of NGC 1042 ULX1. The observed (ab-
sorbed) fluxes and luminosities are measured in 0.3-8.0 keV energy range. We
also quantify the intrinsic flux of the individual additive components in the same
energy range.

Parameters Unit XM1 XM2 XM3 XM4 XM5 XMé6 XM7
Model = tbabs (diskbb+powerlaw)

Ny 10%2cm =2 0.237002

T; keV 0.237003

N 62002 28277 3e7iSE 2457 64673R  27073% 63879
r 156703 1.39+£0.13 1814028 145+011 17170355 2017927 110702
Ny 10~ 099743 0991015 0727923 1.33+£0.16 060703 0797035 0587018
x°/d.o.f 574/532

Spectral regimes HUL/SUL HUL HUL/SUL HUL HUL/SUL HUL/SUL  HUL
Fops 10 Bergstem™2 65071 724708 3697035 8.8870F 385704 325703 6.6770%
Lops 10+40ergs ™! 2787070 3104£021 158751  3.80%0% 165707, 1.39+£0.15 285703
Fy 107 Bergs lem™2 6871108 8.04703 4207 1018796 373708, 414%0% 6367578
Fuisk 10 Bergstem™2  257F13¢ 117708 1537070 10207 268705 1128078 26570,

tinuum properties is not artificial (see section 4.4 for details).

As discussed earlier, we start with the simplest model, i.e., an absorbed
powerlaw model widely used to fit spectra for X-ray binaries and ULXs. When
we keep the Ny parameter linked between different epochs, the best-fit value
of Ny is 0.18 + 0.02 x 10?2 cm~2. In this case, the wide range variation of T still
holds (see table 4.2). We also find variations in the measured absorbed and un-
absorbed luminosities in different epochs. The highest absorbed luminosity is
~ 3 times more than the lowest absorbed luminosity of the source.

We also explore the thermal component models to justify the ULX1 spectra.
We find that a single component MCD, i.e., diskbb model, is not a good descrip-
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tion for the simultaneous spectral fit (x?/d.o.f = 932/540). We then explore
the widely used two-component model composed of a diskbb and a powerlaw
component. We find that this combination of diskbb and powerlaw component
model gives a significantly improved statistical fit compared to a single compo-
nent powerlaw fit. The temperature of the disk component remains statistically
consistent within 90% confidence in all epochs. Therefore, we eventually link
this parameter for different epochs and let it vary globally. Compared to the
single component powerlaw model fit, the diskbb+powerlaw model provides a
much better fit (Ax? ~ —68 for 8 less degrees of freedom). Even though the
cool disk component significantly contributes to the softer regime of the spectra
(see the model components in figure 4.3), the variation in photon indices still
prevails in this two-component model combination. Also, interestingly, we find
that the epochs XM2 and XM4, which have exhibited hard spectra, show a trend
that they have comparatively more ratio of powerlaw flux and disk flux (%)
than the other epochs, which have softer spectra (see table 4.3).

We also explore another widely used two-component model, which is com-
posed of two thermal components, i.e., two temperature disk blackbody compo-
nents (diskbb+diskbb; Gurpide et al. 2021a; Koliopanos et al. 2017). Neverthe-
less, the statistical fit with these two diskbb components in some cases provides
unphysically high uncertainties in the hotter disk component parameter. This
could partly be due to any degeneracy between different spectral parameters.
Hence, we do not explore this model in further detail within the current lim-
itation of data. Indeed, it is essential to mention that future on-axis and long
exposure observations of this source could be useful to constrain such a model
properly.

For the analyzed XMM-Newton data, we consider that the two-component
model diskbb+powerlaw is the best-fit model combination, providing a good sta-
tistical fit of ULX1 spectra in all epochs. Figure 4.3 depicts the spectra and resid-
uals for all XMM-Newton epochs, as well as the additive model components for
the best-fit model combination. In table 4.2 and 4.3, the spectral parameters are

listed for the powerlaw and diskbb+powerlaw models, respectively.
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Figure 4.3: The spectra and residuals are shown for all XMM-Newton and NuS-
TAR observations. The diskbb+powerlaw model is considered for XMM-Newton
epochs, and the cutoffpl model is considered for the NuSTAR observation. The
black, red, and green colors correspond to MOS1, MOS2, and pn, while blue and
light blue colors correspond to FPMA and FPMB data, respectively. The corre-
sponding additive models are also shown in the top panels of each figure.
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We have also analyzed the new 2021 NuSTAR data apart from the archival
XMM-Newton observations, primarily to explore the ULX1 spectral properties
in the hard energy band. Unfortunately, the simultaneous counterpart of the
soft energy observation by NICER is completely dominated by the background.
Therefore, the NICER data is not useful for any purposeful scientific analysis.
Since the soft counterpart is unavailable, the NuSTAR spectra are fitted with
absorption N fixed to the best-fit values taken from XMM-Newton fits.

First, we fit an absorbed powerlaw model with Ny fixed to 0.18 x 10?2 cm™
(from the XMM-Newton spectral fit) and find that x2/d.o.f = 32/34 with T =
2.74f8:%(1), which is a statistically acceptable fit suggesting that the current NuS-

2

TAR data are broadly consistent with a simple powerlaw model. However, we
find that an exponential cutoff powerlaw model (cutoffpl) instead of powerlaw
provides a lower x? value (x?/d.o.f = 21/33). Nevertheless, the photon index
is found to have a large error bar (I' = 0.14ﬂ:2§), including a negative value
in the lower error and an unconstrained normalization (< 15.64 x 10~°) with a
folding energy value of Ef, 4 = 2.451%:82 keV, due to limited S/N of the data.
Hence, we keep the photon index of the cutoffpl model fixed to 0.59, a typical
value found in pulsar ULXs (see Walton et al. 2020). The fit remains statistically
similar to the case of a free photon index. The x?/d.o.f = 21/34 with folding
energy at E¢q = 2.96f8:gg keV.

Caution is needed when treating this folding energy value compared to other
ULX sources. Due to the unavailability of the simultaneous soft counterpart
data, the cutoffpl parameters, including the photon index, are not well de-
termined. Nevertheless, the turnover in the NuSTAR spectra is apparent from
figure 4.1. One crucial comparison with the XMM-Newton data is that we could
not detect the cutoff in any XMM-Newton observation when fitted with this
cutoffpl model. In fact, there is no statistical improvement compared to simple
powerlaw fit, and the folding energy is unconstrained. However, 2021 NuSTAR
data detect the cutoff, although at the low energy threshold of NuSTAR. The un-
absorbed flux in 3.0-20.0 keV energy range is (2.497559) x 10 13 ergs~! em~2and
corresponding luminosity is (1.067013) x 10740 ergs~!. The NuSTAR spectra
are plotted in figure 4.3 (last panel). We performed another exercise to provide

statistical justification for the observed spectral turnover by fitting the NuSTAR

70



Chapter 4. Spectral variability in NGC 1042 ULX1 4.4. Discussions

data with a broken powerlaw model following the work by Stobbart et al. (2006).
We find that the x?/d.o.f = 19/32 and the break energy is Ep..x = 6.641?:32 keV,
with power law photon index for E < Ep,q is 1.98f8:§8 and for E > Ep.q is
4.01’%1‘%. This statistically validates the observed spectral break in the NuSTAR
data. Here, we would mention that although the powerlaw model is a good fit
to the NuSTAR data, the apparent spectral cutoff observed in figure 4.1 in ac-
cordance with other ULX broadband spectra, and similar statistical fit with both
cutoffpl and broken powerlaw models favor the interpretation that the spectral
cutoff in this ULX is detected with NuSTAR data.

4.3.2 | Timing Analysis

The time series analysis of NGC 1042 ULX1 shows that the light curves are
steady for all XMM-Newton and NuSTAR observations. The background-subtracted
source light curve for FPMA is plotted in figure 4.4. We use the HENDRICS soft-
ware (Bachetti 2018; Huppenkothen et al. 2019) to search for pulsation in the pn
data of four XMM-Newton observations by implementing the HENzsearch tool
with the fast folding algorithm.

The search was restricted to the frequency range of 0.1-6.8 Hz and the en-
ergy range of 0.3-8.0 keV. There is no detection of pulsation in any observation.
The upper limits on the pulsed amplitude for all four epochs range between
~ 20-40% (in 90% confidence interval). Since NuSTAR data provides hard en-
ergy photons, and pulsations are often stronger in the hard energy band, we uti-
lize the new NuSTAR data for searching pulsation with a similar method within
the 0.1-10.0 Hz frequency range and 3.0-20.0 keV energy range. However, we
do not detect any pulsation here either, which could be due to the low S/N of
NuSTAR data. The upper limit of pulsed amplitude is ~ 40%.

4.4 | Discussions

This chapter focuses on studying a highly luminous and variable ULX source,
NGC 1042 ULX1. A sample of extremely bright ULX sources, including NGC
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Figure 4.4: A representative plot of the background subtracted cleaned 3.0-20.0
keV light curve from NuSTAR FPMA with a 5000 seconds binning.

1042 ULX1, was studied by Sutton et al. (2012). Based on the analysis of three
archival XMM-Newton observations and one Chandra observation, Sutton et al.
(2012) discussed both sub-Eddington accretion onto the IMBHs and super-Eddington
accretion onto stellar-mass compact objects are possible scenarios for ULX1. How-
ever, the IMBH scenario was preferred due to the apparent absence of soft excess

and characteristic spectral cutoff in the XMM-Newton data. Nevertheless, it is
essential to consider that spectral curvature in NGC 1042 ULX1, which is not
constrained from any XMM-Newton data, could be owing to the low S/N of

the data (see the discussion of Sutton et al. 2012). However, the current analysis

of XMM-Newton and NuSTAR provides more detailed insight into the source,

which is thoroughly discussed in this section.

4.4.1 | Accretion states of NGC 1042 ULX1

It is imperative to compare the accretion state of any individual ULX with the
known ULX spectral states (e.g., Gurpide et al. 2021a,b; Kaaret et al. 2017; Sut-
ton et al. 2013) from the study of its spectral properties. The interpretation of
the relative contribution of soft and hard components suggests that the NGC
1042 ULX1 spectra indicate similarity with the spectra of ultraluminous state

sources. The spectral hardness in terms of the photon index value suggests that

72



Chapter 4. Spectral variability in NGC 1042 ULX1 4.4. Discussions

the source mostly resembles the HUL regime, although, in some epochs, the er-
ror on the photon index extends to the SUL regime. Owing to the limitation of
available XMM-Newton data quality, it would be difficult to rule out the degen-
eracy between the soft thermal disk component and hard powerlaw component,
manifested by the somewhat large measurement uncertainties in the spectral pa-
rameters. Nonetheless, the variability in spectral profile for different epochs of
observation is evident from figure 4.1, figure 4.3 and the quantified results noted
in table 4.2 and 4.3.

Another critical point of our analysis is that the differences in spectral nature
in different epochs are more prominent beyond ~ 1 keV. Other ULXSs, like NGC
1313 X-1, NGC 55 ULX1, Holmberg IX X1, M51 ULX8, NGC 4395 ULX1 (Ghosh
et al. 2022; Gurpide et al. 2021a; Middleton et al. 2015a; Sutton et al. 2013; Wal-
ton et al. 2020) have also shown such interesting behavior. Generally, it can be
understood as a physical scenario where there is no significant variation in the
cool emission component in different observations, but the hot emission coun-
terpart shows variability. Typically, when the accretion rate reaches the Edding-
ton limit, the optically thick wind is expected to launch down the spherization
radius, which would eventually manifest as a cool thermal disk blackbody-like
component in the spectra. The powerlaw component, on the other hand, is an
approximation of hot inner accretion flow modified by a Comptonization pro-
cess, which is a dominant emission mechanism in several ULXs (see, e.g., Pinto
etal. 2017; Urquhart & Soria 2016; Walton et al. 2020). Current data do not allow
us to constrain a more complicated treatment of the Comptonization model like
the comptt model component. However, if the Comptonization process indeed
dominates the hard spectrum, then the variation of the powerlaw model in dif-
tferent epochs would indicate a variation in up-scattered photon fraction in these
epochs of observation. The reason is that spectral hardness for a Comptoniza-
tion process directly depends on how many photons are up-scattered from the
disk seed photons and manifested as hard spectral components. Also, the soft
diskbb component temperature of ULX1 remains consistent in different epochs
within the ~ 90% confidence interval. This finding suggests that the hard com-
ponent is the origin of such spectral variability, i.e., either variability in the inner

accretion flow or contribution from the Comptonization process.
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Gurpide et al. 2021a,b studied spectral variability in a sample of ULX sources
and discussed some possible physical scenarios that could be responsible for
such variabilities. A critical aspect of super-Eddington accretion inflow is that
a strong radiatively driven outflow is generated down the spherization radius
due to the high accretion rate onto stellar-mass accretors. Such outflow can be
optically thin or thick depending on whether the inclination angle of the system
is low or high, respectively (Gurpide et al. 2021a; Poutanen et al. 2007). Hence,
the probability of hard photons dominating the line of sight emission would
be enhanced for a low disk inclination system. On the contrary, for a higher
inclination angle system, the hot inner region of the disk would be shrouded,
most of the hard photons would be down-scattered by the optically thick wind,
and thus soft emission would dominate the spectrum. Thus, changes in inclina-
tion would imply the variation in the occultation of the inner region of the disk,
which would imprint the variability in the hardness of the observed spectrum.

Additionally, the spectra of NGC 1042 ULX1 show a negative correlation be-
tween luminosity and spectral photon index (see figure 4.5 and section 4.4.3),
which means that the source exhibits harder spectra when it is in a higher lu-
minosity state. A possible explanation is that the hard photons are aligned to
the line of sight through the optically thin tunnel. When the accretion rate is
higher in the inner region of the accretion disk, which would also correspond
to a higher luminosity, the hard (hot) photons would reach us. Thus, it can be
interpreted that, in general, NGC 1042 ULX1 is a low inclination system where
the outflowing wind is optically thin. Therefore, an increase in accretion rate
does not ensure that the hard photons would be down-scattered and move out
of the line of sight. On top of that, geometrical collimation or beaming would
play an essential role in explaining such luminosity-spectral hardness relation.
The hard emission, which primarily originates from the inner accretion flow,
is significantly beamed toward the line of sight through the optically thin tun-
nel. Hence the hard emission would be more intensified compared to the softer
component with increasing accretion rate (e.g., King 2009; Luangtip et al. 2016;
Middleton et al. 2015a; Poutanen et al. 2007).

Considering the black hole and neutron star scenarios is crucial while dis-

cussing the Comptonization process in ULXs. For a non-magnetic system, this
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Comptonization could be external Comptonization in the Corona region due to
inverse-scattering, or if the source is a strongly magnetized neutron star, it could
be a magnetized Comptonization due to shock formation in the polar region. It
is also a common assumption that the hard sources are strongly magnetized neu-
tron star systems where the emission directly comes from the accretion column
(Gurpide et al. 2021a).

4.4.2 | Nature of the accretor

We could not confirm any detection of pulsation candidates in the source using
the acceleration search technique in the Fourier space of the time series. There-
fore, it is not possible to conclude whether ULX1 hosts a neutron star or a black
hole. It is interesting to compare the spectra of NGC 1042 ULX1 with the spectra
of known pulsating ULXs (PULXs) and sources that show similar properties like
PULX spectra (see, e.g., Pintore et al. 2017; Walton et al. 2018a). The spectral cur-
vature, which is apparently missing in XMM-Newton data, is clearly visible in
the 2021 NuSTAR data. Such confirmation of spectral curvature similar to other
ULX sources recognizes ULX1 as a super-Eddington accreting source. Our anal-
ysis shows the presence of a cool accretion disk component with a characteristic
temperature similar to the ultraluminous state sources described in Sutton et al.
2013. Moreover, the presence of characteristic spectral curvature is confirmed by
the current analysis of the data. Therefore, based on these findings, it is possible
to discard the notion of ULX1 as a sub-Eddington IMBH system in a low /hard
state. The best interpretation regarding the nature of the compact object within
the limitation of currently available data is that ULX1 spectral characteristics are
similar to that of ultraluminous state sources, which indicates that ULX1 is a

super-Eddington accretor (either a stellar-mass black hole or a neutron star).

4.4.3 | Anti-correlation between I'-Lx

The correlation studies of different spectral parameters like I' and Lx are ex-
plored for X-ray binaries (e.g., Yang et al. 2015) and ULXSs (e.g., Kajava & Pouta-
nen 2009). Such correlation information has broader implications for under-
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Figure 4.5: Negative correlation between I'-Lx for different XMM-Newton
epochs for 0.3-8.0 keV energy range (Left). The same quantities are plotted on
the right side also but for a 2.0-8.0 keV energy range.

standing a complete picture of the physical accretion processes in these sources.
A similar study for NGC 1042 ULX1 is warranted. Hence, in figure 4.5, we plot
the relation between luminosity and spectral photon index. We find a negative
correlation for these two parameters and discuss the theoretical notion. Before
that, it is important to discuss possible “artifacts” which can arise from the ab-
sorption and low-energy thermal components.

We study the correlation properties for powerlaw fit in both cases when the
absorption parameter is left free to vary for all epochs and linked between dif-
ferent epochs. The anti-correlation between I and Lx prevails in both scenarios.
In fact, in all cases, the unabsorbed and the absorbed luminosities are negatively
correlated with I'. Broadly, this negative correlation between I' and Ly is not in-
fluenced by the absorption parameter, as shown in figure 4.2. Nevertheless, cau-
tion is necessary when interpreting such correlation between I' and Ny, where
a slightly lower Np trend is seen when the spectra are harder, i.e., I' is lower.
The Pearson r-coefficient ? is ~ 0.77 with p-value ~ 0.04 and the Spearman cor-
relation coefficient 3 is ~ 0.73 with p-value ~ 0.06. The p-values indicate the

probability of getting the same correlation outcome from a completely uncorre-

https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.pearsonr.
html

3https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.spearmanr.
html

76


https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.pearsonr.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.pearsonr.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.spearmanr.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.spearmanr.html

Chapter 4. Spectral variability in NGC 1042 ULX1 4.4. Discussions

lated system. In other words, typically, if p > 0.05, the correlation might have
occurred by chance and cannot be considered statistically significant. Although
no statistically significant correlation can be established between Ny and I', we
will continue discussing two possibilities for such a trend. First, the degeneracy
between the parameters of the powerlaw model and softer spectral components
can give rise to such correlation since the extension of the powerlaw model in
the lower energy range is arbitrary. Another possibility could be that the Ny—I'
correlation is indeed physical. When the accretion rate is higher, luminosity also
increases, and from the analysis, we find a trend of increasing hardness in the
system. Owing to the low inclination of the disk, the beamed hard photons pass
through the optically thin tunnel and align with the line of sight. Hence, the neu-
tral Ny component is apparently less dominant when the source is in a harder
spectral state. In either case, the anti-correlation between I'' and Ly is significant
and can be perceived as real.

When the absorption parameter is linked, we estimate the correlation coef-
ticients between I and Lx. The Pearson r-coefficient for absorbed luminosity is
~ —0.921 with p-value ~ 0.003, and the Spearman correlation coefficient for the
same is ~ —0.857 with p-value ~ 0.014. On the other hand, for unabsorbed lu-
minosity, the Pearson r-coefficient is ~ —0.857 with a p-value is ~ 0.014, and the
Spearman correlation coefficient is ~ —0.857 with p-value ~ 0.014 (see figure
4.5 - left). Therefore, both absorbed and unabsorbed luminosity are negatively
correlated with the powerlaw index, suggesting this property is intrinsic to the
source.

With a more conservative approach, we also study the correlation property
by removing any “artifact” from the soft energy regime apart from the neutral
absorption. Thus, a correlation trend between 2.0-8.0 keV intrinsic Ly and T
(figure 4.5 - right) is inspected. This approach estimates the correlation trend
only in the high energy spectrum by minimizing any artificial boost in the lumi-
nosity of the soft energy part. With this motivation, we fit the data in the 2.0-8.0
keV range with an absorbed powerlaw model by fixing the Ny to the best-fit
value from 0.3-8.0 keV fit. The negative correlation between Lx and I’ still holds
even though the measurement uncertainties are large due to lower count statis-

tics. Particularly, observation XM1 has very low count statistics in the 2.0-8.0
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keV energy range; hence, the measurement errors are very high. Therefore, this
observation is not considered in figure 4.5 - right. In this figure, the Pearson
r-coefficient is ~ —0.922, and the p-value is ~ 0.009. The Spearman correla-
tion coefficient, on the other hand, for the same data points, is ~ —0.771, and
the p-value is ~ 0.072. It is crucial to point out that the Pearson and Spearman
correlation coefficient measurements need to be treated with caution owing to
the low sample space, and in addition, these measurements do not consider the
uncertainties in the parameters.

Understanding the underlying theoretical interpretation for the appearance
of such anti-correlation properties is essential. First, we compare with the re-
sults and interpretation of Yang et al. (2015) in the context of XRBs in general.
The systems studied in Yang et al. (2015) have very low Eddington ratio (%
varying between ~ 10785 to 1071%). Thus, it is necessary to take a careful
approach while explaining similar properties in super-Eddington sources like
ULXs. Nevertheless, such an interpretation of the underlying physics is exciting
and can possibly be formally invoked in future studies of ULXs. In the context
of XRBs, the negative correlation between luminosity and spectral photon in-
dex is attributed to the Type I luminous hot accretion flow (LHAF) in systems
where the accretion rate is high but not too high that the accretion time scale is
shorter than the growth time scale of thermal instability. Unless the density is
too low, the electrons in the plasma would be radiatively efficient, which means
total luminosity can be approximated as the hard luminosity (L,,;). During a
higher accretion rate, soft luminosity (Ls,;) will not sufficiently increase since
the synchrotron absorption depth would increase. This would lead to the neg-
ative correlation between Lx and I'. As mentioned earlier, the super-Eddington
accretion interpretation is a much more feasible scenario in the case of NGC 1042
ULX1, a possible stellar-mass system. Thus, the above interpretation needs to be
treated with caution. Nonetheless, the increasing synchrotron absorption depth
with increasing accretion rate could still be an intriguing physical mechanism
that can explain the negative I'-Lx correlation.

The negative correlation between I' and Lx can also be interpreted in light
of the Compton scattering process. When the accretion rate is higher, i.e., lu-

minosity is also higher, a higher Compton up-scattering photon fraction would
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increase the spectral hardness. For example, in a pulsar system, the pressure and
electron density increase when the mass accretion rate increases. Due to these
effects, the optical depth becomes higher, increasing the y = % parameter in
the Comptonization process. Thus the higher fraction of Compton up-scattered
photons manifests as a harder spectrum due to a higher accretion rate (see, e.g.,
Malacaria et al. 2015 and references therein). However, this interpretation is
mainly valid for sub-critical sources as mentioned in Malacaria et al. 2015. Nev-
ertheless, we argue that, since the broadband study of many super-Eddington
ULX sources (e.g., Kaaret et al. 2017; Walton et al. 2020) predicts a strong con-
tribution of Compton scattered photons in the hard spectral regime, the above
explanation of harder spectrum due to higher Compton up-scattered photons
with increasing accretion rate is also feasible for super-critical sources.

Let us consider a direct context of modern interpretations of ULX spectral
properties. This appearance of a harder spectrum when the source is brighter
can be interpreted as the geometric beaming of hard photons directly to the line
of sight, as explained in section 4.4.1. In addition, for neutron star systems, the
hard spectrum is often interpreted as the emission from the strong accretion col-
umn (e.g., Gurpide et al. 2021a; Pintore et al. 2017; Walton et al. 2018a). The rela-
tive contribution of variation in accretion rate and magnetic field strength would
determine the physical length scales of the system, i.e., the magnetospheric ra-
dius Ry and spherization radius R,y,. The contribution of the accretion column
in the observed spectrum would be stronger if Ry truncates the disk close to
the Ryy, (see Walton et al. 2018a). Hence the spectra will eventually be harder.
This would imply that the hard emission directly coming from the accretion col-
umn would be a key factor for the increase in luminosity. In fact, the observed
trend in table 4.3 suggests that the harder spectral epochs like XM2 and XM4
have increased flux in the powerlaw component, which eventually supports this
physical scenario of hard emission directly coming from the accretion column.

In summary, NGC 1042 ULX1 is a bright ULX, the luminosity of which reaches
a few times ~ 10%0 erg s—!. The spectral properties established from the analysis
of XMM-Newton and NuSTAR observations indicate that the source resembles
the characteristics of a stellar-mass super-Eddington accretor. The source ex-

hibits variability in luminosity and spectral hardness which is possibly related
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to the change in accretion rate, varying strength of Compton scattering, or disk
occultation. In future studies, the energy-dependent variability in the source be-
yond ~ 10 keV can be monitored by broadband X-ray observations which can

shed light on the accretion state of the source in a more comprehensive form.
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Synchrotron cutoff in ULXs

This chapter is based on the results that appeared in the literature as
Synchrotron Cutoff in Ultraluminous X-Ray Sources, Ghosh T., Sethi S.,
Rana V., 2023, Ap], 948, 62 (Ghosh et al. 2023); arXiv:2210.02682

5.1 | Prologue

Broadband spectral analysis from the highest S/N observations has unequiv-
ocally confirmed that most of the ULXs (if not all) display a unique spectral
curvature at energies ~ 10 keV (e.g., Bachetti et al. 2013; Rana et al. 2015; Walton
et al. 2013, 2014, 2015a,b; West et al. 2018). This spectral feature is one of the
unique traits of ULXs compared to the hard state of Galactic XRBs and AGNSs.
Since the discovery of the first neutron star ULX (Bachetti et al. 2014), the per-
ception regarding the nature of the compact object has been revolutionized. In
a modern-day view, a foremost conjecture is that a large fraction of the ULX
population is neutron stars (e.g., King & Lasota 2016, 2020; King et al. 2017).
Recent studies predict some theoretical models of emission mechanisms in
ULXs that can explain the origin of such high luminosity from neutron stars
(e.g., Mushtukov et al. 2019, 2017, 2015, 2018). However, there is no compelling
theoretical model that can explain the origin of the unique spectral cutoff in
these sources. A few phenomenological scenarios have been explored in some of

the recent observational studies where emission components like Compton scat-
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tering in the coronal region in low magnetic sources like black holes or comp-
tonization occurring in the accretion column in highly magnetized neutron stars
(see, e.g., Walton et al. 2018a, 2020; West et al. 2018) can explain the high energy
emission feature in ULXs including the cutoff. Since most ULXs observed with
broadband X-ray data confirmed this unique feature, a common physical origin
of such spectral cutoff could be a feasible reality. In this chapter, we propose
an alternative theoretical model to explain the observed spectral cutoff based on
the first principle of synchrotron radiation from different latitudes. We primarily
explore possible scenarios of this phenomenon in the context of ULXs and esti-
mate physical parameters related to both the luminosity and the spectral cutoff
in ULXs. We also discuss the possibility of extending this model in the context
of other sources like XRBs.

One of the most prevalent radiative processes in the context of astrophysical
systems is synchrotron radiation (Rybicki & Lightman 1979). The non-relativistic
case of synchrotron radiation is cyclotron radiation, where the spectrum be-
comes discrete. However, the emission yields a near-continuum spectrum for
relativistic particles due to the predominant contribution from the higher har-
monics in the observed spectrum (see Landau & Lifshitz 1975; Rybicki & Light-
man 1979 for a review). The synchrotron radiation process in astrophysical
contexts is well explored in multiple wavelengths, including soft to hard X-
rays (e.g., Heinz 2004; Kisaka & Tanaka 2017a,b; Longair 2011; Maccarone 2005;
Markoff et al. 2005; Riegler et al. 1970). In this chapter, we study the impact
of high-latitude, optically thin, classical synchrotron emission on the radiation
spectrum for a large range of speeds of the charged particles. Our study encom-
passes a broad range from semi-relativistic to ultra-relativistic electrons.

We arrange the structure of this chapter as follows. First, we briefly review
the underlying physics of synchrotron radiation relevant to our work in sec-
tion 5.2. In section 5.3, we also provide a detailed calculation to obtain the ap-
proximate analytical expressions that construct the framework to understand
the emission from semi-relativistic to highly relativistic electrons for a range of
latitudes. We discuss the pre-processing method of the data used in the chapter
in section 5.4. The main results are presented in section 5.5. In section 5.6, we

provide a comprehensive summary of our findings, discuss the importance of
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dl,
d
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Figure 5.1: The synchrotron spectra are shown as a function of multipoles
(Eq. (5.1)) for different latitudes. The B = 5 x 10! Gauss and ¢ = 10 is used
for this figure. The role of high-latitude emission in introducing spectral curva-
ture is seen. For a fixed B and v, the spectral cutoff shifts to a lower harmonic
due to high-latitude emission.

this new theoretical model in the context of ULX systems, and discuss possible
methods to distinguish our proposed model from other models.

5.2 | Synchrotron radiation: fundamentals

We assume a geometric construct in which, close to the surface of a neutron star,
incoherent synchrotron radiation originates. Typically, the length scale of mag-
netic field lines is much larger than the curvature of the gravitating body. Thus,
it is prudent to assume that the magnetic field lines are straight on the scales
from which the observed synchrotron emission occurs. Without loss of general-
ity, we assume that the magnetic field is in the z-direction of Cartesian geometry,
and the charged particles move in a circular motion around the uniform mag-
netic field lines in the xy plane.

For a single electron, the angular distribution of the radiated power (erg

sec 1) per unit solid angle (4Q)) in the nth harmonic (or an angular frequency
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of observation, w) can be expressed as (Landau & Lifshitz 1975):

e?w?

dl, = 5 [’can2 0]2(npcosB) + B2J*(np cos 9)] dQ (5.1)
Here 8 = v/c, B is the magnetic field strength, and 6 is the angle between radi-
ated emission and the orbital plane of the particle. J,(x) is the Bessel function
and J} (x) is its derivative. The discrete energy levels of the electron’s energy are
denoted by integer n where w = nwp. wp = eB/ym.c, v = 1/,/1— B2 is the
relativistic boost, e and m, are the charge and mass of the particle, respectively.

Our study aims to analyze the emission from both semi-relativistic and ultra-
relativistic plasmas. Eq. (5.1) allows the transition from the cyclotron to syn-
chrotron radiation. Suppose the argument of the Bessel functions is small, f <
1. In that case, the emission is dominated by low multipoles, n ~ 1 (cyclotron
radiation with most of the radiation occurring at w ~ wpg). As the argument
of Bessel functions approaches unity, the contribution of higher multipoles in-
creases. In the ultra-relativistic case with 6 ~ 0 (emission close to the plane of
rotation), the emission is dominated by multipoles n < 9, with an exponen-
tial cutoff at large frequencies. For v > 1, the spectral gap between successive
multipoles Aw = wp < w, and the emission spectrum is near-continuum (syn-
chrotron radiation). We discuss the case of non-zero 6 below.

Eq. (5.1) gives the synchrotron spectrum for a single electron of energy E =
mec?y. In reality, it is prudent to consider a range of electron energies. Thus, we
assume a distribution of electron’s energy with an exponential cutoff powerlaw
f(v) = Ny Pexp(—7/Ymax) in the range 7y, and ypax (€.g., Reynolds & Keo-
hane 1999). The overall normalization is given by N. In this work, the minimum
relativistic boost ,,;, is treated as a free parameter, and the maximum boost
Ymax = 10007, is considered. We assume the energy spectral index p = 2.2,
consistent with the shock acceleration mechanism (e.g., Allen et al. 2001). We
find that, in our analysis, if the .y is larger than <,,;, by more than a few
factors of 10, its impact on our results is negligible. The factors needed for con-
version to flux units for comparison with the data are absorbed in the definition
of N: N = pyV/ D?, where pN is the number density of relativistic electrons,
V is the volume of the emitting region, and D is the luminosity distance to the

source.
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As noted above, the transition from the cyclotron to synchrotron radiation
can be analytically understood from Eq. (5.1). When the relativistic boost 7y is
large, the emission is dominated by large n and is restricted to an angle 8 ~ 1/
centered on the plane of the orbit. On the other hand, for semi-relativistic elec-
trons, i.e., intermediate ¢ < 20, substantial emissions from higher latitudes are
possible. In this chapter, we explore the possibility that the observed radiation
could emanate from high latitudes with respect to the plane of the orbit. In
this case, f/ = Bcosb acts as the effective velocity parameter in Eq. (5.1) and
determines the frequency at which the synchrotron spectrum begins to fall ex-
ponentially. In Figure 5.1, the synchrotron spectra for different values of 6 are
shown. As expected, for a fixed p and B, the spectral cutoff shifts to smaller

harmonics 7 for larger 6.

Figure 5.1 is based on the numerical evaluation of Bessel functions in Eq. (5.1).
A more direct insight into the relevant physics can be comprehended with the
analytic approximations of Bessel functions. In the literature, such analytic ex-
pressions have been computed for angle-averaged emission for § ~ 1 (e.g.,
Schwinger et al. 1998). However, such a similar approximation is not valid in our
study as the relevant parameter for us is 8 cos 8, which can deviate significantly
from unity for large angles even for § ~ 1. We find that using the stationary
phase approximation, it is possible to approximate the Bessel function and its
derivative in Eq. (5.1) even when B’ deviates significantly from unity (Schwinger
et al. 1998 employs this method in the angle-averaged case for B ~ 1). This al-
lows us to obtain the following approximate expressions for the Bessel function

and its derivative, as discussed in the next section.

5.3 | Analytic approximation of Bessel func-
tion

We start with the integral representation of the Bessel function and their deriva-

tives to obtain their approximate analytic expressions (e.g., Landau & Lifshitz
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1975; Schwinger et al. 1998),
T 1 '
Jn(z) = /0 dng cos(zsing — n¢) (5.2)
I (z) = — /On dgb% sin ¢ sin(zsin ¢ — n¢) (5.3)

Here z = nfcosf® = np’. As the integrands are highly oscillatory, the main
contribution to the integrals arises from regions near ¢ = 0 when the phase is
large (stationary phase approximation). This is ensured by the condition npg’ >

1. Expanding the phase of J,(z) around ¢ = 0, we get:

163
. Ry _ N, B¢
zsing —n¢p =nf sing —ngp = —n {4)(1—,8)+ 3l } (54)
Making the substitution, ¢ = (1 — g')!/2y/B'/? yields:
By _ (1) (
(P(l - .B/) + 31 - 18/1/2 y+ z (55)
The stationary phase approximation is satisfied by the condition :
d (VY _
dy (y + Z) =0 (5.6)

In this case, the stationary phase points are located at:
y=+2i (5.7)

Following the procedure outlined in Schwinger et al. 1998, in the neighborhood
of the stationary phase point, we can write:

y=V2i+¢, (5.8)

where ¢ is real and small, which gives:

y+3/_3:\/§i (%+§_2) (5.9)

) (5.10)

Thus, we can write:
0 1 (1 . ‘B/)l/z (1 o ‘B/)3/2 y3
Tn(np) = /0 dy;—ﬁ/l/z cos | n T yte
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First, we consider the case when n(1 — p)3/2/p/'/2 < 1. In this case, the main
contribution to the integral comes from the region where y is large. Given that
most of the contribution to the integral comes from regions where the phase is
close to unity, the integration limit can be extended to infinity (e.g., Schwinger
et al. 1998). Solving the resultant integral, we get:

1— B 3/2
Ju(np') ~ 0.447n=1/3p/=1/3 for n(ﬁ% <1 (5.11)

In the case of, n(1 — /)3/2/p'1/2 > 1, the integral can be written as:

1/2
= Re [y ﬁm exp (in(1- p)°2(y +y°/6)/"?)  (512)

Since most of the contribution arises from the vicinity of the stationary point,
this can be readily integrated as

Jn(np') = 0.335n~/2(1 — p') /A"~ 1/% x exp (—2\/%%’—1/2(1 - 5’)3/2)

(5.13)
Following a similar calculation procedure, we obtain the approximate forms of

J;,(np’) also. These approximated forms are given in Eq. 5.14.

Ju(np') ~ 0.447n~ 137173 for n < n,
Ju(np') ~ 03350~ 1/2(1 — p/)~1/4pg=1/4

2
J'(nf) ~ 0.411n~2/38'=2/3 for n < n,
]1,1(7/15/) >~ 0.47471_1/2(1 _ ‘B/)l/4ﬁl_3/4

X exp <—2§n/§’_1/2(1 — [3’)3/2) for n > n, (5.14)

with
‘B/l /2
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n. denotes the harmonic at which spectral cutoff occurs. It is important to note
that our analytical results extend the procedure outlined by Schwinger et al.
1998 from the extreme relativistic case ' ~ 1 to arbitrary . The analytic ex-
pressions given in Eq. (5.14) agree with numerical results to be better than 10%
in the acceptable range of g’ 2 0.3 (see below). Also, for p/ ~ 1 (B ~ 1 and
0 ~0),1/(1 —B) ~ 292, and n. ~ 9® which agrees with the angle-averaged
ultrarelativistic case (Schwinger et al. 1998).

Our aim in this chapter is to explain the spectral cutoff as observed in ULXs.
For fitting the X-ray continuum spectral data, we require n. > 1. This requires:
n. > 1, which gives 0.3 < B < 1and 0.3 < cosf < 11 Thus, continuum
X-ray spectra constrain the latitude < 70° and the particle’s velocity 0.3c <
v < c. One can consider the intriguing possibility that the observed spectrum
could arise from a set of discrete lines (though it is unlikely, as we argue below).
We note that the exponential terms in Eq. (5.14) adequately capture the cutoff
frequency in the entire parameter range of interest, which is key to modeling the
ULX cutoff frequency. While we compute Bessel functions numerically for the
purpose of data analysis, these analytic expressions are crucial for interpreting

our results.

In Figure 5.1, we display synchrotron spectra for emission from different lat-
itudes. Eq. (5.14) allows us to understand the spectral shapes seen in the figure.
The spectral cutoff occurs at an angular frequency w >~ n.wg. For emission close
to the plane of the rotation (6 ~ 0), n, ~ 7°. However, for larger angles n. < 7,
as Eq. (5.15) shows, and the spectral cutoff shifts to smaller frequencies. As we
discuss later, the spectral cutoff in the data we analyze occurs at E ~ 10 keV.
This cutoff can be explained for a large range of -y, B, and 6, as will be discussed
below in more detail. Although we only assume the particle’s motion in the
plane perpendicular to the magnetic field, the qualitative description of the re-
sults would not change if the electron has a z-component of velocity. Simply, this
case can be incorporated into our analysis by altering B to B, = Bcos x, where
X is the angle between the velocity vector and the magnetic field (e.g., Landau
& Lifshitz 1975).

Ihttps://www.wolfram.com/mathematica/
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5.4 | Pre-processing of data

Here, we discuss the detailed procedure of pre-processing the data used in this
chapter. We have used XSPEC only to generate the flux data points from ob-
served spectra. Finally, we performed a different fitting method for our analysis.

To find the congruence between our theoretical model and real observed
data, we have selected the NuSTAR observations of two bright pulsar ULXSs,
NGC 5907 ULX1 (RA: 15:15:58.62, Dec.: +56:18:10.3; Fiirst et al. 2017; Israel et al.
2017a; Walton et al. 2015a) and NGC 7793 P13 (RA: 23:57:50.9, Dec.: -32:37:26.6;
Furst et al. 2016; Israel et al. 2017b; Walton et al. 2018b). The distances to the
host galaxies are ~ 17.1 Mpc (e.g., Fiirst et al. 2017) and ~ 3.5 Mpc (e.g., Walton
etal. 2018b), respectively. NuSTAR has observed these two sources several times
in the past decade. This allows us to observe their long-term spectral evolution
and inspect how the spectral parameters of the theoretical model vary over time.
Since the spectral curvature happens in the higher energy range, NuSTAR is the
best instrument to model the spectral curvature in the spectra of these sources.
Generally, the broadband spectra of ULXs are explained with multiple compo-
nents like neutral absorption, geometrically thin or slim accretion disk, and a
phenomenological model of either magnetic or non-magnetic Comptonization
processes (see, e.g., Kaaret et al. 2017). The neutral absorption and thermal disk
components mostly play a significant role in the soft energy regime (E S 5keV).
This work aims to explain the spectral cutoff in ULXs with a new theoretical
model, which occurs in a higher energy range (E ~ 10keV). Hence, we try to
minimize contamination from soft components and adequately model the spec-
tral break. Thus, we restrict the energy range of our analysis within ~ 5-25 keV.

Our study considers all the available NuSTAR data sets for both sources.
However, there are a few observations of NGC 5907 ULX1, for which the S/N is
poor due to the faintness of the source. Therefore, we do not utilize these data
for our analysis. In figure 5.2, we plot the spectra from the NuSTAR observations
of both sources. In particular, we detect two distinct flux states for NGC 7793
P13. Interestingly, within ~ 5-25 keV energy range, both the sources exhibit
similar spectral profiles in all observations except differences in flux.
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Figure 5.2: The 5-25 keV spectra of NGC 5907 ULX1 (left) and NGC 7793 P13
(right) are displayed for multiple NuSTAR observations. As discussed in the
text, the spectra above ~ 5 keV show similar spectral shapes with variations in
flux in different observations for both sources.

5.4.1 | Data reduction process

The NuSTAR data are extracted following the standard data reduction method
explained in Chapter 2. Broadly, we follow the data reduction method specific
to these two sources as outlined in previous works (e.g., Fiirst et al. 2017, 2016;
Israel et al. 2017a,b; Lin et al. 2022; Walton et al. 2015a, 2018b). The source pho-
ton extraction region is selected as a 50 arcsec radius circle for both sources.
In all cases, a 100 arcsec radius circle is selected to extract photons from back-
ground regions. The spectra are grouped with a minimum of 30 counts per en-
ergy bin for all NGC 5907 ULX1 spectra. For NGC 7793 P13 spectra, the spectra
are grouped with a minimum of 50 counts per energy bin where the source is in
a high flux state and 20 counts per energy bin where the source is in a low flux
state (observation IDs - 30502019002, 30502019004, 50401003002, 90601327002).
The XSPEC spectral analysis package is used to convert the spectral data
points into flux units for further analysis. We find that background significantly
dominates the spectra of all NuSTAR data beyond ~ 25 keV. Hence, we do not
utilize the spectral data above this energy for our analysis. In some low flux state

observations, the background starts dominating well below ~ 20 keV. Neverthe-
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less, to provide a similar treatment to all observations, we consider spectra up
to ~ 25 keV for all cases. The NuSTAR spectra are fitted with a cutoff powerlaw
model (in XSPEC, the syntax is constant*cutoffpl). The instrumental cross-
calibration differences are represented by the constant model, and cutoffpl is
used to model the exponentially cutoff powerlaw spectral continuum. We find
that this model within 5.0-25.0 keV energy range gives a statistically good fit for
both sources. We fix the index of the cutoffpl model to the value of 0.59, a typi-
cal value for ULX pulsars (see, e.g., Walton et al. 2020). The neutral absorption is
not considered since it plays a predominant role only in the softer regime of the
spectra. We then convert the spectral counts into flux vF, (erg/cm?/sec) by the
eeufspec command and take the data points in the energy range 5.0-25.0 keV
(~ 1.2-6.0 x 10'® Hz) to perform further analysis described in the section 5.5.
To further verify the robustness of this data extraction procedure, instead of the
cutoffpl model, we utilize another model, such as a simple powerlaw of photon
index 0, and then extract the spectra in flux unit using eeufspec. We find that
our results are insensitive to the choice of XSPEC models used to generate the

flux data points.

5.5 | Analysis and Results

It is easy to understand that if B ~ 1, v and B are degenerate with each other in
Eq.5.1. As we wish to explore a range of electron speeds from semi-relativistic to
ultra-relativistic, this degeneracy cannot be removed 2. Thus, Yin/B is chosen
as one of the parameters in our analysis instead of separately quantifying 7,
and B. Therefore, our analysis has three parameters, namely, 7,,;,, /B, 6, and N.
Later, one more parameter is fixed to deal with residual degeneracies. We also
convert the model to vF, unit by appropriately scaling Eq. 5.1 by a multiplicative

factor n = w/wpg, where w = 27v.

2B ~ 1 approximation is appropriate for the ultra-relativistic cases or semi-relativistic cases
in higher latitudes.
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For our model, the observed flux can be written as:

Xmax
vF, = N’/ Sx P exp (—x/Xmax) dx (5.16)
Xmin
where x = /B,
N' = — N (5.17)
fxnr;f,x x~Pexp (—x/Xmax) dx
and,
2.3
S = 2rev [tan2 075 (L C089> + ]2 (l cosQ)} (5.18)
CVp vg \ VB vg \ VB

We choose two different statistical methods, namely, the frequentist approach
and Bayesian analysis, to explore the congruence of the data and the model.
Since it is hard to determine the best-fit and errors on all three parameters si-
multaneously, we perform our analysis for fixed angle 6 and keep the other two
parameters ¥,/ B = x,,;,, and N free to vary. For the frequentist approach,
we first carry out a minimum x? analysis using the scipy (Virtanen et al. 2020)
“curve_fit” tool 3. The best-fit parameters, x? values, and 1c errors (computed
using covariance matrix) are given in Table 5.1. We consider three values of
8 = 1°,15°,30° for our analysis of each data set. As discussed in the foregoing,
this choice is based on the acceptable range of latitudes to ensure n. > 1. In
Figure 5.3, we plot the data, the best-fit curve, and spectral residuals for one
observation for each source.

In the Bayesian analysis, we utilize the Markov chain Monte Carlo (MCMC)
method using python emcee package 4 (Foreman-Mackey et al. 2013). We find
the convergence of chains in each case, and the computed posterior probabili-
ties agree with the results obtained using the frequentist method. In figure 5.4,
we plot the marginalized posterior probabilities from the MCMC analysis for a
subset of data. The MCMC analysis is done with 32 random walkers and 500
burn-in, and 5000 post-burn-in iterations to reach convergence. We use a com-

bination of two moves, namely, moves.DEMove and moves.DESnookerMove with

3https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_
fit.html
“https://emcee.readthedocs.io/en/stable/
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Figure 5.3: Example plots depicting the congruence of the theoretical model with
the spectra of two ULXs. Each plot is shown for one observation of each source.
The data with the model over-plotted are shown in the top panels, and corre-
sponding residuals are shown in the bottom panels. The models shown here are
for 1° angle in case of NGC 5907 ULX1 (left; Observation - 80001042002) and 30°
angle for NGC 7793 P13 (right; Observation - 90301326002).

80% and 20% probability, respectively, at each step. These posterior probabili-
ties represent the convergence of the chains for the given parameter sets in our
analysis.

We next discuss the physical implications of the parameter range suggested
by statistical analyses. We find that for fixed emission angles, the spectrum is
scaled by the parameter x,,;,, and the overall amplitude is scaled by N. A par-
ticular combination of y,,;,,, B, and 6 is necessary to obtain the spectral feature in
the X-ray energy band. Also, our analysis suggests that the spectra are governed
mainly by the particles with relativistic boost close to 7,,;,. The higher values of
boost (i.e., close to y;uqx) contribute less to the observed spectra. Interestingly, we
do not find significant long-term spectral variability in the high-energy band for
both sources. Thus, the parameter x,,;,, remains nearly the same for all observa-
tions (Table 5.1). However, owing to the changes in flux in different observation
epochs, the parameter N varies significantly.

In table 5.1, we find that the estimated range of x,,;, = Yin /B varies from
107G~ to 1071 G~! for the range of 6. It can be verified from the expression
for vg = wp/(27) and Eq. (5.15) that the results given in Table 5.1 correspond to
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Figure 5.4: Based on the MCMC analysis described in the text, we display corner
plots for two parameters N and x,,;, for emission angles: 1°,15°, 30° (from left to
right). The top and bottom panels correspond to NGC 5907 ULX1 (Observation -
80001042002) and NGC 7793 P13 (Observation - 90301326002), respectively. The
0.16, 0.5, and 0.84 quantiles are shown as vertical lines in the figures. 50 bins are
used in the histograms, which are smoothed with 30 Gaussian kernel.

a cutoff frequency of around 10 keV. The allowed range of x,,;, encompasses a
large range of particle speeds and magnetic field strengths. At higher latitudes,
our results are consistent with semi-relativistic electrons, i.e., ¥, ~ 20 and
B =~ 102 G. On the other hand, for emission from close to the rotational plane
of the electrons, the results are consistent with ultra-relativistic particles (i.e.,
Ymin = 10°) for the same magnetic field strength. This magnetic field strength
is expected on the surface of neutron stars (e.g., Caballero & Wilms 2012; Pétri
2016). Since both the relativistic electron density py and the volume of emis-
sion region V are very poorly determined, even theoretically, the overall nor-
malization N = pyV/D? is highly uncertain. Typically, in neutron star magne-

tosphere, the lower plasma density limit is given by the Goldreich-Julian limit
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(Goldreich & Julian 1969), which depends on the pulsar spin period, magnetic
field strength, and alignment of spinning axis with magnetic field line. Depend-
ing on the volume of the emission region, we find that the estimated number
density could be comparable to or higher than the Goldreich-Julian limit (Gol-
dreich & Julian 1969) for a 1 sec spinning pulsar with B ~ 1012 G, i.e., 7 x 10'°
particles cm 3. In reality, the plasma density can be significantly higher than the
Goldreich-Julian limit (see Lyutikov & Gavriil 2006 and references therein). This
means our results are consistent with this theoretical expectation. We also de-
termine that the emitting region is optically thin to synchrotron self-absorption

and Compton scattering for a range of acceptable parameters.

The magnetic field strength at which the quantum effects become important

013 G. If we restrict the maximum limit of the

is the Schwinger limit ~ 4.4 x 1
magnetic field on the NS surface to this value, then the maximum value of 7,
can be estimated. For a lower x,,;, value (i.e., lower 7,,;, or higher B), we get
emission at higher latitudes which requires a lower value of N to explain the
observed ULX flux. On the other hand, when x,,;, is higher, we get emissions
closer to the plane of orbit, and higher N is required to generate such high flux in
these sources. In the future, it would be possible to constrain all the parameters
adequately if we can have at least one parameter determined from other data.
Our results suggest that the spectral curvature in ULXs might have a common
origin of synchrotron radiation, and all the ULXs that exhibit such spectral cutoff
are possibly highly magnetized neutron stars. This theoretical model can also be
employed to explain the high energy cutoff in X-ray binary pulsar sources. Es-
sentially, this model suggests that the spectral curvature is governed by plasma

velocity, magnetic field strength, electron number density, and emission angle.

5.6 | Discussions

In this chapter, we focus on explaining the spectral cutoff at E ~ 10 keV in
ULXs. For that purpose, we choose two known bright pulsar ULXs since it is a
generic feature of many pulsar ULXs to exhibit such spectral cutoff. We propose

a new theoretical model of synchrotron radiation at a range of latitudes as a
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Table 5.1: The results from the python curve fit with the best-fit parameters and
x? are listed for 7 NuSTAR observations of NGC 5907 ULX1 and 10 NuSTAR
observations of NGC 7793 P13. The errors are calculated with 1-0 confidence
from the covariance matrix using the parameter absoulte_sigma=True.

0=1° 6 =15° 0 = 30° |
Observations Xomin N X2/d.o.f Xomin N X2/d.o.f Xoin N X2/d.o.f
(107G 1) (107 cm?2) (100G T) (10 Bem2) 10°1TG 1) (107 cem?)

NGC 5907 ULX1
30002039005 (9.54 £ 0.56)

110+018) 57/49 | (2.81%0.16)
30302004006  (6.384+0.36) (1.00+0.12) 66/52 | (1.8840.11) 66/52 66/52
30302004008  (5.94+035) (0.814+0.10) 62/49 | (1.75+0.10) 62/49 62/49

( ( ) 57749 | ( ( )
z it o |oaien eai
80001042002  (7.69+027) (252+023) 80/78 | (227+008) (L60+0.14) 80/78 | (278+010) (6.84=061) 80/78
( ( ) ( ( )
( ( ) ( ( )
( ( ) ( ( )

57/49

80001042004 (657 +026) (1.69+0.15) 82/77 | (1.94+0.08) 82/77 83/77

90501331002 (597 +0.46) (047+0.08) 34/39 | (176 +0.14) 34/39 34/39

90601323002 (7.23+0.29) (166+0.16) 89/88 | (213 +0.09) 90/88 90/88
NGC 7793 P13

30302005002 (7.66 £ 0.20)

30302005004 (7.46 +0.15)

30302015002 (7.53 +0.14)

3.07£020) 77/82 | (226 £ 0.06)
458+£023) 111/117 | (220 +0.04)
595+027) 147/133 | (222 +0.04)

77/82
111/117
147/133

( ( ) (277£007) (830+£055) 77/82

( ( ) (2704+0.05) (1240+0.62) 111/117
( ( ) (2734+0.05) (16.10+0.73) 148/133
30302015004  (753+0.17) (475+0.26) 130/123 | (2.2240.05) ( ) 130/123 | (2724+0.06) (12.88+0.70) 130/123
30502019002  (7.41+053) (0.65+0.11) 42/61 | (2.1840.16) (0. ) 42/61 | (2.68+0.19) (177+030) 42/61

30502019004  (6.93+0.62) (0.57+0.12) 32/42 |(2.04+0.18) (0.36+0.08) 32/42 | (2514+0.22) (1.55+032) 32/42

50401003002  (7.37+£0.79) (0.59+0.15) 25/31 |(2.17+023) ( ) 25/31 |(2.67+028) (1.60+041) 25/31
80201010002 (726 £0.10) (6.204+0.22) 156/204 | (2.14+0.03) ( ) 156/204 | (
90301326002  (7200.14) (7.114+0.33) 104/123 | (2.12+0.04) ( ) 104/123 | (
90601327002  (9.65+£1.01) (1.004+0.30) 35/34 | (2.84+0.30) ( ) 35/34 | (

) (16.81+£058) 156/204
2.61+£005) (19.26+0.89) 105/123
) (270+0.80)  35/34

possible physical emission mechanism to explain the observed spectral shape.
Based on the analysis of 17 spectra from two PULX sources, our main results are
summarized in Table 5.1. Figure 5.3 shows the fit and residual for one spectrum
for each source.

Other models like the comptonization from the coronal region of a non-
magnetic source and comptonization from the magnetized column in neutron
stars (see, e.g., Walton et al. 2020; West et al. 2018) have been explored to ex-
plain the dominant emission in hard X-ray range in ULXs. Compton scattering
in the presence of a high magnetic field in neutron stars is a possible candidate
to explain high luminosity in these sources (Mushtukov et al. 2015). In princi-
ple, there could be two possible ways to distinguish our proposed scenario from
these models, which we discuss below.

The parameter value x,,;, indicates the possible relativistic boost of the plasma
and the magnetic field strength. For example, in Table 5.1, we see that for
6 ~ 30°, the best-fit value X, = Ymin/B =~ 2 x 10711 G~1. This could cor-
respond, for instance, to a semi-relativistic electron (,,;, ~ 20) along with a
magnetic field B ~ 102 G. In such cases, the fundamental mode of emission,

vg = eB/(2mmecypiy) ~ 600eV. Since this value is larger than the spectral
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resolution of NuSTAR in the energy range of interest, we might observe the
spectrum as a set of discrete cyclotron lines. However, it is important to under-
stand that such an interpretation could be difficult owing to mixing with larger
v values and the width of spectral lines, which are difficult to ascertain. This
would also require either re-analysis of the data or new data. Our analysis also
intriguingly raises the possibility that the discreteness property of the spectrum
could be a probe of the latitude of the emission. As we have already discussed in
section 5.3, an upper limit on the latitude of emission can be obtained by requir-
ing n. > 1; this yields a stringent upper bound 6 ~ 70°. For fitting continuum
X-ray spectral data in the energy range of interest, this requirement motivates
the upper limit of 6 ~ 30° we use in table 5.1.

Another possible probe of our model could be the polarization of received
photons. The photons emerging from higher latitudes of synchrotron radiation
would be elliptically polarized, while those from closer to the plane of the or-
bit would be linearly polarized. While the non-magnetic comptonization will
not show polarized emission, the magnetic comptonization and the synchrotron
radiation could display different degrees of polarization. Modern X-ray po-
larimeters such as the Imaging X-ray Polarimetry Explorer (IXPE; Weisskopf
et al. 2016) and upcoming mission X-ray Polarimeter Satellite (XPoSAT) with
X-ray polarimeter instrument POLIX (Paul 2022) might be able to address these
questions.

We provide a brief summary of our main results and perspectives below:

1. We propose that classical, high-latitude and optically thin synchrotron ra-
diation is a possible theoretical model to explain the spectral cutoff in
ULXs. Typically, for standard angle-averaged and ultra-relativistic clas-
sical radiation, the cutoff occurs at energies y3vg for radiation close to the
plane of the orbit. However, we show that the cutoff frequency shifts to
much smaller frequencies for high-latitude emission following the Eq. (5.15).
Quantum effects only dominate the cutoff for energies close to the elec-
tron rest mass and hence cannot be responsible for the observed cutoff at
E ~ 10 keV.

2. We utilize 17 NuSTAR spectra of two PULXSs in different flux states to com-
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pare with the model. The observed fluxes are theoretically modeled using
four parameters. However, due to the degeneracy between parameters, we
can only estimate two parameters from the data. Two different statistical
approaches are carried out to test the robustness of our statistical analy-
sis. These methods are frequentist and Bayesian analysis (using MCMC).
While we find a large range of possible theoretical parameters from our
analysis, the most compelling case corresponds to the high-latitude emis-
sion (6 ~ 30°) from a semi-relativistic plasma from the surface of the neu-
tron star (B ~ 102 G and v ~ 20). We also find that the plasma is optically

thin for a plausible range of parameters from our analysis.

3. Future X-ray polarization data might be useful to verify the model for
different ULXs and further constrain the physical parameters with much
better precision. We also discussed that the discreteness of the observed
spectrum could also be a possible probe of the semi-relativistic plasma for
high-latitude emission.
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Super-Eddington accretion onto ULXs

This chapter is based on the results that appeared in the literature as
1. Constraint on the Accretion of NGC 6946 X-1 Using Broadband X-
Ray Data, Ghosh T., Rana V., 2023, Ap], 949, 78 (Ghosh & Rana 2023a);
arXiv:2301.09837

2. Super-Eddington accretion on to a stellar mass ultraluminous X-ray
source NGC 4190 ULX1, Ghosh T., Rana V., 2021, MNRAS, 504, 974
(Ghosh & Rana 2021); Erratum: 2023, MNRAS, 522, 1183 (Ghosh & Rana
2023b); arXiv:2103.10265.

In addition to the above publications, this chapter also includes results from
the analysis of several other sources that are not published.

6.1 | Prologue

A population study of any astrophysical class of objects is crucial to understand-
ing the broad picture of the underlying emission mechanism in the sources. Such
studies include exploring common properties as well as differences among sev-
eral sources in a particular group. A systematic study of ULXs and their dis-
tinctive groups would help probe the accretion mechanism in these mysterious
sources. As discussed in the previous chapters, we studied individual ULXs and
their spectral and timing properties. We also explored a new theoretical model

to probe a unique spectral feature in ULXs. In this chapter, we study a few bright
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Chapter 6. Super-Eddington accretion onto ULXs 6.2. Accretion constraint on NGC 6946 X-1

Table 6.1: Sample of ULXs studied in this chapter

SL. ULX RA Dec. spectral state Distance (Mpc)
1 NGC 6946 X-1 20:35:00.7 +60:11:31 SUL 7.72

2 NGC4190ULX1  12:13:45 +36:37:55 BD 29

3 NGC1291 ULX1 3:17:13.82  -41:10:34.6 BD 8.6

4  NGC4254 X2 12:18:56.1 +14:24:19 HUL 33.2

5 NGC4244 ULX1 12:16:56.927 +37:43:35.89 SUL/SSUL 3.6

ULX sources (see Table 6.1) with somewhat distinctive spectral features, albeit
their implications converge to a common conclusion on the accretion mecha-
nism. The sample of sources is selected based on the spectral hardness of the
sources. We select the sources in a range of soft to hard spectral states and con-
fine our study to a limited number of sources so that we can discuss different
models and their implications on the accretion mechanism of these sources in
detail.

Another selection criterion of these sources is based on their broad classi-
tication of ULX spectral states. Broadly, the sources belong to different states
like broadened disk and ultraluminous states, and we explore their similar and
dissimilar properties. First, we discuss a soft source NGC 6946 X-1 with a de-
tailed broadband X-ray spectral study and shed light on its accretion mecha-
nism. We then implement similar spectral modeling to other ULX sources with
high-quality XMM-Newton data. Finally, we compare their spectral properties

and interpret the source characteristics.

6.2 | Accretion constraint on NGC 6946 X-1

NGC 6946 is a starburst galaxy with a distance of ~ 7.72 Mpc (Anand et al.
2018). Since it is a starburst galaxy, it hosts multiple ULXs (Earnshaw et al.
2019) including NGC 6946 X-1 (RA: 20:35:00.7, Dec.: +60:11:31). In the literature,
NGC 6946 X-1, is also known as ULX-3 (see Earnshaw et al. 2019 and references
therein). Being one of the brightest ULX in the galaxy, the source is also known
for its soft spectral nature, which has been confirmed to show emission line sig-
natures (Kosec et al. 2021; Pinto et al. 2016) like other soft ULX sources. Here,
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Table 6.2: Observation log of NGC 6946 X-1. pn data are not used for observation
0870830201, and MOS1 data are not available for observation 0870830401.

Serial No. ObservationID Observation ID Observation start date EpochID  Spectral Exposure time (ksec)

XMM-Newton NuSTAR pn/MOS1/MOS2/FPMA /FPMB
1 0870830101 50601001002 2020-07-08 XN1 12.5/16/16/100/99
2 0870830201 50601001004 2020-12-13 XN2 -/16/16/94/91
3 0870830301 50601001006 2021-04-02 XN3 8.5/14/14/83/84
4 0870830401 50601001008 2021-05-25 XN4 12/-/16/88/89

we study its broadband X-ray spectral properties using XMM-Newton and NuS-
TAR data. From the analysis of continuum features, we provide some crucial

constraints on the accretion mechanism in this ULX.

6.2.1 | Observation details

We analyze the simultaneous broadband data of NGC 6946 X-1 jointly observed
by XMM-Newton and NuSTAR in 2020-2021. Using archival XMM-Newton and
NuSTAR data, the source has been previously analyzed in detail (see, e.g., Earn-
shaw et al. 2019; Hernandez-Garcia et al. 2015; Kajava & Poutanen 2009; Kosec
et al. 2018a, 2021; Middleton et al. 2015a; Pintore et al. 2017; Qiu & Feng 2021).
The readers are directed to these papers for an overview of the previous analy-
ses. Here, we focus on the 2020-2021 joint observations by XMM-Newton and
NuSTAR. Previous joint XMM-Newton and NuSTAR observation data taken in
2017 were analyzed in Earnshaw et al. 2019 in detail. Therefore, we compare the
results from 2020-2021 broadband data to those obtained in Earnshaw et al. 2019
and emphasize the new findings, which are compelling owing to the multiple
simultaneous broadband X-ray observations of the source. The observations for
NGC 6946 X-1 used in this chapter are tabulated in Table 6.2.

In XMM-Newton observation 0870830201, the source falls in the chip gap of
the pn camera. Thus, the pn data are significantly affected. Therefore, we do
not utilize the pn data of this observation for scientific analysis. In observation
0870830401, MOS1 data are not available. We utilize the espfilt task to clean
the data from background flaring, and after that standard data reduction pro-
cess is followed. The source region is selected from a 20 arcsec circle, and the

background region is selected from a 40 arcsec circle in a nearby region from the

101



Chapter 6. Super-Eddington accretion onto ULXs 6.2. Accretion constraint on NGC 6946 X-1

same chip. We select FLAG==0 criteria for spectral extraction for all cameras. The
spectra are grouped to have 20 counts per bin with an oversampling factor of 3.
The raw data of NuSTAR are cleaned and pre-processed using nupipeline
with saacalc=3, saamode=STRICT and tentacle=yes parameters to maintain a
conservative approach while handling the background due to South Atlantic
Anomaly. The source extraction region is a 40 arcsec radius circle, and a nearby
60 arcsec radius circle from the same chip is chosen for the background region
for all observations. The spectra are grouped to have 20 counts per energy bin.

6.2.2 | Analysis and Results

First, individual analysis of the joint XMM-Newton and NuSTAR spectra for all
four epochs is carried out to investigate spectral characteristics and any variabil-
ity over time. The neutral absorption model tbabs is used with updated abun-
dance (Wilms et al. 2000) and cross-section (Verner et al. 1996). The uncertainties
in parameters are estimated within a 90% confidence interval unless mentioned
otherwise. The convolution model cflux is used to measure the flux. The XMM-
Newton spectra are utilized in the 0.3-10.0 keV energy range, whereas the NuS-
TAR spectra are fitted in the 3.0-20.0 keV energy range, since beyond 20.0 keV,
the spectra are significantly dominated by the background.

We start analyzing the spectra with an absorbed powerlaw model and find
that the residual shows a broad feature around ~ 0.9 keV in all observations.
However, depending on the S/N of the data, the measurement uncertainties on
the parameters of the broad feature vary in different epochs. To take a simple ap-
proach to fit the broad feature, we follow the method by Earnshaw et al. 2019 and
include a gaussian model component. The cross-calibration constant for MOS2
is fixed to 1 and left free to vary for other detectors. The presence of a typical
powerlaw break is indicated in the broadband spectra, a feature that is common
in other ULXSs. In figure 6.1, we show the residual for an absorbed powerlaw fit
for the XN1 epoch. The residual exhibits an apparent broad feature around ~ 0.9
keV and a high energy spectral cutoff. Hence, an additional multiplicative com-
ponent highecut on top of the powerlaw continuum is invoked to fit the spectra

for all epochs. Therefore, an absorbed gaussiant+highecut*powerlaw model fits
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Figure 6.1: Presence of ~ 0.9 keV broad hump feature and a high energy spectral
turnover is apparent from the residual of XN1 broadband spectra corresponding
to an absorbed powerlaw fit. Data have been rebinned for visual purposes.

all cases well. We find that the spectral parameter throughout all observations
of 2020-2021 remains congruent, implying that the source does not significantly
vary in spectral nature during these observations. In figure 6.2, we plot the un-
folded spectra from all four epochs. It is visually apparent from the figure that
broadband spectra from these four epochs possess similar features. However, it
is essential to note that for epoch XN2, some parameters are not properly con-
strained due to the unavailability of pn data but remain consistent within errors
of the parameters from other epochs. Hence, we simultaneously fit the spectra
for all 2020-2021 epochs with the same model with parameters for all epochs
linked.

While simultaneously fitting all these spectra with an absorbed powerlaw, we
geta x2/d.o.f ~ 858/653. When we add a gaussian component, the improved
fit statistics is x?/d.o.f ~ 705/650. Nevertheless, an additional highecut com-
ponent further improves the statistics. However, we find that with the addition

of highecut component, the neutral absorption (Np) gives a best-fit value close
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Figure 6.2: Unfolded broadband spectra of NGC 6946 X-1 for four simultaneous
XMM-Newton and NuSTAR observations. The spectra are unfolded using a
powerlaw model of 0 index and arbitrary normalization. For clarity, only MOS2
and FPMA spectra are exhibited for all four epochs. It is apparent from visual
inspection that all four epochs show overlapping spectral features. Data have
been rebinned for visual purposes.

to the Galactic absorption value Ny ~ 0.22 x 10?2 cm~2 (HI4PI Collaboration
et al. 2016). This is apparently because NGC 6946 is a face-on galaxy, and the
local absorption is less compared to the sensitivity of the data. Hence, we fix the
Ny to the Galactic value throughout the analysis. We find that the cutoff and

folding energies are around E,; ~ 6.34f8:g§ keV and E Fold ™ 4.062:62 keV with

a powerlaw index of I' ~ 2.351“8:81, portraying it as a soft source (see table 6.3).
The x2/d.o.f is 556/649 for this simultaneous fit.

We also explore the cutoffpl model instead of the highecut*powerlaw to
tit the continuum. We find that the gaussiant+cutoffpl model fit gives the Ny
value lower compared to the Galactic absorption; hence we fix this parameter
to 0.22 x 10?2 cm~2 as before and find that the x?/d.o.f is 601/650. An addi-
tional diskbb component provides lower x2/d.o.f of 553/648. However, we
find that the folding energy of cutoffpl model gives high measurement un-
certainty Efoy = 3.203:% keV. Since this cutoffpl model could not provide a

well-constrained description of the spectral cutoff, we do not discuss this model
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any further for this source.

Finally, we study this source by simultaneously fitting all these four epochs
spectra for different spectral models by linking the spectral parameters. This
helps constrain the individual parameters with much better precision and, in
turn, helps constrain the physical parameters we estimate from the analysis.

We primarily focus on the continuum spectral fitting of 2020-2021 broadband
X-ray observations of NGC 6946 X-1. Thus, we undertake a simpler approach
to fit the ~ 0.9 keV feature by a Gaussian model (see discussion in chapter 3 for
NGC 4395 ULX1 (Ghosh et al. 2022), and discussion on such a similar feature
in other ULXs, e.g.,Middleton et al. 2015a, 2014). Different models have been
invoked to perform the continuum fitting to explore the relevance of different
physical scenarios expected in ULX systems. We find that a single component
diskpbb model does not provide a good fit ( x?/d.o.f ~ 1340/654). Signifi-
cant residuals are observed in the soft energy range where typically soft disk
blackbody component and the ~ 0.9 keV broad hump-like feature dominate
the spectra. Hence, we utilize the well-explored two-component thermal disk
models like diskbb+diskpbb to fit the continuum. A Gaussian on top of the two-
component thermal disk continuum provides a statistically acceptable fit (see
Table 6.4).

When we fit the tbabs* (gaussian+diskbb+diskpbb) model, we find that the
cool inner disk temperature is around ~ 0.22 keV and the hot inner disk tem-
perature is around ~ 2 keV. The radial dependence of temperature parameter
‘p” in diskpbb component converges to the hard limit of 0.5, i.e., the slim-disk
limit. Hence, we fix this parameter to 0.5. Interestingly, no additional hard com-
ponent is required for the 0.3-20.0 keV spectra in any epoch. Table 6.4 describes
the model parameters and flux. Figure 6.3 shows the spectra, models, and resid-
uals.

The light curves of NGC 6946 X-1 are analyzed with the motivation of search-
ing for any pulsation in the source. As utilized for other ULX sources, the
acceleration search technique is implemented with the HENDRICS (Bachetti
2018; Huppenkothen et al. 2019) tool HENaccelsearch in the frequency range
of 0.01-6.8 Hz in XMM-Newton data and 0.01-10.0 Hz in NuSTAR data. Never-

theless, there is no significant detection of pulsation in any of the observations.
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Table 6.3: Parameters for the fitted tbabs*(gaussian+highecut*powerlaw)
model of NGC 6946 X-1 broadband spectra. The total absorbed flux (Fy) is mea-
sured in the 0.3-20.0 keV energy range.

Parameter Unit Parameter values
Ny 10%cm =2 0.22 (fixed)
Ejine keV 0.89 +0.03
Oline keV 0.15700

Norm 10 >photons cm =2 s~ ! 6.62715

Ecut keV 6.341072

E fold keV 4.06%%%

T 2.357 04
Noriipow 104 2.61+0.14

x*/d.o.f 556/649
Fy 107 B ergcm2s71 8.24 +0.41

6.2.3 | Discussions

We discuss the broadband spectral properties of a soft ULX source NGC 6946
X-1 from the 2020-2021 observations. Detection of emission lines from the high-
resolution grating spectra by previous studies confirms the presence of wind /outflow
in the system. The first broadband spectral properties of the source using XMM-
Newton, NuSTAR, and Swift data were studied by Earnshaw et al. 2019. They
found that X-1 is a persistent ULX as its flux remained consistent with previ-
ous estimates (e.g., Middleton et al. 2015a). Interestingly, our analysis finds
that even in 2020-2021 observations, X-1 shows flux F, ~ (8.0 =0.4) x 10713
ergs 1 cm ™2 in 0.3-10.0 keV energy range, which is close to the previous find-
ings. Hence, one can discern that NGC 6946 X-1 is indeed a persistent and steady
ULX. One crucial comparison with the analysis of Earnshaw et al. 2019 for the
2017 XMM-Newton+NuSTAR observation is the measurement of the Ny com-
ponent. In the 2017 observation, the Ng is higher than in the 2020-2021 obser-
vations. We have verified that, even though we choose the Galactic absorption
higher than that used in Earnshaw et al. 2019, we find that the 2017 data can con-
strain an additional local absorption on top of the Galactic absorption. Another

significant result is that the simultaneous fitting of these recent 2020-2021 data
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Table 6.4: Parameters for the fitted tbabs* (gaussian+diskbb+diskpbb) model
of NGC 6946 X-1 broadband spectra. The bolometric unabsorbed total flux and
the flux from individual disk components are measured in the 0.01-100.0 keV
energy range.

Parameter Unit Parameter values
Ny 10%cm =2 0.22 (fixed)
Eline keV 0.92 +£0.03
Oline keV 0.13£+0.03
Norm 10 °photons cm=2 s~ ! 4841178
Tihin keV o.zztg;gg
Normyp, 8.481“%:?g
Tatim keV 2.03%03

p 0.5 (fixed)
Noriig)m 1074 4451101
x*/d.o.f 555 /649

bol 1072 erg cm™2 571 2.6140.14
Fhol . 107 B erg cm2s71 417106

Ekpbb 1072 ergem=2s71 2.12+0.12

properly constrains the presence of spectral curvature in this ULX, an impor-
tant feature of super-Eddington accretion in ULXs. We further discuss the im-
plications of the spectral fittings and their relevance to the physical scenario in
the ULX. Notably, these models are phenomenological, and any degeneracy be-
tween different model combinations can considerably impact the observational
implications in the source spectra. With this caution, we primarily discuss the
broadband spectral features and results from the thermal disk continuum mod-
els. The ~ 0.9 keV broad emission line feature, studied for several ULXs, has
been simply treated here with a Gaussian model. We focus on the continuum
properties and discuss some related physical aspects.

6.2.3.1 | Outflow scenario in super-critical accretion

There are ULX sources, e.g., NGC 247 ULX1, NGC 55 ULX, NGC 4395 ULX1,
NGC 1313 X-1, NGC 5408 ULX1, NGC 300 X-1, Ho IX X-1, Ho II X-1, and NGC
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Figure 6.3: The NGC 6946 X-1 spectra, model components, and residuals are
shown for all epochs simultaneous fit with tbabs* (gaussian+diskbb+diskpbb)
model. Data have been rebinned for visual purposes.

5408 X-1 (Earnshaw & Roberts 2017; Ghosh et al. 2022; Middleton et al. 2015b;
Pinto et al. 2016, 2017, 2021) where the strong ~ 0.9 keV feature is detected. In
fact, predominantly, the bright sources with softer spectra exhibit such strong
~ 0.9 keV line emission/absorption features (Kosec et al. 2021). A similar ~ 0.9
keV feature is observed in NGC 6946 X-1 (see also Kosec et al. 2021; Middle-
ton et al. 2015b; Pinto et al. 2016). The super-Eddington inflow of material is
a possible reason for the origin of such wind or outflow (Takeuchi et al. 2013).
The inclination angle of the system with the line of sight is a crucial factor that
determines that the soft sources are the best candidates to show these line fea-
tures. In a soft source, the inclination angle is close to the disk plane. Thus,
we observe the inner hot photons only after being down-scattered by the wind,
which eventually appear to us as soft photons. Also, due to such inclination, the
wind clouds occult the inner disk, and we receive a higher fraction of line emis-
sion/absorption from the winds. The wind velocity and direction of its motion

determine the strength and energy of the lines.

In NGC 6946 X-1, we see a moderate fraction of both soft and hard photons.

Generally, the hard sources are understood as close to the face-on system so that
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the hot inner region is aligned close to the line of sight, whereas the ultra-soft
sources are perceived to be viewed close to edge-on. Hence, the accretion disk
in NGC 6946 X-1 can be interpreted as moderately inclined towards the line of
sight (see also Pinto et al. 2017). As discussed earlier, the notion of optically thick
wind due to super-Eddington accretion as the source of the cool disk component
in ULXs is widely accepted. We obtain that the bolometric luminosity of the
cool disk component is Ly, = 47tD?Fyy ~ 3 x 10% erg s~1. If the host is a
~ 10 Mg black hole, then the luminosity is marginally above the Eddington
luminosity. On the other hand, if the host is a neutron star system, then the
luminosity would correspond to a super-Eddington luminosity of the source.
Therefore, it may be deduced that the soft spectral components, such as the cool
accretion disk and the broad ~ 0.9 keV feature, are associated with the emission
from optically thick wind owing to the accretion close to or above the Eddington
accretion rate. On the other hand, the hard spectral component, described by a
hot diskpbb model, can emerge from the inner accretion flow for a black hole or
neutron star ULX system.

The diskpbb model with the temperature profile of T(R) « R~° signifies
significant advective cooling and photon trapping in a slim accretion disk. In
a black hole accretion scenario, it is understood that the inner radius of the hot
slim disk is the inner stable circular orbit (ISCO). However, in the neutron star
accretor scenario, if the neutron star is weakly or non-magnetized, the inner ac-
cretion flow will extend to the neutron star surface or the boundary layer and
release energy in the form of an additional harder emission component. In the
highly magnetized neutron star case, the inner accretion flow truncates at the
magnetospheric radius (Rp). There, the emission from the accretion column
can produce a harder emission component. However, the presence of signifi-
cant outflowing wind can mask the additional harder spectral component from
the line of sight, which might be the case from NGC 6946 X-1. The inclination
angle of the disk is also a contributing factor in shrouding this additional hard
spectral component. Hence, the two-thermal component represents physical ac-
cretion flows in both black hole and neutron star systems. We discuss these two

scenarios in detail.
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6.2.3.2 | Black hole model

The bolometric luminosity of the hot diskpbb component is estimated to be
Lyoi = 4mD?F,y ~ 1.5 x 10%0 ergs~!. Such high luminosity is expected to be
generated via super-Eddington accretion and thus further justifies that the tem-
perature profile of the inner region of the disk diverges from standard thin disk
and takes the form of T(R) o« R™%5. It is important to discuss that typically,
for a spherical emitter, L, = 471D?Fy,; relation is justified. However, for ac-
cretion disks, it is shown that Ly, = (27tD?/ cos8) Fy,; is appropriate (Fukue
2000; Urquhart & Soria 2016), and the estimated luminosity will be dependent
on the disk inclination angle. Nevertheless, it is common practice to estimate
Lyo; from 47tD?F,,;, which is equivalent to the case of accretion disk at 60° in-
clination. However, for super-critical disks, the self-occultation of the disk due
to the geometrical thickness at a high inclination angle and self-irradiation fur-
ther modifies this simple flux-luminosity relation (Fukue 2000). However, for

simplicity, we consider the Ly, = (27tD?/ cos ) Fy,; relation in our work.

From the spectral fitting, we can quantify some important physical param-
eters. We calculate the inner radius of the disk from the best-fit normalization
of the hot disk component (~ 4.45 x 10~%). Here, we assume a constant radius
of the accretion disk. As discussed in chapter 3, the inner disk radius is given
by the form R;, = &x?N%°D1y(cos0) %> km, where N is the normalization, 0
is the disk inclination, Djg is the distance to the source in 10 kpc unit, ¢ is the
geometric and « is the color correction factor (Kubota et al. 1998; Soria et al.
2015). For a Keplerian orbit, the inner radius and the mass of the black hole are
related by the form R;, = 6ocGC—2M, where « is a function of spin parameter and
can take the value of 1 for a non-rotating black hole, or ~ 0.21 for an extremely
rotating (prograde) Kerr black hole with spin parameter a* ~ 0.998 (Bardeen
et al. 1972; Thorne 1974). For the inner hot diskpbb component, using the ¢ and
x factors as 0.353 and 3 (Soria et al. 2015; Vierdayanti et al. 2008), respectively,
we estimate the inner radius as ~ 50(cos 6) ~%° km. This would correspond to a
~ 6 Mg black hole for a non-rotating and face-on system. The disk inclination
angle can significantly influence the mass estimate. However, as discussed ear-

lier, it is generally understood that the supersoft ULX sources are observed at
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Figure 6.4: Left: For three different spins of the black hole, the variation of the
estimated mass as a function of the disk inclination angle is shown. The non-
rotating black hole scenario of a* = 0, a moderate spin of a* = 0.5, and a maxi-
mally rotating case of a* = 0.998 are shown in the figure. Right: The dependency
of estimated magnetic field strength for a neutron star system on the disk incli-
nation angle is depicted.

a high-inclination (close to edge-on) angle. On the contrary, the ULXs, where a
hot inner disk component is prominently visible, are understood as low inclina-
tion systems (Gu et al. 2016). Thus, for a realistic disk inclination < 60° for NGC
6946 X-1, the mass would be < 10 M, for a non-rotating black hole. Simulations
for super-critical accretion onto black holes have shown a different perspective
of the beaming effect in generating hard X-ray emission in ULXs. For example,
Jiang et al. 2014 found that the hard X-ray emissions from the central region are
broadly isotropic, whereas, on the contrary, Sadowski & Narayan 2016 found
that there is significant beaming along the polar axis.

In figure 6.4 (left), we show the dependency of mass estimate on the disk
inclination with different black hole spin. Caution is necessary because this mass
estimate depends on the assumption of a Keplerian orbit of constant radius,
which might be different in reality depending on the geometry of the disk.

6.2.3.3 | Neutron star model

In a neutron star system, it can be interpreted that the inner hot disk is truncated

at the magnetospheric radius (Rp1). As discussed in chapter 3, typically Ry is
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related to the luminosity by the relation, Ry = 7 X 107Am%/ 7Ré0/ 7B;12/ 7L3T92/ 7
cm, where m; = M/ M is the neutron star mass in solar mass units, By, =
B/102 G, Lyg = L/10% erg s71, Ry = R/10° cm and for disk accretion A ~ 0.5
(Mushtukov et al. 2017). This relation is assumed for a dipole structure magnetic
tield lines around the neutron star. If we assume that the diskpbb component
represents the hot inner region of the disk, then we can estimate typical magnetic
field strength equating the inner radius with the Rp;. We find that for a 1.4 Mg
neutron star and radius of 10° cm, the magnetic field B ~ 2 x 10! G for a 60°
inclined disk with bolometric inner disk luminosity ~ 1.5 x 10% erg s 1. We plot
the estimated magnetic field strength and corresponding disk inclination angle
in figure 6.4 (right). In the plot, the bolometric luminosity depends on the angle
as ~ 1.5 x 10% ergs™!/(2cosf). Since X-1 is not expected to be an extremely
high inclination system, this simple angle dependence of luminosity is viable. In
realistic inclination, < 60° case, the strength of the field is B < 2 x 10!! G. Hence,
if NGC 6946 X-1 is a neutron star system, then it probably hosts a moderately
magnetized neutron star core.

Several studies have explored different spectral models to justify the neutron
star scenario in ULX systems. One characteristic feature is to study the power-
law model with a high-energy exponential cutoff. The spectral cutoff in neutron
stars is often identified as the emission from the accretion column (Walton et al.
2018a). Pintore et al. 2017, investigated the pulsator-like spectra in ULXs by char-
acterizing them with highecut*powerlaw model. NGC 6946 X-1 was studied in
the sample with archival XMM-Newton only data. Along with an exponentially
cutoff powerlaw continuum, a soft blackbody excess and the ~ 1 keV feature
were detected. However, our analysis finds that the latest broadband data are
sufficiently well fitted with a gaussian+highecut*powerlaw model. Neverthe-
less, we study a crucial comparison with the pulsator-like spectral model and
estimate the hardness and softness ratio as defined in Pintore et al. 2017. We
estimate the total unabsorbed flux in 6.0-30.0 keV, 4.0-6.0 keV, and 2.0-4.0 keV
bands. We find that hardness % ~ 1 and softness % ~ 2. This
result remains similar to the finding in Pintore et al. 2017. Typically, neutron star
systems are expected to have more hardness and lesser softness values. This

study can indicate that if X-1 is a neutron star system, then it is not highly mag-
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netized, consistent with our estimates, thus making the source less hard. Again,
the inclination angle of the disk and the presence of optically thick wind also
play a role in determining the hardness of the source.

6.2.3.4 | Accretion onto X-1

The spectral properties of NGC 6946 X-1 provide evidence of super-critical ac-
cretion onto a low massive black hole or a moderately magnetized neutron star.
Also, an apparent signature of the optically thick wind is expected in such a
super-critical accretion scenario. This helps us constrain some physical accre-
tion parameters from a realistic point of view.

As discussed before in chapter 1, the total accretion luminosity in a super-
critical accretion disk can be related to the Eddington ratio (119 = ri1/1i1g4) by
the following relation (Shakura & Sunyaev 1973),

L~ Lgga [1 +In MQ] (6.1)

To estimate the physical parameters, we make some assumptions. The to-
tal bolometric unabsorbed luminosity is considered for further calculation. To
estimate the luminosity, we have assumed a disk inclination angle of 60°, so
that Ly, = 47D?Fyy; = 1.9 x 10% ergs~!, which is equivalent to the apparent
isotropic luminosity relevant for Eq. 6.1.

However, the important factor which constrains the 11y comes from the beam-
ing (King & Lasota 2016; King 2009). An approximate beaming relation gives
b ~ 73 /113 and the Eddington luminosity is given by Lgy = 1.5 x 103m; ergs™!
(Poutanen et al. 2007). Then the relation becomes,

mi 4900

— ~ , 6.2
Lyo m%(l +1In ﬁ10) 6.2)

where, the accretor mass m; = M/Mg and the luminosity determine the
accretion rate.

As discussed in chapter 1, the spherization radius R, for a super-Eddington
disk is determined by the accretion rate by (Begelman et al. 2006; King 2009;
Shakura & Sunyaev 1973),

113



Chapter 6. Super-Eddington accretion onto ULXs 6.2. Accretion constraint on NGC 6946 X-1

27 . 2GM
Rapn = g0~z
040

(6.3)

For the bolometric total luminosity of 1.9 x 10% ergs™!, if we assume a neu-
tron star of 1.4 M., then rizg ~ 38 or in the case of a ~ 10 M, black hole, 719 =~ 16.

Eddington accretion rate (ritggy ~ 2 x 10'8m; ¢ s71) of a neutron star is ~
4.4 x 1078 Mg, yr~1. This gives the accretion rate of X-1 to be riz = 1.7 x 107°
Mg yr —1 if it is a neutron star. On the other hand, if it is a 10 M, black hole,
then itggq ~ 3.2 X 1077 M, yr~! and 7iz for X-1is ~ 5 x 107¢ M, yr ~1.

The spherization radius R, is ~ 1 X 108 cm for a neutron star system, and
~ 3.2 x 108 cm for a 10 M, black hole. As we have assumed the disk inclination
of 60°, the inner radius from the hot disk component is R;,, ~ 70 km ~ 7 x 10°
cm. If we assume Ry; ~ R;,, then the magnetospheric radius is less than the
Rspp, of the neutron star estimate, i.e., Ry < Rgpp-

In the scenario of launching of optically thick wind down the Ry, for a neu-
tron star, the condition Ry < Ry, is self-consistent (King & Lasota 2016). It is
interesting to put a stringent constraint on the relation between 7, the magnetic
tield strength Bj,, and disk inclination 6 from the self-consistent condition. If we
assume that R is estimated from the inner disk luminosity (which depends on
the inclination angle of the disk), then a simple estimate of the relation would
be,

tirg > 16 (L_i)gh)_z/7 Bg7 (cos§)/7, (6.4)

where L;’;h is the apparent spherical luminosity from the disk in units of
10% erg s~ 1. Thus, the relation for NGC 6946 X-1 would become,

ity > 7 B} (cos6)*7, (6.5)

which is satisfied by the estimated accretion rate and magnetic field for rel-
evant, realistic disk inclination angles. It is important to note that Eq. 6.4 is a
general relation, whereas Eq. 6.5 gives the specific condition for the source NGC
6946 X-1.

The non-detection of pulsation in this source possibly implies that Ry is

much smaller than the estimated R;,,, and thus the pulsation is diluted to be de-
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tected (Walton et al. 2018a). In that case, the estimated magnetic field in section
6.2.3.3 could be further weaker with lesser Ry;. Thus, a necessary condition for a
neutron star ULX to be detected as a pulsar is Ry ~ R,y and as a consequence,
these systems must possess high spin-up rates as discussed in King et al. (2017).
In the case of a 10 M, black hole also, R;,, which may be comparable to the inner
stable circular orbit radius (Rjsco), is much smaller than the Ry,

In summary, NGC 6946 X-1 is a persistent soft ultraluminous X-ray source.
Detection of spectral curvature, presence of wind/outflow, and high bolometric
luminosity of a hot slim accretion disk scenario prefer super-Eddington accre-
tion onto a stellar mass compact object. If the host is a non-rotating black hole,
the realistic measurement indicates that the mass would be < 10 M), or the
ULX can host a moderately magnetized neutron star. The estimates of physical
length scales are consistent with a geometry where the disk height is extended
down the Ry, and gets truncated at the Rsco of a black hole or Ry of a neutron
star.

6.3 | Accretion constraint on other ULXs

A detailed study of NGC 6946 X-1 with broadband X-ray data and discussion of
different spectral models mapped out the possible underlying physical scenarios
of super-Eddington accretion. We further study some other bright ULX sources
in this context to understand the accretion mechanism of these sources. We pri-
marily focus on studying the spectral properties of these sources (mentioned in
table 6.1) with available XMM-Newton data. To have a consistent outlook for
the spectral properties of each of these sources, we restrict the analysis only to
the soft energy band with XMM-Newton owing to the high effective area of the
instrument. The data reduction of these sources follows the standard method
discussed in Chapter 2.
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Table 6.5: Observation log of XMM-Newton data for four sources. In observa-
tion ID 0654650101 of NGC 4190 ULX]1, the flaring corrected cleaned exposure
time of pn data is extremely low (~ 0.1 ksec), hence not utilized for the spectral
analysis.

Serial No. ObservationID Observation date Spectral Exposure time (ksec)

pn/MOS1/MOS2

NGC 4190 ULX1

1 0654650101 2010-06-06 -/3.7/4

2 0654650201 2010-06-08 4/12.4/12.3

3 0654650301 2010-11-25 6.3/10.4/11
NGC 1291 ULX1

1 0201690201 2005-01-03 15.2/17.5/17.8

NGC 4254 X2

1 0147610101 2003-06-29 72/11/12

2 0742240801 2016-12-27 12.4/23/17.4

3 0913090101 2023-01-01 52.5/76.3/80
NGC 4244 ULX1

1 0553880201 2008-11-16 17.5/25.7/26.7

6.3.1 | Observations and Results

The XMM-Newton observations utilized for these analyses are mentioned in
Table 6.5.

NGC 4190 ULX1 (RA: 12:13:45, Dec.: +36:37:55; the galactic distance of ~ 2.9
Mpc; Kosec et al. 2018a) is a bright ULX source in a nearby low surface bright-
ness galaxy NGC 4190. The source has been observed by XMM-Newton three
times. Previously, this source has been studied (e.g., Koliopanos et al. 2017; Sut-
ton et al. 2014, 2013) in a sample of sources in the purview of interpreting some
of its spectral properties and studying the fractional variability. We include this
bright source in our sample of ULXs to analyze its X-ray spectral characteristics
in light of the super-Eddington accretion mechanism discussed in the previous
section with relevant spectral models and comprehend its underlying physical
scenarios. A 30 arcsec circle source and 60 arcsec circle background regions are
chosen for the analysis.

NGC 1291 ULX1 (RA: 3:17:13.82, Dec.: -41:10:34.6; Swartz et al. 2004) is an-
other bright ULX with a galactic distance of ~ 8.6 Mpc (Liu & Bregman 2005).
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The source is located at the outer ringlike spiral of the galaxy NGC 1291. We
utilize the only available archival XMM-Newton data of this source and study
its spectral properties in detail. A 20 arcsec circle source and 40 arcsec circle
background regions are chosen for the analysis.

NGC 4254 X2 (RA: 12:18:56.1, Dec.: +14:24:19; the galactic distance of ~ 33.2
Mpc; Sutton et al. 2012) is an important source in the sample since it has the hard-
est spectrum. Sutton et al. 2012 studied NGC 4254 X2 with one XMM-Newton
data (ID - 0147610101). We discuss all available XMM-Newton data in our anal-
ysis, including one data set we obtained from our proposal for this source (ID
- 0913090101). The new XMM-Newton data with high exposure time indicates
some interesting features of this source spectra, which we discuss here. A 20
arcsec circle source and 40 arcsec circle background regions are chosen for the
analysis.

On the other hand, NGC 4244 ULX1 is the softest source in our sample (RA:
12:16:56.927, Dec.: +37:43:35.89; the galactic distance ~ 3.6 Mpc; Liu & Mirabel
2005). This source was discovered to be a ULX with extremely steep spectra by
Chandra data (Cagnoni et al. 2003). The source was observed by XMM-Newton
three times. However, only in one XMM-Newton observation was the source
detected in an active state, which we discuss here. A 20 arcsec circle source and
40 arcsec circle background regions are chosen for the analysis.

We give a generic treatment to these sources by studying the standard spec-
tral models employed in ULXs. Thus, we can shed light on the possible vari-
ations and similarities among these sources. The simple powerlaw fitting of
XMM-Newton data of these sources give powerlaw index values in the range of
~ 1.7-2 for NGC 4190 ULX1 and NGC 1291 ULX1, ~ 1.4-1.9 for NGC 4254 X2,
and ~ 4 for NGC 4244 ULX]1 (see table 6.6). Thus, we can interpret that the soft-
est among the samples is NGC 4244 ULX1. NGC 4254 X2 is the hardest, and the
other two sources, NGC 4190 ULX1 and NGC 1291 ULX1, possess intermediate
hardness. The typical unabsorbed luminosity in 0.3-10.0 keV energy band for
the best-fit of powerlaw model ranges between ~ (3-8) x 10%° ergs~! for NGC
4190 ULX1, ~ 3.5 x 10%* ergs~! for NGC 1291 ULX1, ~ (3-7) x 10% ergs~! for
NGC 4254 X2, and ~ 3 x 10%° ergs~! for NGC 4244 ULX1. In the case of NGC
4254 X2, for epochs 0147610101 and 0742240801, the powerlaw model provides
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a sufficiently good fit, possibly owing to their low count statistics. We, there-
fore, utilize only the new observation (ID - 0913090101) of this source for further
complicated models.

As prescribed by Sutton et al. 2013, if we add a diskbb component on top
of the powerlaw continuum in the high S/N observations, the source spectral
states are manifested as the broadened disk (BD) state for NGC 4190 ULX1 and
NGC 1291 ULX1; a hard ultraluminous (HUL) state for NGC 4254 X2. For NGC
4244 ULX]1, the spectral state mostly resembles a soft or supersoft ultraluminous
(SUL/SSUL) state.

We also explore the exponential cutoff powerlaw model to see if the typi-
cal break in the spectra is apparent in these sources. We could detect the cutoff
within the XMM-Newton energy band in most sources except NGC 4254 X2. In
table 6.7, we report the spectral fitting parameters for this specific model. It is
important to note that for NGC 4244 ULX]1, the folding energy (Ef,4) ranges
within a lower value compared to other ULXs, which is expected owing to its
soft spectral nature. For NGC 4190 ULX]1, the single-component cutoff power-
law model is well-constrained, confirming the curvature in its spectra. For NGC
1291 ULX1 also, the cutoff powerlaw component is well-fitted; however, we find
that the lower limit of Ny value gives a smaller value compared to the Galactic
column density. Hence, we fix the Np to its best-fit value as mentioned in table
6.7.

For NGC 4254 X2, the single cutoff powerlaw component in the spectra is not
well constrained. We find that for NGC 4254 X2, an additional soft disk compo-
nent helps constrain the cutoff with a better statistical fit. However, even in that
case, the photon index of cutoffpl component is not well constrained. Hence,
we fix the photon index value to 0.59 (Walton et al. 2020), a typical value consis-
tent with pulsar ULX spectra (see also the analysis of NGC 1042 ULX1 in Chap-
ter 4). Thus, we report the NGC 4254 X2 spectral fitting with a diskbb+cutoffpl
model in table 6.8.

Henceforth, we further explore the widely used single component diskpbb
model for all these sources. We find significant differences in the parameters for
different sources. The diskpbb thermal model gives an acceptable statistical fit
for the NGC 4190 ULX1 and NGC 1291 ULX1 spectra. The hot disk in the “p”
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Table 6.6: The fitting parameters for tbabs*powerlaw model for four sources.

The flux (Fy) is the absorbed flux in 0.3-10.0 keV energy range.

Observation ID Ny r Norm x*/d.o.f F,
10%2cm =2 (107%) 10~ %erg cm=2 571

NGC 4190 ULX1

0654650101  0.22%00¢  1.87+£0.12 555707  82/65 2.557522

0654650201  0.28£0.02 198+£0.04 823%0%  410/260 3247510

0654650301  0.23+£0.01 1.74+0.03 1145709 430/321 6.06 +0.13
NGC 1291 ULX1

0201690201  0.20£0.04 2047017 0717000  98/76 0.28 £ 0.02

NGC 4254 X2

0147610101 0377050 1707015 0777017  28/39 0.40 £ 0.05

0742240801 0171008 143+£0.12 0397008  43/64 0.31+0.03

0913090101  0.14+£0.03 143+£0.07 0.24+£0.02 143/156 0.19 +0.01
NGC 4244 ULX1

0553880201  0.32+0.04 4.09707) 198702  94/81 0.28750)

free MCD model (with a p-value close to ~ 0.6) in these two sources describes
their broadened disk type spectral nature. The diskpbb model fit of the NGC
4254 X2 data manifests an unphysically high temperature of the disk. Hence,
we do not report the spectral fitting parameters from this model in this source.
NGC 4244 ULX1 provides a well-behaved fit with diskpbb model; however, the
“p” parameter converges to 0.5, the slim disk limit (hence we fix this parameter),
similar to the case of NGC 4395 ULX1, or NGC 6946 X-1 studied in this thesis. We
report the spectral fitting parameters for this model in table 6.9. The residuals

for the best-fit models in these four sources are shown in figure 6.5.

6.3.2 | Discussions

We explore different spectral models in a sample of ULX sources within a wide
range of spectral hardness. The high energy spectral cutoff detected in NGC
4190 ULX1 and NGC 1291 ULX1 confirmed that these sources are not in the
canonical hard state of XRBs. This high energy spectral cutoff could be a mani-
festation of super-Eddington accretion (Gladstone et al. 2009; Sutton et al. 2013)

or the synchrotron spectral cutoff discussed in Chapter 5. The typical advection-
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Table 6.7: The fitting parameters for tbabs*cutoffpl model for four sources.
The flux (Fy) is the absorbed flux in 0.3-10.0 keV energy range.

Observation ID Ny r Efold Norm xX>/d.o.f F.
10%2cm—2 keV (107%) 10~ 2erg cm=2 571

NGC 4190 ULX1

0654650101 <013 0617035 238%0% 5617077 68/64 2.36" 050

0654650201  0.09+£0.03 0.64+0.18 2277938 832103  252/259 3.05+0.10

0654650301  0.11+£0.02 093+0.12 38670} 11.367030 297/320 5774003
NGC 1291 ULX1

0201690201  0.06(fixed) 091703 247707 078705  82/76 0.26 +0.02

NGC 4254 X2

0913090101  0.14+£0.03 143709  >24  024+0.02 143/155 0.19 +0.01
NGC 4244 ULX1

0553880201 0187005 225711 091735 47653  87/80 0.27 +£0.01

Table 6.8: The fitting parameters for tbabs* (diskbb+cutoffpl) model for NGC
4254 X2. The flux (Fy) is the absorbed flux in 0.3-10.0 keV energy range.

Observation ID Ny ToT Nortig T Efoua Norm  x?/d.o.f Fx
102cm™2  keV keV (1079) 10~ 2erg cm™2 57!
NGC 4254 X2

0913090101  0.20° 0% 0317007 0297051 0.59(fixed) 596 17: 151703 129/154 0.19£0.01

Table 6.9: The fitting parameters for tbabs* (diskpbb) model for three sources.
The flux (Fy) is the absorbed flux in 0.3-10.0 keV energy range.

Observation ID Ny T; p Norm xX2/d.o.f Fy
10%2cm 2 keV 10~ 2erg cm=2 571

NGC 4190 ULX1

0654650101 <016 159703  0.65700g < 0.045 68/64 2.3370%5

0654650201  0.124£0.03  1.5270712  0.64700; 1.867)% x 1072 248/259 3.0340.10

0654650301  0.14+0.02  2.157012  0.61£0.02 0.757032 x 1072 299/320 5737013
NGC 1291 ULX1

0201690201  0.09+0.06 1497072 0.607 05 < 0.004 81/75 0.26 +0.02
NGC 4244 ULX1

0553880201  0.12+0.02 0.37£0.03 0.5(fixed) 0447022 93/81 0.27 £0.01

dominated accretion disk-like spectral feature, represented by a “p” free disk
with p value ~ 0.6, further justifies the super-Eddington accreting nature of
these two sources. The hot inner disk temperature as a characteristic tempera-
ture in the observed spectra indicates that these two sources are low inclination

systems, such that the inner regions are visible along the line of sight.

NGC 4254 X2 is a persistent hard source. The parameters of cutoffpl com-
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Figure 6.5: The best-fit spectra with models and residuals are shown for four
sources. NGC 4190 ULX1 (top left; ID - 0654650301), NGC 1291 ULX1 (top right;
ID - 0201690201), NGC 4254 X2 (bottom left; ID - 0913090101), and NGC 4244
ULX1 (bottom right; ID - 0553880201) spectra are shown. The diskbb+cutoffpl
model fit is shown for NGC 4254 X2, and the diskpbb model fit is shown for the
other three sources.

ponent are consistent with the parameters found in pulsar ULX sources, along
with a strong presence of a cool thermal component. The hard nature of this
source could be related to the low inclination angle of the source towards the line
of sight, such that the direct hard emission from the inner region is beamed to-
ward the observer. The presence of spectral curvature consistent with the values
seen in pulsar ULXs and a cool thermal component, representing the optically
thick wind, may indicate that the hard source NGC 4254 X2 is a super-Eddington
stellar mass accretor.

NGC 4244 ULX1 is a transient soft ULX source with close proximity to the
spectral feature of SSUL sources. A slim disk with p = 0.5 of the “p” free disk
can describe the source spectra. This can be interpreted as strong advection in
the inner region of the accretion disk of the source, similar to soft sources like
NGC 4395 ULX1 and NGC 6946 X-1. In fact, as argued by Urquhart & Soria 2016,
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these supersoft ultraluminous sources can be explained as super-Eddington ac-
creting ULXs observed through the densest outflowing wind.

To summarize, all four sources, NGC 4190 ULX1, NGC 1291 ULX1, NGC
4254 X2, and NGC 4244 ULX1, exhibit spectral characteristics that manifest a
common accretion mechanism of super-Eddington accretion process similar to
what we observe in other ULXs including NGC 6946 X-1.
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7.1 | Summary

This thesis aims to investigate the spectral and timing properties of some indi-
vidual ULXSs, interpreting the insights of their physical accretion and emission
mechanism and striding to map out a generic picture for some of the unique
spectral characteristics of ULXs. The main results of the thesis are primarily de-
scribed in four chapters, namely chapters 3, 4, 5, and 6. The summary of each of
these chapters is briefly mentioned below.

7.1.1 | Hard X-ray flaring in NGC 4395 ULX1

We analyze recent XMM-Newton observations of a nearby ULX, NGC 4395 ULX1,
and detect X-ray flaring events in a short time scale for the first time in the
source. We find that the flaring incidents are spectrally harder compared to the
non-flaring episodes. Thus, the fractional variability in the source light curve
is significantly high for harder photons. The continuum spectra for all epochs
are best described by two thermal components, namely a Keplerian disk and a
slim accretion disk. On top of the continuum, we find a broad feature around
~ 0.9 keV, which is apparently associated with the forest of emission/absorption
lines. This broad feature suggests wind/outflow in the ULX due to super-critical
accretion. Interestingly, the flaring spectra exhibit higher slim inner disk tem-

perature, suggesting a higher accretion rate and advection-dominated accre-
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tion scenario. The non-flaring episodes exhibit steady temperatures for the in-
ner hot and outer cool disks throughout different observations. The inner disk
luminosity-temperature profile is broadly consistent with both L o T? and L «
T* relations expected for advection-dominated and standard thin disk scenarios,
respectively. The origin of such transient flaring events is best interpreted as an
intrinsic variation in accretion rate and the presence of variable clumpy wind in

the inner region of the accretion disk.

7.1.2 | Variability in spectra of NGC 1042 ULX1

Studying X-ray spectral variability in different ULXs sheds light on the vari-
ation in accretion scenarios in these sources. We study long-term data from
XMM-Newton and report spectral variability in the X-ray band for a bright ULX
NGC 1042 ULX1. The significant spectral variability is observed above ~ 1 keV,
thus indicating that the hard spectral component like inner accretion flow, comp-
tonization process, or emission from NS accretion column gives rise to such vari-
ability. The characteristic cool thermal disk temperature of ~ 0.2 keV manifests
similarities to the spectral states of UL state sources. We detect an apparent
anti-correlation between luminosity and powerlaw index, thus suggesting that
spectra become harder when the source is in a brighter state. Again, this feature
can be related to variation in accretion rate, strong geometric beaming, varying
strength in comptonization, presence of wind/outflow in the system, or vary-
ing disk occultation. In general, the source exhibits HUL-type spectra and thus
can be understood as a low-inclination system. The recent NuSTAR observation
confirms the presence of characteristic spectral curvature in the source similar
to other ULXs. All of these results conclude that the source is not an IMBH but

another stellar-mass super-Eddington accretor.

7.1.3 | Synchrotron spectral cutoff in ULXs

Most ULX shows a unique spectral curvature at energies E ~ 10 keV. However,
the theoretical origin of such curvature is not well understood in the literature.

We propose a novel mechanism based on the first principle of synchrotron radi-
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ation to explain the origin of such spectral cutoff. We show that depending on
the variation of latitude of the emitted synchrotron radiation, relativistic plasma
within a configuration of neutron star magnetic field can give rise to such spec-
tral cutoff. Analysis of two bright PULXs suggests that a large range of physical
parameters can explain the spectra, for example, with an NS magnetic field of
B ~ 10'? G, a semi-relativistic plasma with 7 ~ 10-20 for high latitude emission
or a highly relativistic plasma (7 ~ 10°~10°) for emission close to the electron’s
orbital plane would explain the spectra in a similar profile. We discuss that fu-
ture studies with new data and polarimetric studies can decipher the method of
distinctions from other proposed models to describe high-energy ULX spectra.
If the new theoretical model is indeed the origin of spectral cutoff in ULXs, then
most ULXs that show such spectral cutoff are neutron stars.

7.1.4 | Super-Eddington accretion mechanism in ULXs

We study some individual ULX sources with a varying range of spectral pho-
ton index. Most of the sources have shown spectral characteristics compatible
with the expected physical mechanism in the super-Eddington accretion pro-
cess. The broadband X-ray data of a persistent soft ULX source NGC 6946 X-1
shows the presence of a cool thermal accretion disk with temperature T, ~ 0.2
keV and a hot geometrically modified slim accretion disk with an inner tem-
perature of Tj,; ~ 2 keV. The inner temperature radial profile is consistent
with T(R) o« R™%5, expected for a slim accretion disk. The presence of ~ 0.9
keV emission/absorption broad feature with a cool thermal disk-like compo-
nent suggests the presence of optically thick wind due to super-critical accre-
tion. With the assumptions of realistic disk inclination angle, we estimate the
host compact object of NGC 6946 X-1 is comparable to ~ 6-10 M non-rotating
black hole or the ULX hosts a neutron star with B < 2 x 10!! G magnetic field.
Similar studies are explored with other sources like NGC 4190 ULX1, NGC 1291
ULX1, NGC 4254 X2, and NGC 4244 ULX1. Different spectral models provide
distinct parameter space in these sources. However, the presence of spectral cur-
vature and advection-dominated accretion disk in NGC 4190 ULX1 and NGC
1291 ULX1 suggest that these broadened disk sources are super-Eddington ac-
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cretors. The hard ULX NGC 4254 X2 exhibits similar spectral parameters con-
sistent to the pulsar ULX systems in terms of an exponential cutoff powerlaw
along with a cool disk component, suggesting similar properties to the super-
Eddington ULXs. NGC 4244 ULX1 is the softest ULX in the sample, with the
presence of a slim accretion disk similar to the spectral characteristics of soft
ULXs like NGC 4395 ULX1 and NGC 6946 X-1. All the spectra of these differ-
ent sources imply the super-Eddington accretion mechanism, which eventually
increases the sample size of super-Eddington accreting binary systems.

7.2 | Future Prospects

The works discussed in the thesis can be extended in the future for several
prospective studies. A systematic study of searching for transient events in
ULXs would help in establishing the variability in accretion mechanisms in ULX
systems. Continuous monitoring of a population of ULXs is required for such
investigations. As an extension, a systematic exploration of fractional variabil-
ity measurement and quantitative estimates of energy-dependent light curves
of such transient events would be helpful in the same direction.

A coherent examination of correlation measurements between different spec-
tral parameters is well explored in XRB and AGN science. It would be prudent
to have such systematic studies for a population of ULX sources, including high
S/N data. In fact, more broadband data are necessary for such studies to prop-
erly constrain the soft and hard energy components and find the correlation
between them. Such correlation studies would portray a complete picture of
accretion in these sources.

We have developed a novel theoretical model to explain the spectral cutoff
observed in ULXs. This model needs to be explored for more samples of sources
and needs to be tested for XRB systems. Further developing the model in a
general setting, which includes the properties of ambient medium generated
from the accretion process, is important for future work. Broadband X-ray study
of multiple ULXs with a complete description of soft energy components along

with the high energy spectral curvature would further establish the picture of
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the common physical environment in these sources.

Our brief sample study and implication of the super-Eddington accretion
mechanism as the origin of such high power in ULXs is important to extend for a
larger sample of sources with broadband data. The methods we have discussed
to interpret the super-Eddington accretion and estimation process of mass, mag-
netic field, and accretion rate would be important for future statistical surveys
and simulation studies of ULXs.

In the future, we would also focus on studying a special class of bright ULXs,
known as HLXs, to understand the origin of their extreme luminosities. If the
interpretation of IMBHs as a host of HLXs does not seem feasible from a ro-
bust survey of broadband X-ray data, then new theoretical models need to be
explored to explain such high luminosities in these sources.

A robust search for pulsation in these sources warrants high S/N data with
sufficient count statistics. We would look for more data to have meaningful
studies in this direction. With a growing number of neutron star ULXSs, a pri-
mary survey of the sources can be based on the works by Pintore et al. 2017
and Walton et al. 2018a. Once the spectral characteristics indicate pulsator-like
behavior, a thorough search of pulsation can be executed in these sources.

In the future, it is also important to theoretically explore the origin of out-
flowing wind due to super-Eddington accretion flow and why they are predom-
inantly found in soft ULX sources. In this regard, an extension of the study by
Qiu & Feng 2021 with more samples of sources would shed light on the physics
of wind/outflow.

Finally, it is crucial to focus on understanding the canonical properties in
ULXs with a large population study. We will also explore developing models
on the polarization properties of ULXs, especially for pulsar ULXs in the boom-
ing era of X-ray polarimetric studies by instruments like IXPE or POLIX. Future
missions like Advanced Telescope for High ENergy Astrophysics (Athena; Bar-
ret et al. 2020) and the X-ray Imaging and Spectroscopy Mission (XRISM; XRISM
Science Team 2020) will be crucial to decipher more mysteries of ULXs owing to

their high effective area and spectral resolution.
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