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Abstract: Accretion disks around compact objects provide an ideal environment to
study the accretion phenomena in strong gravitational potentials. Accreting black
holes in X-ray binaries and a sample of ultraluminous X-ray sources (ULXs) are
known to undergo changes in their observed properties, which pose an important
challenge to our understanding of the accretion phenomena in these systems. In
this thesis, we present a systematic analysis of ~1800 RXTE observations of GRO
J1655-40 and LMC X-3 and report on a new transient ULX candidate (ULX*) in
M51. Using the spectral continuum fitting method with kerrbb, we also report a
new black hole spin measurement of LMC X-3 which was later confirmed by the
spectropolarimetric analysis of simultaneous IXPE, NuSTAR, NICER, and Swift
observations. Our analysis of GRO J1655-40 and LMC X-3 showed that the non-
relativistic modeling of these disks leads to a significant oversight of the measured
disk temperatures and radii as they evolve through different accretion states. We
showed this overestimation of disk temperatures in non-relativistic modeling leads
to unphysically low values of the inner disk radius. Its relativistic counterparts
provided a more self-consistent description of the observed spectra along with
more physically realistic values of the disk radius when evaluated as a free param-
eter in the model. Additionally, a previous global study of the known Galactic
black hole X-ray binaries revealed that a significant portion of the studied sample
showed an overturn in the observed relationship between observed disk luminosity
and temperature. With increasing luminosities, disk temperatures transitioned to
much higher values than expected, characterized by a negative slope. However,
LMC X-3 has undergone multiple outbursts reaching luminosities much higher
compared to the majority of the observed outbursts while not exhibiting a similar
trend. It contradicts the assumption that this behavior would be a result of the
need to invoke a different accretion disk solution due to the higher mass accretion
rates. After a thorough investigation of the parameter space of the three models
used in the analysis, this overturn was recovered by adopting the accretion disk
model which uses the ray tracing method to calculate the spectrum and accounts
for the relativistic effects at different radii. On the other hand, ULXs have shown
a similar negative slope without presenting clear evidence of similar spectral state
transitions but showing long-term variability in the observed luminosity. A bet-
ter understanding of the long-term variability of both populations is crucial to
develop a unified accretion scheme across the mass accretion scale. With its dis-
covery, M51 ULX* now contributes to a growing population of transient ULXs
where the “transient” nature of the accretion phenomenon cannot be explained
by currently available accretion disk models.
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1. Introduction

1.1 Black Holes

A star with a mass of several tens of solar masses nears the end of its life as
it exhausts the fuel in its interior and as a result, the thermonuclear reactions
can no longer supply the radiation pressure which is necessary to balance the
gravitational contraction. Such stars eventually either undergo a catastrophic
explosion as supernovae or directly collapse into a region of spacetime in which the
curvature at the center becomes infinite creating a strong gravitational potential
around it. Such extreme potentials result in escape velocities even higher than
the speed of light, leading to the infamous name ”black hole”.

Despite Einstein as the commonly presumed “creator” of the idea of black
holes, it was originally John Michell who first postulated that an astrophysical
object with escape velocity exceeding the speed of light would appear black as
it would no longer be able to emit light to an observer [Michell, 1784]. This
prediction was in response to his mission to calculate the mass of a star from
the speed of light it emits, which needed more than a century to show that the
speed of light in vacuum is constant. Following Einstein’s Theory of Relativity,
Karl Schwarzschild solved Einstein’s equations for a spherically symmetric region
of spacetime [Schwarzschild, [1916] but it was only in 1968 that the name ”black
hole” was invented.

In 1915, Einstein formulated the field equations (Einstein’s field equations or
shortly Einstein’s equations) describing the geometry of spacetime in relation to
the distribution of mass across it [Einstein, |1915, |1916].

1
R, — §R91w + Mg = KT (1.1.1)

where R, is the Ricci curvature tensor, R is the Ricci scalar, A is the cosmo-
logical constant, G' is the gravitational constant, g, is the spacetime metric, T},
is the energy-momentum tensor and c is the speed of light.

In vacuum,

1
G = Ry = 5 Rg = 0 (1.1.2)

where G, is called the Einstein tensor.

For a spherically symmetric object of mass M, the escape velocity is easily

calculated by balancing the potential and kinetic energies of a test particle of m

adopting the classical Newtonian theory of gravity:
1 5 GmM

—mu® =
2 T

From which, the escape velocity reads

(1.1.3)

,  2GM

Uesc -

(1.1.4)

,
The simplest assumption is that if there is a critical value for r, r., one would

have a region where the escape velocity is larger than the speed of light. For

escape velocities larger than the speed of light, this region corresponds to



2GM

c2

re < (1.1.5)

While this radius is Newtonian, Schwarzschild’s metric also predicts the same
limit in General Relativity (GR) and hence is defined as Schwarzschild radius:

_2GM
——5 =

where GG denotes the gravitational constant, ¢ is the speed of light in vacuum
and M is the black hole mass.

In standard units, the Schwarzschild metric reads

2r (1.1.6)

Ts g

2GM

c2r

d 2
gy + 7 (AP 4 sin?0dg?)  (117)

d32:—<1—
1—

) A dt? +

c2r

Where r is the radial coordinate, ¢ is the azimuthal angle and 6 is the latitude.

In a more general sense, the Schwarzschild metric describes a non-rotating
black hole [Schwarzschild, 1916]. In 1963, Kerr derived a solution for a spinning
black hole [Kerr, |1963] where the metric in Boyer-Lindquist coordinates (t,r,0,¢)
reads

2
dtdg + ~=dr?® 4+ Ld*+

A

2Mr 4aMrsin® 6
ds? = — (1—)dt2—
s S >

. 1.1.8)
2a®Mr sin? 0 (
(7“2 b2y AT ;sm ) sin® 0d¢?,
in which
J
Y2 =1+ a*cos? 0, (1.1.10)
A =7r?—rg+4ad (1.1.11)

The above metric represents the line element for a rotating Kerr black hole of
mass M with the angular momentum J. In a more general sense, a is described
as the angular momentum per unit mass.

In contrast to the Schwarzschild case, the Kerr metric has two horizons rep-
resented by

ry =M+ VM?—a? (1.1.12)

which are referred to as outer (+) and inner (-) event horizons.

Innermost stable circular orbit

The innermost stable circular orbit or ISCO, defines the limit closest to the black
hole in which matter can remain in stable circular orbits around the black hole.

Beyond this limit, matter can no longer sustain stable orbits and spiral down into
the black hole.
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Figure 1.1: Location of the ISCO in the units of gravitational radii with respect
to black hole spin values ranging between 0 and 1.

The extent of this region is described mainly by two parameters, the dimen-
sionless black hole spin a and black hole mass M,

risco = rg {3+ Az £ [(3 — A1) (3+ Ay + 24,)]"?} (1.1.13)
1/3
Ay =1+ (1-a?) / (14 )" + (1 a.)"?] (1.1.14)
Ay = (3024 43)"° (1.1.15)
_ e
0= o (1.1.16)

where a, ranges between -1 and 1 where - and + values correspond to retro-
grade and prograde rotations, respectively. Figure shows the position of ISCO
in the units of gravitational radii (1) with respect to the dimensionless black hole
spin in the 0 < a, < 1 range.

1.1.1 Dissecting Black Hole X-ray Binaries

As the matter approaches the black hole, the material heats up due to the viscos-
ity, eventually illuminating the X-ray sky. These X-ray bright systems are called
X-ray binaries and provide unique environments to study the behavior of matter
in such extreme environments due to the strong gravitational potentials around
black holes.

The majority of the broadband X-ray spectra observed from BHXRBs can be
dominantly described by two main components throughout an outburst: hard and
soft components. However, there are several components to the physical system

10



Donor Star

Accretion
Disk

Relativistic Jet

Figure 1.2: A sketch of a BHXRB showing each component: accretion disk, disk
wind, corona, relativistic jet, and the donor star. For simplicity, the relativistic jet
and corona are illustrated only in one direction. The jet structure is expected to
be symmetrical and the geometry of the corona is not only limited to a spherical
structure. See Figure for possible geometries.

that evolve along with certain properties of the accretion state. In a more general
picture, the following components are found to contribute to the X-ray spectra
and present characteristics that evolve throughout an outburst: (i) accretion disk,
(ii) corona, (iii) relativistic jet, (iv) accretion disk wind. Figure provides a
general overview of these components.

Accretion Disk

When a compact object such as a black hole or a neutron star is in a binary
system, the companion star remains gravitationally bound to the compact object.
Under certain circumstances, the companion can start transferring mass onto
the black hole via an accretion disk. Accretion disks form when the infalling
material from the companion/donor star has enough angular momentum to begin
orbiting around the black hole. On the other hand, the further radial infall
of the material is halted due to the presence of a centrifugal potential barrier
which the infalling material cannot pass through unless the angular momentum
is transported outwards, eventually forming a disk-like structure.

X-ray binaries (XRBs), regardless of the nature of the compact object, are
categorized by the mass of the companion or the donor star into two groups,

11



high-mass and low-mass X-ray binaries (HMXRBs and LMXRBs, respectively).
This categorization also enables a direct link to the nature of the process that is
assumed to induce the accretion:

(i) Accretion via Strong Stellar Winds and High-Mass X-ray Binaries: High-
mass X-ray binaries are systems in which the compact object accretes from a
rather massive star with a mass of > 10M. The material flow from the massive
donor star is induced by the strong stellar winds which reach the mass loss rate
of > 107 Myyr~1.

(ii) Roche Lobe Overflow and Low-Mass X-ray Binaries: A large fraction of
low-mass X-ray binaries consists of a donor star that is either a main sequence
star or a sub-giant or red giant that is filling its Roche Lobe where the material
flows onto the compact object forming an accretion disk. Many of the observed
galactic BHXRBs are in a LMXRB. First formulated by Edouard Roche, the so-
called Roche problem describes the orbit of a test particle under the influence of
the gravitational potential of two orbiting bodies of M; and M, which are massive
enough that their orbits are not perturbed by the test particle. These two bodies
are assumed to be "centrally condensed” and in circular and Keplerian orbits
around each other. Figure gives a general overview of this interacting system.

The separation between the two stars d can be easily derived from Kepler’s
law in terms of the period of the binary system:

4r*d® = GM P? (1.1.17)

where M = M; + M. Then, any gas flow between these two masses can
be described by Euler’s equation in the reference frame rotating with the binary
system with angular velocity w:
ov

1
a+(v-V)v:—;vp—vq>R—2wxv (1.1.18)

where the last term on the right-hand-side describes the Coriolis force per unit
mass and the angular velocity can be described in terms of a unit vector normal
to the orbital plane:
GM 1/2
“o { & ] "

v, N

>

Figure 1.3: Ilustration of a binary system of two massive bodies of M; and Ms
rotating around a center of mass CM separated by a distance d.

12



®g(r) is called the Roche Potential, and accounts for gravitational and cen-
trifugal forces in the binary system:
G M, G M, 1 9

) = — _ _ -
r(r) lr —ry| |r—ry 2(w xT)

(1.1.19)

where ry and ro are position vectors of center of masses of M; and Ms, re-
spectively. Figure shows the equipotential lines of the Roche potential of an
LMXB.

i

Figure 1.4: Roche potential in a LMXRB with Lagrangian points L1 through L5
indicated.

In practical terms, both accretion mechanisms may contribute to forming the
disks in LMXRBs, with the dominant process varying by case. Accretion re-
mains one of the most energetic processes in the universe, causing material in
the innermost parts of the accretion disk near the black hole to reach extremely
high temperatures. These temperatures, which can rise to several keV, produce
electromagnetic radiation that is primarily visible in the X-ray spectrum.

X-ray Corona

The high energy emission in the broadband X-ray spectrum is produced in a
cloud of hot electrons where the thermal emission originating from the accretion
disk is upscattered to higher energies via inverse Compton scattering
and Titarchuk| |1980]. This process takes place when the electron’s energy is
greater than the energy of the ”seed” photon emitted from the accretion disk,
transferring a portion of its energy to the photon contributing to the non-thermal

13



hard tail of the spectrum. The origin and exact geometry of the corona are not
well understood yet. There are three models widely accepted: (i) lamp-post, (ii)
spherical/extended, and (iii) sandwich. Figure provides a general illustration
of each model.

(i) Lamp-post Corona: This model assumes a small corona located at a certain
distance from the black hole on the rotation axis [Matt et al., 1991, Martocchial
and Matt, 1996 Miniutti and Fabian, 2004]. It’s presumed that the corona is
located close to the black hole and the emission carries the signatures of strong
relativistic effects.

(ii) Spherical/Extended Corona: The spherical geometry of the corona de-
scribes a larger spherical structure [Wilkins et al., |2016, Chainakun et al., 2019).
The general assumption is that this spherical geometry usually accompanies a
truncated accretion disk and extends to the ISCO. In contrast to the lamp-post
geometry, only a small portion of the emission originates from the vicinity of the
black hole and is not influenced by strong relativistic effects. While the spheri-
cal and lamp-post models result in comparably similar output, the distinguishing
factor between the two is the relative contribution of the reflection component to
the spectral continuum.

(iii) Sandwich Corona: Initially proposed for active galactic nuclei (AGN)
[Haardt and Maraschi, 1991}, [1993], describes a geometry "sandwiching” the ac-
cretion disk. Contrasting the predicted rather flat spectrum at energies above
5 keV, the spectra produced by this model are reportedly softer with I' ~ 2.1
[Malzac et al., 2001] because half of the primary radiation from the corona illu-
minates the disk.

Spherical Lamp-post

Figure 1.5: A simplistic illustration showing the three geometries for the corona:
spherical(blue), sandwich(green) and lamp-post(pink). Orange rays represent the
"seed” photons emitted from the accretion disk.
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Accretion Disk Wind

Accretion disk winds are strong outflows of material being launched from the
accretion disk, often identified through the existence of blueshifted absorption
lines in the X-ray spectrum|Ebisawal, 1997, |Kotani et al.| 1997, [Brandt and Schulz,
2000, [Kotani et al., 2000bla, Lee et al.l 2002, Diaz Trigo et al., 2012, King et al.,
2013, |Diaz Trigo and Boirin|, 2016} [Ponti et al., 2016]. The driving mechanism of
these outflows is not easy to identify but the ionization state of the wind and the
characteristics of the absorption lines play a crucial role in determining the nature
and possibly the origin of the wind, eventually providing further insight into the
accretion-ejection phenomena in XRBs. Due to the small cross-sections of certain
ions like Al, Mg, Na, Ne, O, and Si at energies above 10 keV, the ionization of
these winds is dominantly affected by the soft emission.

In the more generally accepted picture, there are three main launching mech-
anisms: (I) magnetically-driven (ii) radiation-driven (iii) thermally-driven winds
[Miller et al.| | 2011}, Neilsen and Lee| 2009, [Ueda et al., 2009, |2010} Neilsen et al.,
2011}, 2012, [Ponti et al) 2012]. These three mechanisms are usually driven by
different processes that require different properties of the physical system.

Relativistic Jet

Relativistic jets are powerful outflows of plasma that are assumed to form in the
close vicinity of the black hole. The non-thermal emission, dominantly observed
in radio, is presumed to originate from the relativistic electrons accelerated by
the presence of a magnetic field. The formation of such ejecta is not well under-
stood yet as the physical process would strongly depend on the geometry and the
strength of the magnetic field and the distribution of the plasma around the black
hole. The formation of these jets is usually associated with the accretion state
in which the mass accretion rate is significantly lower and the X-ray spectrum is
dominated by the non-thermal emission from the corona and the strength of the
jet is observed to diminish over time as the mass accretion rate increases and the
source enters a disk-dominated state, hence suggesting a coupled nature between
the mass accretion and ejection or the so-called "disk-jet coupling™

A possible scenario proposed by [Blandford and Znajek| [1977] suggests a mech-
anism where the launching of the relativistic jet is facilitated by extracting the
rotational energy of the black hole with the help of a magnetized plasma. In this
scenario, the transfer of the rotational energy happens in the presence of magnetic
fields in the close vicinity of the black hole subject to the frame-dragging effect
due to the spin of the black hole. As the black hole spins, the magnetic field
lines get twisted and the rotational energy of the black hole gets transported to
the magnetized plasma resulting in strong ejecta along the rotational axis of the
black hole.

Similar to the principles outlined in the Blandford-Znajek mechanism [Bland-
ford and Znajekl,[1977], Blandford and Payne [Blandford and Payne, |1982] propose
a model where the ionization of plasma within the accretion disk strengthens mag-
netic fields. As matter accretes onto the black hole, relativistic effects cause the
toroidal magnetic field to twist due to frame-dragging. This twisting exerts a force
on the accreting matter, propelling some of it along the black hole’s rotational
axis, a process known as magneto-centrifugal acceleration.
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The Blandford Payne (1982) mechanism emphasizes the role of the accretion
disk’s magnetic field and the magneto-centrifugal acceleration in launching rela-
tivistic jets from accreting black holes. It provides an alternative to the Blandford-
Znajek mechanism and has been widely studied as a potential explanation for the
observed jet phenomena in AGNs, quasars, and other accreting black hole sys-
tems.

1.1.2 Eddington Limit

In order to be able to quantify certain properties of the system, it is necessary
to define a few fundamental characteristics of the accretion flow. By doing so,
it becomes easier to assess the evolution of the accretion disks and describe the
interplay between the components contributing to the broadband spectral contin-
uum.

Let us first assume the simplest accretion geometry, the Bondi accretion
[Bondi, 1952], which describes a spherically symmetric accretion flow consisting
of a homogeneous gas cloud of mainly fully ionized hydrogen. Under this assump-
tion, we can derive a maximal value for the luminosity beyond which the spherical
accretion can no longer be sustained. The spherical accretion will be sustainable
only if the gravitational pull on the material is greater than or balanced by the
radiation pressure which mainly acts on the free electrons via Thomson scattering.

In the above case, the gravitational force is simply

GMm
R2
and the radiation force on the cloud of gas is derived from the radiation pres-
sure for its opacity k (k = o1/m, where ot is the Thomson cross-section and m,
is the proton mass.)

F, = (1.1.20)

P L km L otm
" cArR? ¢ dmmyR2
Balancing the radiation and gravitational forces yields the critical value for
the luminosity which is called the Eddington Luminosity,

(1.1.21)

4rGMmye
or

Lgqqa =
1.1.22
>~ 1.3 x 1038%erg st | )

. i,

The observed luminosity from a given accretion rate M can be described as

Loce = 20G MM /R, (1.1.23)
2GM

where Ry = =27~ is the Schwarzschild radius, 7 is the radiative efficiency which
describes the fraction of the radiation produced from mass accretion that is able
to escape the system. This specific parameter is sensitive to the black hole spin
and can reach as high as 0.42 for a maximally rotating black hole and decreases
significantly with decreasing black hole spin [Thorne, [1974].

We can derive the accretion rate corresponding to the Eddington limit using

Lgaa
nc?

Lgaa = nMgaac® = Mpaq = (1.1.24)
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Eddington luminosity as derived above is favorably trivial but does not ac-
count for the general relativistic effects on the photon trajectories. it still can be
used as an approximation to characterize the accretion state the source is found
in, even for a disk geometry. On the other hand, the practicality this critical
value introduces to the study of accreting compact objects diminishes as one ob-
serves systems with accretion disk geometries that are not well understood with
a multitude of radiative efficiencies significantly harder to compute.

1.1.3 Evolution of Accreting Black Holes in X-ray Binaries

The majority of BHXRBs spend most of their lifetime in a quiescent state and only
occasionally go through an outburst where the system appears to get brighter.
This is usually associated with a significant increase in the mass accretion rate
over time and eventually the formation of an accretion disk close enough to the
black hole to emit enough flux to be detected. The long-term evolution of these
sources as they go through an outburst is usually tracked by two properties of
the system: (i) the ratio of the detected photons at high energy (hard) to ones
which are less energetic (soft) and (ii) the total intensity over the energy range of
the observed spectrum. The ratio is usually referred to as the hardness ratio and
this evolution is tracked on a diagram called a hardness-intensity diagram (HID)
where many of these systems are found to follow a well-defined "g-shaped” path
[Fender et al., 2004, Dunn et al., 2010]. This ratio provides a good indicator of
which accretion state the system is in, characterized by the relative contribution
of two distinct emission components: thermal and non-thermal emission. The
thermal component is expected to arise from the accretion disk which can be
described as the sum of blackbody radiation originating from different radii on
the accretion disk [Shakura and Sunyaev, |1973]. Generally, this is referred to as
a multicolor or multi-temperature disk black body. The non-thermal component,
on the other hand, dominates at energies above ~ 5 keV arises from the process
of Comptonization of the so-called "seed” photons emitted from the innermost
regions of the accretion disk by a hot and an optically thin cloud of electrons
called a ”corona”[Sunyaev and Titarchukl, (1980, |Zdziarski, 1985, Chakrabarti and
Titarchuk, |1995, [Narayan et al., |1996, [Zdziarski and Gierlinski, 2004].

Once ignited, a long-term overview of an outburst is usually divided by certain
accretion states which are characterized by the relative distribution of thermal and
non-thermal emission alongside the evolution of the components making up the
system. These accretion states correspond to different regions of the g-shaped
path in an HID and can be listed as follows: low-hard state (LHS), intermediate
state (IMS) (includes soft and hard)— or occasionally referred to as the steep
powerlaw state, and high-soft state (HSS). The top part of Figure shows a
general overview of a typical HID with each state marked across the g-shaped
path. A global study by Dunn et al.| [2010] showed that this evolution is not
only specific to one source or one outburst, the majority of the known galactic
BHXRBs follow a similar path throughout each of their successful outbursts. In
some instances, however, some sources may not be able to complete the full g-
shape and have a failed outburst where the source either shows a quick rise in
the flux for a very short period of time while remaining hard, or briefly enters the
hard-intermediate state and return back to quiescent without entering the HSS.
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Figure 1.6: Top: A sketch of a general hardness-intensity diagram showing each
accretion state throughout an outburst. Bottom: A simplistic scenario showing
the evolution of the innermost edge of the accretion disk and the relativistic jet
across the low-hard, intermediate, and high-soft state. The arrows indicate the
direction of the evolution starting from the LHS at the beginning of an outburst,
following the IMS and HSS until it eventually returns to LHS. For simplicity, the

corona is illustrated in a spherical geometry.
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Low-Hard State

Low-hard state or LHS is observed at the very beginning and the end of an
outburst. Once the system starts to transition from the quiescent phase with the
increasing mass accretion rate, it is usually followed by an increase in the observed
flux while the spectrum remains hard. In this state, the source is observed to have
an accretion disk forming at larger radii while accompanied by a strong relativistic
jet. The broadband X-ray spectrum remains fairly flat and can be modeled by a
powerlaw with I' ~ 1.7 and a high energy cut-off as a result of the high energy
Comptonizing photons in the corona. The accretion disk in this state remains
further away from the black hole with low effective temperatures [Poutanen) [1998]
and the spectrum is dominated by this Comptonized emission |[Corbel et al., 2000,
2003].

The increase in broadband X-ray emission as the source transitions through
the LHS is usually accompanied by a compact radio emission associated with syn-
chrotron radiation originating from a steady relativistic jet. The radio spectrum
of the jet is usually flat but some cases reported an inverted slope [Blandford and
Konigl, 1979, [Fender, 2001, Fender and Gallo, |2014]. Going upwards on the right-
hand side of the HID, the source remains fairly hard regardless of the increase in
the observed flux.

While the X-ray spectra observed from sources in the LHS are exceptionally
flat, a third component occasionally appears superimposed on the continuum.
Some sources show signatures of a Fe Ka emission line accompanied by a high-
energy hump dominating energies around and above 30 keV in the LHS. This
component is assumed to be produced by the emission from a hot corona reflecting
off the surface of the accretion disk giving rise to a set of emission lines including
the Fe Ka complex.

Intermediate State

A further increase in the accretion rate results in a transition to the intermedi-
ate or steep powerlaw state where the X-ray emission remains fairly stable for
a portion of the outburst and the spectrum is dominated by a steep powerlaw
(I' > 2.4 [Dexter and Blaes|, 2014]) [Remillard and McClintock, 2006, Belloni and
Motta, [2016]. The intermediate state can be divided into two parts, the hard in-
termediate state (HIMS) and soft intermediate state (SIMS) where the transition
over time is from the powerlaw-dominated HIMS to more disk-dominated SIMS.
During this transition, the accretion disk approaches the black hole further and
the contribution of the thermal disk emission to the spectral continuum becomes
stronger. This also results in much higher disk temperatures compared to the
LHS. The source becomes softer over time and eventually crosses the "jet line”
before transitioning to the HSS after which the jet is assumed to be quenched and
the radio emission vanishes [Fender et al., 1999, Corbel et al., [2000, Russell et al.,
2011].

High-Soft State

With increasing mass accretion rates, the thermal emission from the innermost
regions of the accretion disk starts to dominate the spectral continuum which can
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be primarily modeled with a multi-temperature accretion disk blackbody emission
with a peak temperature of k7" ~ 1-1.5 keV and an additional powerlaw emission
with a photon index of I' ~ 2.5 or even higher.

During the transition to the HSS, the X-ray luminosity increases substantially
and the radio emission starts to decrease and eventually vanishes as the radio jet
is quenched in this state. The softening of the spectrum from the LHS to HSS
occurs relatively faster compared to the time spent in the LHS |[Dunn et al.; 2010].
The third state, the steep powerlaw or the intermediate state, is entered as the
powerlaw also starts to dominate over the thermal disk emission with I' ~ 2.5 —3
but the spectrum continues to be very soft. As the disk continues to recede and
the disk emission is fading away, the system returns to the LHS completing the g-
path at the end of the outburst before re-entering the quiescent state. Such sharp
increases in the X-ray luminosity throughout the outburst while transitioning to
the HSS are primarily explained by rapidly increasing accretion rates, M, in a
geometrically thin, optically thick disk originally characterized by |Shakura and
Sunyaev| [1973].

1.1.4 Accretion Disk Solutions

The formulation of solutions to describe the physics of accretion onto black holes
still stands as a cornerstone in the history of high-energy astrophysics, shedding
light onto one of the most energetic phenomena in the universe. Not only did it
open multiple doors to improving our understanding of the processes behind the
X-ray bright events, but it also provided a framework to understand the behavior
of matter under strong gravitational potentials through a set of observations of
the environment which we cannot reconstruct in an Earth-based laboratory.

The foundational works of Nikolai Shakura and Rashid Sunyaev in the early
1970s, along with the consecutive contributions of Novikov and Thorne in the
following few months, laid the groundwork for a theoretical framework that fur-
ther outlines the complex dynamics governing accretion processes onto compact
objects. With more advanced simulations and an expanding array of high en-
ergy phenomena, the theory of accretion expanded even further now filling in the
gap in our understanding of accretion across the mass of the compact object and
observed luminosity scale.

Spherical Accretion Bondi (1952)

The concept of spherical accretion, originally proposed by the Australian physi-
cist Hermann Bondi in 1952 describes a stationary and spherically symmetric
accretion onto a compact object [Bondi, 1952

we start with the continuity equation in spherical coordinates,

dp 1 0(prv,) 1 O(pvgsind) L 0(pvg)
o o Trsmd @0 Trsmd 0o 0 112

Bondi accretion describes a material flow that is spherically symmetric and
stationary which means any terms in Eq[1.1.4] hence

o 0 0

E:%:%:O (1.1.26)
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And the continuity equation for a spherically symmetric stationary inflow of
material, then reduces to

2
Loprtv) (1.1.27)

r2  Or
Simply integrating Eq. [I.1.4], one obtains the rate of material flow as

—M = 4mprv, = constant (1.1.28)

the negative sign is used for the inflow of the material, i.e. accretion onto
the compact object. As the material continues to fall onto the central compact
object, it accelerates eventually reaching the speed of sound of the material. The
speed of sound is a function of pressure and density, so given that both these
quantities in the context of accretion will depend on the radius, it’s expected
that the speed of sound is also a function of a radius. So there will be a radius
around the compact object that will characterize a transition from subsonic to
supersonic speeds. Once the material crosses this radius, it can no longer transmit
information about pressure changes upstream through sound waves, leading to
different flow dynamics compared to before. This radius is referred to as the
sonic radius and has the following form

GM
= — 1.1.2
7,S 208(’]”5)2 ( 9)

where GG is the gravitational constant, M is the mass of the compact object
and c4(rs) is the speed of sound at the sonic radius.

Accompanying the sonic radius, the Bondi radius characterizes a boundary
where the gravitational force by the compact object is balanced by the pressure
forces within the surrounding gas which has the same form as Eq. [1.1.4]

. GM
N 2¢4(rp)?

a solution where the escape velocity is equal to the speed of sound at Bondi
radius would imply rs = rg.

There are two physical solutions to a spherically symmetric and steady flow
of material (see Fig. |1.7)):

(i) Bondi accretion, i.e. spherical inflow of material from infinity where it is
subsonic and passing through the sonic radius and becoming supersonic between
r« < 1 < rs where the r, is the radius of the central object. In the case of a
black hole, this limit is the event horizon after which the material never reaches
a surface and continues to accrete onto the black hole.

(i) Stellar winds, i.e. outflow of material which are subsonic at smaller radii
before the material crosses the sonic radius and supersonic at radii larger than
the sonic radius.

(1.1.30)

rp
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Figure 1.7: Solutions of steady state spherical flows. The orange and blue curves
describe the evolution of the speed of the material in units of the speed of sound
with respect to the radius in units of sonic radius for accretion and stellar winds,
respectively. The upper pink curve shows the limit for supersonic flow and the
bottom shows the limit for the subsonic flow of material. The lower limit for the
radius is not zero but is set at the surface of the accretor, in the case of a black
hole refers to the event horizon.

The Shakura&Sunyaev (1973) Disk Solution

The Shakura-Sunyaev (SS) accretion disk model, initially proposed by Nikolai
Shakura and Rashid Sunyaev in 1973, still stands as one of the most widely used
disk solutions to describe the properties of accretion disks around compact objects
[Shakura and Sunyaevl 1973]. The SS disk model is based on 7 fundamental
assumptions: (i) the disk is vertically thin with h(r) < r where h is the vertical
height and r is the radial distance to the outermost edge of the disk, (ii) the
companion/donor star is assumed to not exert any gravitational force on the disk,
(iii) the orbits of material within the disk are Keplerian, (iv) the self-gravitation
due to the material within the disk is insignificant compared to the gravitational
potential of the compact object, (v) the disk is axisymmetric, (vi) the disk is
radiatively efficient where the only cooling of the disk is achieved by radiation,
(vii) the disk is stationary and in hydrostatic equilibrium vertically.

The process of angular momentum transport within the accretion disk is usu-
ally attributed to the viscosity, parameterized by the effective viscosity coefficient
« which describes the strength of the viscous stress within the disk. Occasionally,
the SS disk is also referred to as the « disk, and the derivation of this parameter
and further description of the physical processes taking place within the disk is
governed by 4 fundamental equations: (i) conservation of mass, (ii) conservation
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of angular momentum, (iii) transport of angular momentum and (iv) conservation
of energy.

(i) Conservation of mass:

M = —21rSV (1.1.31)

Where M is the mass accretion rate, X is the surface density (¥ = [*,) and
V' is the radial velocity of the matter.

(ii) Conservation of angular momentum:
Since the accretion disk is assumed to be stationary and in hydrostatic equi-
librium (assumption (vii)), we can write the balance of the vertical components

of the gravitational force and pressure gradient as follows:
1op  GMz=z

- — i 1.1.32
p Oz rZ r ( )

substituting the differentials with finite differences for the parameters following
the standard approximation, we can derive the disk thickness A as follows

3
hz,/iGer; (1.1.33)

where ¢, is the speed of sound in the mid-plane of the disk.
(iii) Angular momentum transport:

;\i(j — Tm) = —2hrt, (1.1.34)

where J = Qr? is the angular momentum and J;, is the angular momentum
of the material at the innermost edge of the disk where the net torque is assumed
to be zero. Finally, ¢,4 is the viscous stress tensor.

(iv) Conservation of energy:
The heat generated by viscosity can be written as |[Shapiro and Teukolsky;,
1983]:

trg)?
Guis ~ (Er) (1.1.35)
vp

Using Eq. [1.1.4] we can obtain

trg = — — T 1.1.36
o= (T = T) (11360
For a Newtonian disk,
3
trp = —§pr (1.1.37)

Combined with Eq. [1.1.4, we can derive the total heat generated by viscosity
at radius r
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Given that the only cooling mechanism in the disk is radiation, we can assume
that the heat generated by viscous processes will be radiated away immediately.
Hence, the total flux from only one of the surfaces of the disk,

1 3M GM T
F=-Qu=—"—"" 1—,/“1) 1.1.39
QQ 8mr2 r ( r ( )

Assuming the magnetic pressure is negligible, the pressure balance in the in-
nermost region of the accretion disk can be written as

n (1.1.38)

drr? oy r

3M GM (1 B m)

1
p= NkT + gaT4 (1.1.40)

where each component corresponds to gas and radiation pressure, respectively.
Here, « is the dimensionless viscosity parameter that can be described in terms
of the viscous stress tensor:

a=-2 (1.1.41)
tro
Re-arranging Eq. [1.1.4]
trp = —ap (1.1.42)

Further distribution of the temperature across the accretion disk is dominantly
governed by the balance between heating due to viscous dissipation and radiative
cooling.

The local effective temperature in the Newtonian metric is a function of the
radius and depends primarily on the mass accretion rate (M ), black hole mass
(M), and the position of the innermost edge of the accretion disk (ry,):

Toa(r) = {?’GMM [1 _ <m>1/21 }1/4 (1.1.43)

87rio T

where o is the Stefan-Boltzmann constant and G is the gravitational constant.
The thermal emission originating at each given radius is approximated to be a
blackbody emission and the observed spectrum is then the sum of each blackbody
emission which is usually referred to as a multicolor or multi-temperature disk
blackbody. The multicolor disk blackbody emission is characterized by a peak
temperature Tyg max Which is assumed to be the temperature of photons emitted
from the region of the accretion disk closest to the black hole. The lowest value of
the innermost disk radius is presumed to be limited by the location of ISCO which
is a function of black hole mass and spin. Therefore, the spectral continuum of the
multicolor disk blackbody is also affected strongly by these two parameters. For
lower black hole spin for a given mass, the innermost edge of the disk is expected
to be at larger distances resulting in Tyg 1ax much lower than a maximally spinning
counterpart.

The flux radiated away is at a given radius r, therefore,
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as obtained by Stefan-Boltzmann law.

Novikov&Thorne Solution (1973)

Shortly after the formulation of the thin disk solution by |Shakura and Sunyaev
[1973], Igor Novikov and Kip Thorne provided a rather upgrade to their solution
and rewrote the equations in the framework of general relativity [Novikov and
Thorne, |1973]. Their solution assumed a thin accretion disk in the equatorial
plane of the black hole and was derived for a Kerr spacetime metric. In other
words, the Novikov/Thorne (NT) solution introduces modifications to the SS
disk solution in the framework of accretion in strong gravitational potentials and
accounts for relativistic (general and special) effects.

(i) Gravitational Redshift: occurs when the wavelength of photons increases
as they escape the gravitational influence of a dense compact object [Einstein,
1916).

(ii) Doppler Boosting: Also known as relativistic beaming, this effect involves
the amplification of the observed radiation from a moving source |[Rybicki and
Lightman| |1979]. The observed flux increases due to the relative motion between
the source and the observer, with additional enhancements if the source’s velocity
approaches the speed of light [Rees|, 1966).

The observed "boosted” flux Fj, can be described in terms of the Doppler
factor 0 and the intrinsic flux of the radiation emitted from the moving source in
the rest frame F;:

F, = 8F, (1.1.45)
Where the Doppler factor is
s 1 (1.1.46)
(1 — Bcosb) o

and 7 is the Lorentz factor given by

1

v = Vi (1.1.47)

(iii) Light Bending: Refers to the bending of the photon trajectories due to the
curvature of spacetime around compact objects. The bending is expected to be
stronger in the regions close to the compact object, and in the case of a black hole,
the curvature of the spacetime is further enhanced with increasing spin. In the
framework of black hole accretion, this has strong implications for the trajectories
of photons emitted from the innermost regions of the accretion disk.

(iv) Frame Dragging: Known as the Lense-Thirring effect, this phenomenon
occurs when a massive rotating object, like a black hole or Earth, causes the
surrounding spacetime to rotate along with it [Lense and Thirring, |1918]. General
relativity predicts that such a spinning mass not only distorts the space around
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it due to gravitational effects but also induces a rotational motion in the nearby
spacetime |Einstein, [1915].

Such an effect can be derived from the geodesics related to an infalling particle
around a BH. Even if its initial rotational velocity is null during the fall (basically,
a radial free fall), a particle will gain angular momentum that makes it rotate in
the same direction as the BH rotation.

(v) Self-irradiation: Also called "returning radiation”; is a phenomenon that
is a direct result of the effects of light bending near the black hole. Self-irradiation
of the accretion disk takes place when the trajectory of a light ray is bent and
photons following that trajectory irradiate the accretion disk instead of reaching
the observer.

Slim Disk Solution, Abramowicz (1988)

Following the thin disk solutions proposed in 1973 |Shakura and Sunyaev| [1973],
Novikov and Thorne [1973], originally proposed by |Abramowicz et al.| [1988|, the
slim disk solution describes an accretion disk that is optically thick, but contrast-
ingly to the thin disk solution not so thin. The thin disk approximation assumes
that the accretion process is radiatively efficient which directly implies that all the
thermal energy produced by viscosity at a specific radius is immediately radiated
away.

Additionally, the heat generated by viscosity is assumed to be counterbalanced
by local radiative cooling. This condition applies to sub-Eddington accretion
rates where the system does not exceed ~ 0.3Lggqq. Once the mass accretion
reaches this critical luminosity, the radial velocity increases significantly, leading
to a thickening of the disk, which in turn triggers another cooling mechanism,
advective cooling. Advective cooling is a result of the viscosity-generated heat
not having enough time to convert into radiation and leave the accretion disk
before being carried inward by the gas motion [Kato et al., 2008],

1 M P
adv & ——VP = -
(@aa r 27r2 Y

assuming the radiation pressure dominates, we can express the total pressure

(1.1.48)

as
4o, ,
Prqg = 2H§T (1.1.49)
and the rate of radiative cooling is,
6401
rad = 1.1.50
Grad =35 ( )

where kesh is the electron scattering opacity coefficient, using Eq. and
1.1.4] we can estimate the rate of advective cooling

M P
adv = 55 Sl 1.1.51
(ad 2712 ZQ d ( )

This expression becomes dominant compared to the radiative cooling (),.q for,
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The degree of contribution by the advective cooling increases with increasing
mass accretion rate eventually reaching a level comparable to or even larger than
radiative cooling. For mass accretion rate of M 1567222, the standard thin disk ap-
proximation is no longer applicable due to this complex interplay between the
two cooling mechanisms. This transition to the regime where the advection be-
comes a significant part of the equation is a direct result of the dynamic nature
of accretion disk physics across the wide luminosity scale.

Due to the increasing contribution to the cooling mechanisms within the disk
by advection, the radiative efficiency which is defined by how efficiently the grav-
itational energy released during the accretion process is converted into radiation
decreases compared to the thin disk approximation where the only cooling mech-
anism included in the solution is radiation.

Qrad (1.1.52)

FTot:N

AnES oo
T / ! dr (1.1.53)
1

h3c2 oE/KTer(r) _ 1
where E is the energy of the photon, h is the Planck’s constant, k£ is the

Boltzmann constant, ¢ is the speed of light and r = RR .

Puffy Disks, Lancova 2019

Somewhere in between transitioning from low accretion rates to reaching and
exceeding the Eddington limit lies the puffy disk approximation, a numerical ac-
cretion disk model around stellar-mass black holes accreting at sub-Eddington
luminosities. This "puffy” disk distinguishes itself from the thin and slim disk ap-
proximation with a vertically extended layer that is optically thick, encompassing
a high-density core on the equatorial plane that is geometrically thin and resem-
bling a thin disk geometry [Lancova et al., [2019]. The "puffy” vertical structure is
almost two orders of magnitude less dense than the thin core and can heat up to
~ 1 kEV at the photosphere due to the turbulent dissipation. In addition to the
puffy disk structure, there is a funnel zone that consists of a low-density outflow
of material driven by the collimated radiation [Wielgus et al., 2022].

The presence of this new element in our interpretation of the accretion flow
around stellar-mass black holes contrasts the assumptions of both SS and NT
disk solutions. This funnel and the orientation of the disk no longer produce the
same output of luminosity as a thin disk due to the effect of beaming introduced
by the funnel. At small inclinations © < 30°, we observe the expanded disk
structure through the region of low optical depth known as the funnel. The
emitted radiation then transitions into a collimated form within the funnel, which
is surrounded by the thick puffed-up accretion disk that is both geometrically and
optically thick. This phenomenon resembles the traditional analytical solutions
of thick disks |[Abramowicz et al., [1978].

The radiation, then, is amplified through reflections off of the optically dense
walls of the funnel. This geometric beaming effect, however, is different from the
relativistic beaming, which involves the Doppler effect associated with an emitter
moving at relativistic speeds, dominantly observed in jets. The Doppler effect is
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not prevalent as the velocity of the outflowing material reaches only 10% of the
speed of light and remains significantly low density.

At the time of writing, the puffy disk structure is constructed only for a non-
spinning black hole of mass 10 ® M accreting at 60 % of the Eddington limit due
to the high cost of computations.

1.1.5 Ultraluminous X-ray Sources

Ultraluminous X-ray sources (ULXs) are identified as compact and point-like
sources located within [see Earnshaw et al., 2019b, for a detailed catalog] observed
at luminosities that exceed the Eddington limit for a stellar-mass compact object
(Eq. [see [Kaaret et all [2017, [Fabrika et al., [2021], King et al., 2023, for
detailed reviews|]. These sources form a different subgroup of binary systems
dominantly visible in X-rays and still remain one of the biggest challenges to our
understanding of stellar evolution and the accretion onto compact objects. First
discovered in the 1980s with the Einstein Observatory |Giacconi et al., |1979],
the initial models usually centered around intermediate-mass black hole accretors
(~ 10% — 10° M) in sub-Eddington regime in order to explain such high observed
luminosities |[Colbert and Mushotzkyl, 1999, Kong et al., [2004} [Miller et al., 2004,
Liu and Di Stefano, 2008]. For decades, these sources were believed to be the
perfect candidates to host intermediate-mass black holes. The field would remain
rather dormant until the surprising discovery of coherent pulsations M82 X-2
[Bachetti et al., [2014a] which shed light on our understanding of the nature of
the accretor in these systems. Shortly after the discovery, many other sources
followed and now contribute to a growing family of pulsating ULXs or PULXs
[First et al. 2016, [Israel et all [2017alc, |Carpano et al., 2018, [Sathyaprakash
et al., 2019, Rodriguez Castillo et al., 2020]. Such high luminosities initially
invoked the need for a massive compact object to not violate the Eddington limit
on the emitted radiation. However, the discovery of neutron stars as powering
mechanisms also introduced a new challenge since ~ 1 —2M mass scale indicates
~ 100Lgqq or even more. Independent of how unlikely it was presumed to be,
the high energy turnover in the 5-10 keV XMM-Newton and NuSTAR spectra of
a few sources is believed to be a signature of the super-Eddington accretion flow
[Stobbart et al., [2006} Gladstone et al., 2009, Walton et al., 2014} 2015, Mukherjee
et al., [2015].

The presence and evolution of ULXs actually hold several keys vital to bridge
our understanding of accretion onto compact objects across the mass accretion
rate scale for several reasons. First, our current understanding of the processes
involved within an accretion disk suggests that the radiative efficiency of the ac-
cretion disk decreases with increasing mass accretion rate due to the emergence of
additional cooling mechanisms accompanying the radiative cooling. These addi-
tional terms in the solutions suggest that not each process of energy increase will
result in radiation but will be cooled down by additional elementary processes
taking place throughout the accretion disk. This will result in an additional de-
crease in the effective maximum temperature of the accretion disk as well as the
observed luminosity. This specific state is not well integrated into our under-
standing of the evolution of accreting compact objects. Motta et al. [2021] added
this ultraluminous state in their interpretation of the HID, while none of the
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observed ULXs have shown a clear g-shaped path eventually evolving into the
ultraluminous state before returning to the quiescent phase. However, the main
driving mechanism behind the observed evolution in the HID is presumed to be
the changes in the mass accretion rates but the disk is assumed to be radiatively
efficient throughout the outburst unless the sources are either in the LHS or reach
luminosities above ~ 30% Lgqq.

If we are to speculate that the observed luminosities are due to only high mass
accretion rates, then the effective mass accretion rate should be much higher since
the accretion process will be less efficient in converting the potential energy into
radiation emitted away from the disk. From the stellar evolution standpoint, the
nature and powering mechanisms of such extreme flows are not understood yet. A
majority of ULXs are usually associated with regions that have signatures of high
star-formation rates [Swartz et al., 2011, Mineo et al., [2012, Lehmer et al.| 2019,
Qiu et al.; [2019]. One possible scenario suggested to explain the persistent nature
of a sizeable population of ULXs is constructed around a high-mass donor star
feeding the accretion disk via the launching of strong stellar winds [see Martinez-
Nunez et al.,[2017, for a review]. On the other hand, this alone cannot be assumed
to be the main powering engine of the super-Eddington accretion. Stellar winds
observed in the hottest B-type stars are expected to result in a mass loss rate
of 10~ %year~! and this rate decreases by at least three orders of magnitude for
cooler stars[Krtickal, 2014]. This is expected to reach ~ 10~5year~! for post-main
sequence stars|Cranmer and Winebarger, 2019]. This, on the other hand, does
not directly translate to the effective mass accretion rate. Considering the binary
interaction and accretion disk formation, it is plausible to assume less than half
of it would potentially be transferred into the disk. For a typical black hole X-ray
binary (see discussion of GRO J1655-40 and LMC X-3 in Figure the mass ac-
cretion rate in the highest luminosity state can be estimated to reach 10~ year—1.
This estimated value is calculated using an accretion disk model with a certain
radiative efficiency. For less efficient disks exceeding the Eddington luminosity,
this value will increase by a few orders of magnitude. It is not straightforward to
estimate the radiative efficiency to calculate a more reliable value of the effective
mass accretion rate. The case of the super-Eddington emission observed in ULXs
should require mass accretion rates significantly larger than predicted mass loss
rates for the more massive end of the stellar population.

A majority of the BHXRB sample studied in Dunn et al. [2010] and Dunn
et al.|[2011] showed a large variation in the observed luminosities but did not
reach values any higher than 40% of the Eddington limit. How ULXs manage
to reach such super-Eddington luminosities is still under debate. A few poten-
tial scenarios were eventually proposed: (i) For stellar-mass black hole accretors,
the dense nature of the disk leads to a phenomenon known as photon trapping,
where emitted photons undergo multiple scatterings within the disk and may even
become absorbed, effectively becoming trapped within the disk instead of being
emitted. However, with increasing mass accretion rates, the density perturbations
within the accretion flow could potentially surpass the effects of photon trapping.
This occurs when the diffusion timescale within the disk becomes longer in com-
parison to the accretion timescale, creating an opportunity for more photons to
escape from the innermost regions of the disk, resulting in super-Eddington lu-
minosities observed [Arons, 1992, Gammie, |1998, Begelman), [2002]. (ii) Discussed
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in (Canuto et al| [1971], Mushtukov et al.| [2015], the electron opacity in X-rays
for neutron star accretors with magnetic fields on the orders of ~ 1012713G will
decrease making the disk less opaque. (iii) Relativistic beaming in jets along the
line of sight can be explained by a jet/disk model based on [Falcke and Biermann),
1999, Markoff et al., 2001] which was found to be consistent with the luminos-
ity function of X-ray binaries in nearby galaxies but this still requires a black
hole mass of ~ 1000M, for ULXs given that an isotropic disk model is assumed
[Kording et al., [2002]. All three scenarios pose a limit to the luminosity around
a few 10%%rg s~! which might not be applicable for systems reaching well above
that.

While the connection between the two groups of X-ray bright binary systems
is not clearly defined yet, the long-term evolution of M82 X-1 introduces a prob-
ability that the link between the two extremes of the luminosity scale can be
developed by further systematic studies similar to Dunn et al.| [2010] and |[Dunn
et al.[[2011]. M82 X-1, the less famous sibling of the first discovered PULX, has
been considered as the perfect candidate to host an intermediate-mass black hole
with a mass range of (100 < Mgy < 10000M,,) [Ptak and Griffiths, [1999, Rephaeli
and Gruber, 2002, Kaaret et al., |2006]. Additionally, mass-scaling using QPOs
detected [Strohmayer and Mushotzky, 2003, Dewangan et al., 2006, Mucciarelli
et al.l 2006] and twin-peaked QPOs with frequencies 3.3 and 5.1 Hz provided
more support to a likely IMBH host scenario for M82 X-1 [Pasham et al 2014].
While the detection of QPOs indicates a compact object with a mass of several
hundred M this growing support for the black hole nature of the source still
cannot reduce the large uncertainties in the measured mass. More uncertainty
was introduced with the spectral modeling of the X-ray continuum of M82 X-1
using XMM-Newton data suggesting a mass of (19 < My < 32M;) [Okajimal
et al.; 2006]. However, due to the small angular separation between M82 X-1 and
M82 X-2 (only 5), this analysis is subject to uncertainties introduced by possible
contamination by the neighboring PULX due to the limited spatial resolution
provided by the instrument. A broadband X-ray spectral analysis of M82 X-1
provided more support for a ~ 30Mg, case |[Brightman et al., 2016, [2020] by in-
ferring a mass estimate from the measured inner disk radius and the observed
scaling between the luminosity and inner disk temperature.

Contrary to the obvious trend in the evolution of the accretion states in
BHXRBs, many ULXs do not exhibit signs of the canonical state transitions
consistently across the observed sample [Berghea et al, 2008, (Grisé et al., 2012,
Sutton et al. [2013] . While some sources were found to have significant vari-
ations in their long-term lightcurve some sources appear to be persistent |Weng
et al.| [2009], Bachetti et al.| [2014b|, Carpano et al.| [2018], [Israel et al.| [2017bld]
some (Holmberg IX X-1, NGC 1313 X-1 and X-2, NGC 7793 S26, and NGC 5585
ULX) were later discussed to be active for ~ 105 yrs through the study of the
highly ionized nebulae around the sources [Pakull and Mirioni, 2002, [Pakull et al.,
2010, Moon et al.| 2011, Weng et al., [2014) Berghea et al., 2020, Soria et al., 2021,
Gurpide et al., 2022].

Transient ULXs, on the other hand, are usually detected serendipitously and
hence less studied compared to BHXRBs and persistent ULXs and contribute to
a growing gap in our understanding of the mechanism powering such extreme
environments [Dage et al., [2021]. This is mainly due to the lack of long-term
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X-ray monitoring campaigns sensitive enough to detect these sources at such
distances. Walton et al.| [2022] recently provided the most comprehensive catalog
of 1843 sources, later continued by Brightman et al.| [2023]. Unfortunately, the
composition of the entire population is not known.

It’s not yet clear if the transient/persistent nature of these sources can be
attributed to the nature of the accretor but neutron stars are generally found to
show more variability and the time scale of the transient nature is observed to
decrease with the magnetic field of the neutron star suggesting a rather short-
lived nature compared to their weakly magnetized counterparts and black holes
[Thompson and Duncan|, [1995]. A subgroup of ULXs showing transient nature in
their long-term lightcurves is usually characterized by the bimodal distribution in
the observed luminosities in which the source appears to transition through “on”
and "off” states abruptly with no signs of state transitions in between |Tsygankov
et al.l 2016, Farnshaw et al.; 2018a;, Song et al.| [2020, Vasilopoulos et al., [2021
Middleton et al.,[2023]. This "off” state is usually referred to as the propeller stage
meaning a sudden halting of the accretion. In this scenario, the accretion process
in neutron star harboring systems depends on the magnetic field of the neutron
star. The formation of an accretion disk in this scenario will only be possible when
the corotation radius is located outside the magnetospheric radius for spherical
accretion. In this case, if there’s a drop in the luminosity, the magnetospheric
radius can become larger and eventually enter the propeller regime and shred the
accretion disk apart. Here, the magnetospheric radius is defined as

ro =27 % 108 [ L2 M T
"o 1037ergs 1 1.4M

B 4/7 R 10/7

where L, is the bolometric X-ray luminosity, B is the surface polar magnetic field
and R is the neutron star radius and the co-rotation radius is

(1.1.54)

8 p2/3 M\
Feo = 1.7 x 108 P% <14M®> cm, (1.1.55)
where P is the neutron star spin period |[Cui, 1997].

Propeller effect, however, is usually used to explain the bimodal distribution
of the observed flux in some ULXs over a longer period of time, spanning months
or even years.

The transient behavior is rather hard to characterize into definitive groups
as the observed luminosities and short/long-term variability show no apparent
pattern. One significantly large group can easily be identified by a non-periodic
and sudden transition between accreting and propeller regimes for neutron star-
powered systems. These changes in the X-ray luminosity happen suddenly, lead-
ing to a nearly bimodal distribution over time [e.g., Tsygankov et al., 2016]. The
long-term variability of accretion onto neutron stars can include phases where
the accretion process is interrupted. This interruption can be caused by a cen-
trifugal barrier created by the rotation of a neutron star with a strong magnetic
field [lllarionov and Sunyaev, 1975]. During these phases, the neutron star can
enter a dormant state, contrasting with periods of intense accretion that result in
significant X-ray emissions.
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The remaining portion of the transient ULXs does not show an apparent trend
in the observed properties of these systems. The timescales, peak luminosities and
evolution of spectral parameters vary from one source to another. [Irwin et al.
[2016] discovered two sources in the nearby elliptical galaxies with short flares on
the time scales of minutes with luminosities reaching up to several 10%° erg s=*
while the before and after the flares the sources remained within a few 1038 erg s—!
for 0.3-10 keV energy range. Both flaring events have been associated with globu-
lar clusters in low-star-forming galaxies, and only a few more recurring flares have
been reported in the 16 years of observations with XMM-Newton and Chandra.
Furthermore, Earnshaw et al.| [2018b] searched for transient ULXs, most of which
could be explained by transitions to the propeller regime in neutron star-powered
ULXs. Their sample included two sources (M106 ULX-1 and M74 ULX-2) that
reached above the detection limit of Chandra, Swift and XMM-Newton only once.
Identified by Winter et al.| [2006], M106 ULX-1 was found to be observed only
once and [Earnshaw et al.| [2018b] showed no significant detection in their sample.
Similar to M106 ULX-1, M74 ULX-2 was detected only once by XMM-Newton
[Soria and Kongj, 2002] and went below the detection threshold shortly afterward
[Soria et al., 2004]. These early detections of such sources later turned out to
contribute to a growing population of transient ULXs with relatively shorter life-
times. MS&3 was also found to be the birthplace of another transient reaching
luminosities about 103 erg s™! [Soria et al., 2010} 2012]. The source was detected
over a longer period of time with an ultraluminous outburst spanning about six
months showing clear spectral evolution with a later optical detection of a possibly
irradiated accretion disk.

Kaaret et al.| [2004] showed that sources with similar observed luminosities in
three starburst galaxies (M82, NGC 1569 and NGC 5253) are located preferably
close to the star clusters but not within them. ULXs in star-forming environments
are also found to be more variable than those located in older populations|Feng
and Kaaret, 2006, Kaaret et al., |2017]. M86 tULX-1, however, residing in an
elliptical galaxy, was found to reach luminosities as high as ~ 5x 10%° erg s~! with
disk temperatures at around 0.66 keV. While M86 tULX-1 was observed in a more
luminous state, the disk temperature measured for this transient event is higher
than many other transient ULXs [van Haaften et al., 2019, Kajava and Poutanen,
2009]. Kajava and Poutanen| [2009] showed that four out of 11 sources they
analyzed were able to be well described with a simple absorbed multicolor disk
blackbody model. Furthermore, these sources were found to follow a similar trend
in the observed Lpisx — Thisk diagram to the known tracks of black hole XRBs. On
the other hand, the rest that required the addition of a power law in the modeling
of the spectral continuum followed a different trend with Lp;q o< TD_izf in contrast
to many black hole XRBs which dominantly follow Lpig o< . However,
with the exception of a few instances that can be explained by more consistent
relativistic modeling of the accretion disk in the presence of a strong gravitational
potential around a black hole [Yilmaz et al., 2023]. Miller et al.| [2013] used this
same sample and showed a two-component multicolor disk model produced similar
slopes to the expected value for a standard accretion disk. They reported lower
limits on absorption lines than those observed in black hole XRBs pointing to the
absence of the suggested strong outflows contrasting the optically thick disk wind
model. Additionally, while the majority of the sample in Kajava and Poutanen
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[2009] followed a trend in the evolution of the disk temperatures with respect to
disk luminosity, their sample showed no preferred or specific track in the evolution
of the power-law index with respect to the observed X-ray luminosity.

1.1.6 Summary of Results

This thesis aims to study the evolution of accretion disks around black holes
via relativistic and non-relativistic accretion disk models to provide a better un-
derstanding of the evolution of parameters describing the properties of the ac-
cretion disk. By studying the evolution of the position of the innermost edge
of the accretion disk and disk temperature throughout multiple outbursts of
BHXRBs and transient ULXs, we can describe the interplay between different
components of the system. The thesis is structured as follows: Chapter 2 pro-
vides detailed information about the data reduction process and spectral anal-
ysis carried out throughout the analysis. We provide information on the data
reduction and spectral analysis tools as well as the instruments used. In Chap-
ter [3] we present the results of our analysis of the two BHXRBs GRO J1655-40
and LMC X-3. We attached a pre-copyedited version of the article published in
the Monthly Notices of the Royal Society (published version is available online
https://doi.org/10.1093/mnras/stad2339). In this paper, we employed a sys-
tematic approach to investigate the accretion disc evolution in GRO J1655-40 and
LMC X-3 black hole X-ray binaries. We analyzed a substantial dataset comprising
approximately 1800 spectra obtained from Rossi X-Ray Timing Explorer (RXTE)
observations. To explore the nature of the accretion disk, both relativistic and
non-relativistic disk models were utilized. To assess the thermal emission proper-
ties in the black hole X-ray binaries, we compared the non-relativistic disc model
DISKBB with relativistic counterparts KYNBB and KERRBB. We showed that
the non-relativistic modeling often resulted in inner disc radii that were notably
lower and occasionally unrealistic, coupled with higher (~ 50%) disk tempera-
tures.

We showed that for systems like GRO J1655-40 in which the innermost edge
of the accretion disk is observed to be variable, the relativistic disk model kerrbb
is unable to produce good fits for a fixed spin parameter across the outburst.
This is due to the model’s assumption that the inner disk radius extends to the
innermost stable circular orbit and for a disk situated at larger radii, the spectra
cannot be well fit for the known parameters of the system. This issue was easily
recovered with kynbb by allowing the model to estimate the position of the inner
edge of the accretion disk. Using the X-ray spectral continuum fitting method
with the relativistic disk models, we obtained the dimensionless black hole spin
parameters for GRO J1655-40 (a, = 0.774 £ 0.069 and a, = 0.752 £ 0.061 using
KERRBB and KYNBB, respectively) and LMC X-3 ( a, = 0.098 4+ 0.063 using
the updated black hole mass of 6.98 M).

Our analysis with kynbb emphasizes the importance of self-consistent model-
ing of thermal emission from systems harboring such compact objects as accretors.
The deviations previously observed in the observed disk luminosity and disk tem-
perature relationship were successfully recovered to the expected trend when the
model included the inner edge of the disk as a free parameter.

In Chapter [4] we report the discovery of a new candidate transient ULX in M51
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using publicly available archival XMM-Newton, Chandra, and Swift observations.
In the two decades of available observing campaigns with multiple X-ray obser-
vatories, the source was observed going through an outburst only once in 2018,
lasting about 81 days. The observed X-ray luminosity peaked at around 7.8 x 1038
erg/s, which is equal to or higher than the Eddington limit for a stellar-mass ac-
cretion object. Simultaneous XMM-Newton OM and Swift UVOT observations
revealed no optical or UV counterparts, eliminating the possibility of being a
background active galactic nucleus (AGN) or a black hole mass of intermediate-
range or higher. Accretion disks around intermediate or supermassive black holes
are expected to be much cooler with maximum disk temperatures at ~ 0.1 keV
and lower. Such accretion disks regardless of the length of the outbursts are then
very luminous in UV and optical. A comparison with the observed properties
of tidal disruption events as well as the absence of multiwavelength counterparts
leaves the source an outlier to that population, providing a strong indication for
a stellar-mass accretor, whether a neutron star or a black hole.

M51 ULX* showed no variability in its spectral properties, both XMM-Newton
observations revealed a consistently soft spectrum with a photon index of I' ~2.6.
We also did not detect any significant pulsations, with upper limits on the pulsed
fractions around < 30%. The emergence of such soft spectra is usually associated
with a thermal emission from an accretion disk obscuring the pulsed emission
from the inner accretion flow, consistent with the absence of significant pulsa-
tions while presenting upper limits on the pulsed fractions close to the observed
PULX population. On the other hand, the absence of pulsations and the transient
nature of the event challenge existing models of accretion disks. The timescale of
the outburst and spectral properties do not easily fit into one subclass of X-ray
bright sources. The short nature of the outburst might suggest potential magnetic
instabilities in the inner regions of the accretion flow.

Unlike the growing population of well-studied BHXRBs and some ULXs, tran-
sient sources like M51 ULX* are identified serendipitously. The lack of long-term
observing campaigns of these sources limits our understanding of accretion phe-
nomena in super-Eddington regimes and challenges the currently available accre-
tion disk solutions.

In Chapter [4.6], we provide a summary of our conclusions based on the results
presented in this thesis alongside a brief discussion.
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2. Data Reduction and Spectral
Analysis

2.1 X-ray Instruments

2.1.1 Rossi X-ray Timing Explorer — RXTE

Launched on December 30, 1995, aboard a Delta II rocket, the Rossi X-ray Timing
Explorer (RXTE) [Bradt et al., |1993] was equipped with three instruments with
the mission of studying the spectral and timing properties of compact objects: the
Proportional Counter Array (PCA), the High-Energy X-ray Timing Experiment
(HEXTE) and the All Sky Monitor (ASM). With its precise timing capabilities
and high sensitivity and capabilities covering energies ranging from 2 to 200 keV,
RXTE stood as one of the most successful missions contributing greatly to our
understanding of accretion phenomena around compact objects. The operations
of RXTE were terminated on 12 January 2012.

The Proportional Counter Array (PCA): the primary instrument aboard the
RXTE with a total collective area of 6500 cm? in the energy range of 2-60 keV,
was composed of 5 nearly identical proportional counter units (PCUs) [Jahodal
et al, [1993]. Each PCU consisted of an array of Xenon-filled proportional counter
tubes, arranged in layers (1 propane veto and 3 Xenon each split into two) to
optimize detection efficiency. These detectors operated based on the principle of
proportional counting, where incoming X-rays ionize the gas within the tubes,
producing electrical pulses proportional to the energy of the incident photons.

The High-Energy X-ray Timing Experiment (HEXTE): designed to comple-
ment the capabilities of the PCA extending to the energy range of 15-250 keV,
consisted of two detector clusters which contained 4 Na/Csl phoswich scintilla-
tion detectors arranged in a co-aligned configuration, providing simultaneous ob-
servations of X-ray sources [Gruber et al. [1996]. These clusters operated on the
principle when X-rays interacted with the scintillation material, they produced
flashes of light that were converted into electrical signals enhancing HEXTE’s
sensitivity and spectral resolution in the hard X-ray band.

2.1.2 X-ray Multi-Mirror Mission — XMM-Newton

X-ray Multi-Mirror Mission or shortly XMM-Newton, launched in December 1999,
XMM-Newton to this day remains one of the most powerful X-ray missions op-
erated by the European Space Agency (ESA)[Mason et all 1995, [Schartel et al.,
2022]. XMM-Newton is equipped with three instruments, each equipped with
nested, grazing-incidence mirror shells. These mirrors are coated with thin layers
of gold to enhance their reflectivity, making XMM-Newton sensitive to energies
ranging from 0.1 to 15 keV. The design of the telescope’s mirrors provides a large
effective collecting area, providing high sensitivity to faint X-ray sources.

The European Photon Imaging Camera (EPIC): configured around two Metal
Oxide Semiconductor CCD (Charge-Coupled Device) — (EPIC-MOS) [Turner
et al.,; 2001] and one PN-junction array CCD (EPIC-PN) that provide imaging
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and spectroscopic capabilities across a wide field of view with an effective area of
around 450 cm? at 1.5 keV.

Reflection Grating Spectrometer (RGS): accompanying EPIC, RGS employs
two Focal Plane Cameras each consisting of 9 MOS CCDs situated in a curve
referred to as the Rowland circle. Each camera is equipped with a Reflection
Grating Array which diffracts the X-rays to an array of CCDs providing high-
resolution X-ray spectra in the range of 2.5 to 0.35 keV or 5 to 35 A.

The Optical/UV Monitor (OM): complementing the X-ray modules, OM con-
sists of a Telescope Module and a separate Digital Electronics Module with two
distinct detector chains. OM allows simultaneous observations of the targets in
optical and ultraviolet bands accompanying X-rays providing a great coverage
between 170-650 nm within the 17 arcminute square in the field of view of the
X-ray cameras.

2.1.3 International Gamma-Ray Astrophysics Laboratory
— INTEGRAL

The International Gamma-Ray Astrophysics Laboratory (INTEGRAL), launched
by the European Space Agency (ESA) in October 2002, is equipped with four pri-
mary instruments [Winkler et al.; 2003]. Designed to complement X-ray missions
that detect energies as low as 0.1 keV, INTEGRAL focuses on observing high-
energy emissions up to 8 MeV.

Imager onboard the INTEGRAL Satellite (IBIS): a high-resolution gamma-
ray imager [Ubertini et al. 2003], sensitive to a wide energy range of 15 keV - 10
MeV consists of two main components, Integral Soft Gamma-Ray Imager (ISGRI)
and the Plxelated Csl Telescope (PICsIT) that are sensitive up to 1 MeV and 10
MeV, respectively.

Spectrometer on INTEGRAL (SPI): Accompanying IBIS, ISP onboard IN-
TEGRAL, consists of a coded mask of hexagonal tungsten tiles, is designed for
high-resolution gamma-ray spectroscopy covering a range of 20 keV-8 MeV [Ve-
drenne et al., |2003].

Joint European X-ray Monitor (JEM-X): consists of two identical detectors
sensitive to 3-35 keV, JEM-X complements IBIS and SPI to localize gamma-ray
sources with higher precision and provides a piece of preliminary information
about their emission properties [Lund et al., 2003].

Optical Monitoring Camera (OMC): an optical camera that provides accom-
panying observations in the optical and near-infrared bands (440-900 nm). It is
used to monitor the optical counterparts of gamma-ray sources, providing further
information to understand the multiwavelength counterparts of the gamma-ray
bright events [Mas-Hesse et al., 2003].

2.1.4 The Chandra X-ray Observatory (CXO):

The Chandra X-ray Observatory (CXO, most commonly referred to as Chandra),
launched on July 23, 1999, is still one of the most advanced space machines.
Named after the famous astronomer Subrahmanyan Chandrasekhar, Chandra is
still the most sensitive X-ray instrument to date, a couple of orders of magnitude
compared to XMM-Newton providing exceptional spatial and spectral resolution.
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Advanced CCD Imaging Spectrometer (ACIS): the primary detector on Chan-
dra, it consists of two arrays of CCDs designed to provide an impeccable spatial
resolution (~ 1 arcsec) [Garmire, 1997].

High-Resolution Camera (HRC): Another imaging detector on Chandra, pro-
vides high-resolution images of X-ray sources |[Kenter et al., [1996]. Unlike ACIS,
the HRC employs microchannel plates instead of CCDs to improve the spatial
resolution and timing capabilities.

High-Energy Transmission Grating Spectrometer (HETGS): The HETGS is a
spectrograph that utilizes diffraction gratings to disperse X-rays into their compo-
nent wavelengths [Markert et al., [1994]. HETGS can provide spectral resolution
to detect Doppler shifts even for significantly low velocities This instrument allows
astronomers to study the detailed spectra of X-ray sources, revealing information
about their composition, temperature, and velocity.

Low-Energy Transmission Grating Spectrometer (LETGS): Like the HETGS,
the LETGS utilizes diffraction gratings [Brinkman et al., [1987]. However, it is
optimized for lower-energy X-rays, providing high-resolution spectra in the soft
X-ray band (0.07-0.15 keV, 80-175 A).

2.1.5 The Neil Gehrels Swift Observatory — Swift

The Neil Gehrels Swift X-ray Observatory was launched by NASA on November
20, 2004 [Gehrels et all 2004]. Swift is a multi-wavelength space observatory
designed primarily to detect and observe Gamma-ray Bursts (GRBs) and their
multi-wavelength afterglows. Equipped with three main instruments, Swift excels
in the rapid detection and precise localization of GRBs. The mission also provided
long-term observing campaigns of many other sources covering UV, optical, X-ray,
and Gamma-rays.

Burst Alert Telescope (BAT): BAT is a wide-field instrument that utilizes a
coded-aperture mask design to systematically scan the sky for gamma-ray bursts
[Barthelmy et al. [2005]. The BAT covers a large portion of the sky, detecting
bursts by identifying sudden increases in gamma-ray activity. Once a burst is
detected, BAT calculates its position with an accuracy of about 1-4 arcminutes
and sends this information to the spacecraft’s onboard system, which quickly
repositions Swift to focus on the burst’s location with its other instruments.

X-Ray Telescope (XRT): After the detection with, the XRT focuses on the
burst’s location to capture the images and spectra in the X-ray band [Burrows
et al. 2005]. Tt achieves a position accuracy of about 1-2 arcseconds and covers
the energy range from 0.3 to 10 keV with an effective area of 110 cm?.

Ultraviolet/Optical Telescope (UVOT): Complementing the BAT and XRT,
the UVOT observes the GRB afterglow in the ultraviolet and optical wavelengths
[Roming et all [2005]. This instrument captures images and spectra, providing
data on the lower-energy emissions of the burst. The UVOT’s sensitivity extends
from the near-ultraviolet (170 nm) to the visible light (650 nm).
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2.2 Data Reduction

2.2.1 RXTE

The RXTE observations are publicly available and distributed through The High
Energy Astrophysics Science Archive Research Center (HEASARC) archivﬂ The
source spectra were extracted standard2f mode for more optimal spectral reso-
lution and the response matrices and background spectra following the standard
procedure in the RXTE cookbookP] using FTOOLS/HEASOFT version 6.29] software
package. Following the suggested prospectus, the data lying within 10 minutes of
the South Atlantic Anomaly were excluded. While all PCUs are operated simulta-
neously throughout a significant portion of the observations, PCU-2 was operated
almost always on and is calibrated the best among other PCUs. Hence, we opt out
to make use of PCU-2 only in order to avoid introducing additional uncertainties
to the results of further analysis. To account for instrumental uncertainties in the
obtained spectra, the traditional method is to add 10% of uncertainties to the
spectrum which results in large error margins. This approach might affect the
efficiency of modeling the emission and absorption lines that might be present in
the spectrum. To overcome this, we adopted pcacorrﬂ, a calibration tool devel-
oped to enhance the quality of spectral fits by correcting for residuals in the data
|Garcia et al., 2014]. pcacorr is a Python code that uses correction files based
on multiple Crab spectra for each epoch gain which correspond to different cali-
bration statuses of the instrument. It is still recommended to apply an additional
0.1% systematic errors post-processing of the spectra.

2.2.2 XMM-Newton

XMM-Newton observations are publicly available both on HEASARC’s archive
and on XMM-Newton’s Science Archivd’]] XMM-Newtons Science Archive pro-
vides further information and some data products regarding specific observations
and is preferable. We used the XMM-Newton Science Analysis System (SAS?D
(v.21.0.0) for data reduction and extracting science products following the anal-
ysis threads provided online. We reprocessed the observation data files (ODFs)
obtained from EPIC-PN using the task epproc and obtained the calibrated event
files. The corresponding task used for the same purpose for EPIC-MOS (1&2)
is emproc. We obtained the good time interval (GTI) files using respective RATE
EXPRESSION conditions for each EPIC detector and later filtered the event files
using GTT files for further analysis. This process is based on extracting an over-
all lightcurve from the event files and looking for count rates where the emission
doesn’t show any signs of an outburst which might affect the results of any further
step.

In contrast to RXTE, XMM-Newton has imaging capabilities, and extracting
any further science products requires defining source and background regions on

'https://heasarc.gsfc.nasa.gov/docs/archive.html
’https://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.html
3https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
“https://sites.srl.caltech.edu/~javier/crabcorr/index.html
Shttp://nxsa.esac.esa.int/nxsa-web/#search
Shttps://www.cosmos.esa.int/web/xmm-newton/sas-threads
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the image of the field of view on each instrument. We extracted the images for
each instrument using the evselect task in SAS using the filtered event files and
selected a circular region centered around the source coordinates. Background
regions, on the other hand, will depend on the source of emission around the
source. The most common practice for point-like sources like XRBs is to select a
source-free region around the source usually from a region either the same size as
the source or bigger to collect enough counts to extract a background spectrum.
We followed the recommended selection expression and restricted the patterns
only to single and double events (PATTERN<=4 for EPIC-PN and (PATTERN<=12)
for EPIC-MOS). We then used the SAS tools rmfgen and arfgen to generate
redistribution matrices (rmf) and ancillary files (arf), respectively. The obtained
spectra were then grouped with the specgroup task and binned to have at least
20 counts per bin.

2.2.3 Chandra

Similar to XMM-Newton, the data files are publicly accessible through both
HEASARC’s archive and Chandra’s science archivd} Unlike many other X-
ray instruments, the data analysis software CIAO (Chandra Interactive Analy-
sis of Observations) is distributed separately. We first used the chandra repro
task within CIAO to extract the cleaned level 2 event files. Similar to XMM-
Newton, Chandra has imaging capabilities and extraction of science products
such as lightcurves or spectra follows the same procedure. For known sources like
many black hole XBRs, the source coordinates are usually well-defined and can
be found on archives while it could be a good practice to perform a source de-
tection task when working with new sources or sources that are not well studied.
To do so, we first extracted a full detector image using the task fluximage and
the corresponding point spread function (PSF) maps in the 0.5 — 7.0 keV energy
band with mkpsfmap. We then used the wavdetect routine for source detection.
We also used the srcflux task to calculate the flux values directly from the even
files. We selected the source and background regions based on the same criteria
as the case of XMM-Newton and used specextract and dmextract to extract
spectra and lightcurves, respectively.

2.2.4 Swift

We used the standard online tool [Evans et al., 2009] provided by the UK Swift
Science Data Centre to obtain Swift-XRT images for each observation. Swift-
XRT was employed only to search for the detection of M51 ULX* prior to its first
detected outburst. We do not extract any further data products due to the distant
nature of the source. For Swift-UVOT, we used xselect within HEASOFT’s
ftools to extract images and search for optical and UV counterparts.

2.2.5 INTEGRAL

We extracted IBIS-ISGRI images, spectra, and lightcurves of observations simul-
taneously taken with RXTE during the 2005 outburst of GRO J1655-40. We

"https://cda.harvard.edu/chaser/
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combined all of the available science windows within the same day of RXTE ob-
servations to obtain good count statistics. We employed publicly available Jupyter
notebooks developed by Carlo Ferrignoﬂ based on the generic cookbook provided
to extract science products of INTEGRAIE].

2.3 Spectral Fitting

2.3.1 X-ray Spectral Fitting Package - XSPEC

The spectral analysis tool xspec |Arnaud| [1996] distributed within HEASOFT is a
command-driven and interactive program designed for X-ray spectral fitting. The
algorithm is purposefully tailored for any spectrum obtained by any instrument
since its first distribution almost three decades ago. The software is designed to
take the following files as input:

o Source and background spectral files, usually saved in a .FITS format and
carries information about the rate at which the photon arrives at the detec-
tor and at which energy,

o Detector response matrix, usually identified with .rmf extension and carries
the characteristics of the instrument. This corresponds to a 2-D matrix of
the mapping between the properties of the incident photons on the detector
and the properties as detected by the instrument.

o Ancillary response files, usually identified by the .arf extension and can be
described as the multiplicative product of the detector’s geometric area in
the units of cm? and the quantum efficiency of the detector.

The spectral fitting procedure includes constructing an observed spectrum
from the output of the instruments which doesn’t necessarily record the spectrum
but the information about the rate at which the photon arrives at the detector
(F) and at which energy convolved through the instrumental response (R(c, E))
which is directly proportional to the probability of a photon with a certain energy
E will be detected by the channel of interest (C).

F(C) = / F(E)R(C, B)E (2.3.1)

The most common approach to determine the intrinsic spectrum of the ob-
served source f(FE) is to find a chosen model Mg constructed by a number of
parameters that fit the observed spectrum. This is accomplished by predicting
a "count spectrum” for each f(F) and comparing it to the observed data F(C')
eventually computing a "fit statistic” from this comparison to evaluate the success
of the fitting procedure. The most common fit statistic used for this purpose is
x? statistics which is defined as

8isgri-spectrum.ipynb, isgri-lightcurve.ipynb, isgri-full-image.ipynb pro-

vided on the public repository https://registry.gitlab-b.unige.ch/Carlo.Ferrigno/
gallery-notebooks/-/tree/master
“https://www.isdc.unige.ch/integral/analysis
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» _— (F(C) - F(0))?
X=> CEE (2.3.2)

where F,(C)) is the predicted count spectrum and o(C') is the error for a given
channel C.

xspec obtains the background-subtracted observed spectrum in the units of
counts per second by utilizing the source and background spectral files,

S(C)  bs B

F(C) =
©) asts  bp(c) aplp

(2.3.3)

where Sc and B¢ are source and background spectral files, tg and tp are
source and background exposure times, bs, bg, as, ap are the background and
area scaling factors for source and background spectral files, respectively.

Before one can define a spectral model and a set of parameters, xspec need
to be able to read the instrumental response matrix file or the rmf in which the
matrix for energy ranges E; is defined as

/&7 R(I,E)dE
E;—FEr,

Further, the data reduction processes of some instruments include creating the
ancillary response files (arfs) which are multiplied into Rg(C, J),

Rs(C,J) = (2.3.4)

Rs(f, J) — Rs(], J) X AS(J) (235)

Then, xspec calculates the model spectrum in the units photons per second
per cm? M(FE) using these energy ranges defined by the instrumental response
file as follows:

Mg(J) = /E‘] M(E)dE (2.3.6)
Ej_1
The models defined in xspec are characterized by the algebraic operation, i.e.
convolution or additive models.
A simple syntax within xspec for defining a simplistic model comprised of
two additive models (diskbb and powerlaw) and a convolution model (tbabs)
will take the following form

model tbabsx (diskbb+powerlaw)

2.3.2 Bayesian X-ray Analysis — BXA

To further improve our analysis, specifically for M51 ULX*, we used the Bayesian
X-ray Analysis (BXA) for parameter estimation (Chapter [{). BXA [Buchner
et al. [2014] is a statistical approach that effectively employs the Bayesian ap-
proach that is based on a nested sampling algorithm UltraNest [Buchner, 2016,
2019, [2021]. BXA offers parameter estimation across any number of dimensions
and facilitates the plotting of spectral models against data to determine the best
fit, using either posterior samples or individual components. It also supports
comprehensive model selection by calculating the evidence for each model.
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BXA has a strong standpoint when handling very large datasets, distant
sources with low count rates, and complex parameter spaces with strong degen-
eracies introduced within a model. We used this approach specifically to account
for the significantly lower count rate of the M51 ULX* spectra, to obtain a better
estimation of the model parameters. It also uses Quantile-Quantile (QQ) plots to
visualize differences between the model and data. Unlike residuals, QQ plots do
not rely on binning and provide a more thorough assessment of these deviations.

For a given model, BXA computes the likelihood function, which evaluates
how accurately the selected model matches the observed data. This function
measures the probability of observing the data given the model parameters and is
usually based on the underlying physical model and the uncertainties associated
with the observations. It then uses Nested Sampling to explore the posterior
distribution which is defined as

P | D)= 2 LOLO) (DJJ(%);D ©)

where P(D | ) represents the likelihood function, P(#) denotes the prior
distribution, and P(D) is the evidence or marginal likelihood, acting as a nor-
malization factor that ensures the posterior distribution integrates to 1 across all
possible values of §. From the posterior samples, BXA derives estimates for the
model parameters for a given model along with their respective uncertainties.

(2.3.7)

2.4 Modelling the Accreting Black Holes in
X-ray Binaries

2.4.1 Non-Relativistic Accretion Disk Models

One of the earliest models to describe a multi-color blackbody disk emission from
a Shakura and Sunyaev| [1973] accretion disk was diskbb [Mitsuda et al. [1984]
Makishima et al., [1986] within xspec environment. This model is very simplistic
and has only two free parameters, the maximum disk temperature k7,,,, and
the normalization. In this model, the disk temperature is the maximum disk
temperature calculated from the SS solution (Eq. which corresponds to
the innermost edge of the accretion disk Rj;,. At that boundary, diskbb assumes
a finite non-zero torque [Gierlinski et al. 1999]. Finally, the normalization is
described as

Rin
Do

where 6 is the inclination angle of the disk, Ry, is the inner edge of the disk
and Djq is the distance to the source in units of 10 kpc. The common practice,
therefore, is to use this normalization parameter to calculate the position of the
innermost edge of the disk.

diskbb, to this day, still provides statistically accepted fit test statistics which
might lead to an oversight of certain properties of the disk. By default diskbb
assumes T o< R=3/*. This assumption will hold as long as the disk geometry
remains within the thin disk approximation where the main cooling of the disk

N = { ]2005«9 (2.4.1)
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is dominantly achieved by radiation. Alternative to diskbb, diskpbb, included
another free parameter p which parametrizes the radial dependency of the disk
temperature as T' o« R™P. For p = 0.75, diskpbb now describes the same SS
accretion disk as diskbb, and changes to the accretion disk structure and advec-
tive cooling is expected to correspond to values in the range of 0 < p < 0.75
[Mineshige et al., |1994, Hirano et al., 1995, [Watarai et al., |2000, Kubota and
Makishimay, 2004, Kubota et al., 2005].

2.4.2 Relativistic Accretion Disk Models

diskbb has played a significant role in our understanding of how accretion disks
around black holes evolved. Historically, it was in the center of each model that
placed the g-track on the HID, showed the evolution of the innermost edge of the
disk and disk temperatures, it helped us identify spectral states and this list can
go as long as one wants to keep it. On the other hand, it was always known that
this was a very simplistic model and had its shortcomings if one needs to identify
certain characteristics of an accretion state using either the disk temperature or
the inner disk radius. Both parameters were derived from the SS disk solution
and did not account for changes to the photon energies due to special and general
relativistic effects (see Section for more on these effects the following section
refers to).

There have been a few attempts to account for these relativistic effects. It
took almost a decade until kerrbb was developed for xspec [Li et al, 2005].
kerrbb describes the NT disk solution and utilizes the ray-tracing method which
calculates an observed spectrum accounting for the changes in the trajectories of
the photons around a black hole before they finally reach the observer. Unlike
diskbb, the disk temperature is not a free parameter, and the innermost edge
of the accretion disk is set at the location of the ISCO, Risco with zero torque
boundary condition. The inclination angle of the disk is a separate parameter,
not embedded in the normalization which is not explicitly defined as in the case
of diskbb and is recommended to be set at 1 if the black hole mass, distance to
the source and the inclination angle are known. The exact value of the parameter
can be left to the user given the fact that these parameters can have uncertainties.

diskbb is a lot simpler than kerrbb in its way of measuring the peak disk
temperature. It assumes a "perfect” blackbody emission which is a sum of multiple
components emitted at different radii and treats this value as the true value of the
effective disk temperature. In reality, as the disk gets warmer with increasing mass
accretion rate, it is expected that the complex electron scatterings taking place in
the disk atmosphere start to dominate over free-free absorption. This results in
an increase in color temperature compared to the effective disk temperature. In
addition to the relativistic treatment of the disk emission, this change is mitigated
with a parameter, the color correction factor or hardness factor which is described
as

fcol = Tcol/Teff (242)

where T, and T,z are color and effective temperatures, respectively. kerrbb
is fundamentally not a model that includes the calculations needed to model
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Table 2.1: Model parameters of kynbb and their respective values used in the
analysis. —* refers to parameter values that are source-dependent.

Parameter ~ Description Value Free/Frozen
n "Scale” of the torque at the inner 0 Frozen
boundary

a Dimensionless spin parameter - Free

0 Inclination angle of the disk —* Frozen
Myp, Blak hole mass —* Frozen
My Accretion rate - Free

d Distance to the source * Frozen
feol color correction factor 1.7 Frozen
rflag self irradiation flag 0 Frozen
Iflag limb-darkening flag 0 Frozen
Norm Normalization of the model 1 Frozen

these scatterings appropriately, hence the most widely accepted value to adopt is
feo = 1.7.
kerrbb also includes the dimensionless spin parameter a between -1 and 1.
This parameter is measured by identifying the position of the inner edge of the
disk which is assumed to be exactly at ISCO. The mass accretion rate is also
included and calculated in the units of 10'® g/s. The remaining parameters are
"switch” parameters which help users set up the model according to their needs.
All parameters can be found in xspec’s manual and are summarized in Table [2.1]
More comprehensive than kerrbb, kynbb [Dovciak et al., 2008| is a rather later
addition to the spectral model family KYNET] [Dovéiak et al., 2004]. In contrast
to both diskbb and kerrbb, kynbb is not included in xspec and needs to be
downloaded externally. Just like kerrbb, kynbb also describes an N'T' disk solution
with the dimensionless black hole spin parameter between -1 and 1. Similarly, it
also utilizes the ray tracing method. One big difference that sets kynbb apart
is the ability to define the inner edge of the disk at a different value than the
ISCO. The model also provides more freedom in setting it up for further analysis,
one being the polarization calculations [Mikusincova et al., 2023, [Taverna et al.,
2022|. There are other additional parameters that allow users to calculate the
spectrum for a portion of the disk and the outer edge of the disk. All parameters
can be found in KYN’s manual and are summarized in Table For our analysis,
polarization calculations are switched off (Stokes parameter set at 0) and the
model calculates the spectrum the same way as KERRBB with the only difference
of the innermost edge of the accretion disk no longer terminating at Risco (with
ms switch set at 1). See [Yilmaz et al. [2023] for a more detailed comparison of
KERRBB and KYNBB. We do not apply any smoothing on the spectrum (smooth
parameter set at 0) and assume no obscuring cloud by setting reouq=0. Similar
to DISKBB, the normalisation parameter of KYNBB is defined as
N= 2.4.3
o (24

where Dy is the distance to the source in units of 10 kpc.

Ohttps://projects.asu.cas.cz/stronggravity/kyn
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Table 2.2: Model parameters of kynbb and their respective values used in the
analysis. —* refers to parameter values that are source dependent, (a) set at zero
to turn off polarization computations which directly turns off xy and 7 as well
(b) the value is user dependent and was changed at times to accommodate the
computation speed/efficiency,

Parameter ~ Description Value Free/Frozen
a/M Black Hole Spin - Free
0, Inclination Angle —* Frozen
Tin Inner Radius — Free
Tout Outer Disk Radius 1000 Frozen
0] lower azimuth 0 Frozen
do upper azimuth 360 Frozen
BHmass Black Hole Mass —* Frozen
arate Mass Accretion Rate - Free
feol Color Correction Factor 1.7 Frozen
Q@ Position of the Obscuring Cloud 0 Frozen
in «
15} Position of the Obscuring Cloud 0 Frozen
in 3
T cloud Radius of the cloud 0 Frozen
zshift Redshift 0 Frozen
ntable Identifier for the Table of Rela- 80 Frozen
tivistic Transfer Functions to be
used in the Model
Nygd Number of Grid Points in Radius 150 Frozen
division Type of Division for Integration 1 Frozen
ng Number of Grid Points in Az- 180 Frozen
imuth
smooth Switch for Smoothing 0 Frozen
Stokes Stokes Parameter for Polariza- 0 Frozen (a)
tion
X0 Orientation of the System 0 Frozen
T Opacity of the Disk Atmosphere 11 Frozen
Nihreads Number of Threads for the Com- Variable Frozen
putation
norm Normalization — (b) Frozen
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3. Accretion Disc Evolution in
GRO J1655-40 and LMC X-3
with Relativistic and
Non-Relativistic Disc Models!

Anastasiya Yilmaz, Jiri Svoboda, Victoria Grinberg, Peter G.
Boorman, Michal Bursa, Michal Dov¢iak

Published in Monthly Notices of the Royal Astronomical Society, Volume 525,
Issue 1, October 2023, Pages 1288-1510

3.1 Abstract

Black hole X-ray binaries are ideal environments to study the accretion phenom-
ena in strong gravitational potentials. These systems undergo dramatic accretion
state transitions and analysis of the X-ray spectra is used to probe the properties
of the accretion disc and its evolution. In this work, we present a systematic inves-
tigation of ~1800 spectra obtained by RXTE PCA observations of GRO J1655-
40 and LMC X-3 to explore the nature of the accretion disc via non-relativistic
and relativistic disc models describing the thermal emission in black-hole X-ray
binaries. We demonstrate that the non-relativistic modelling throughout an out-
burst with the phenomenological multi-colour disc model DISKBB yields signif-
icantly lower and often unphysical inner disc radii and correspondingly higher
(~50-60%) disc temperatures compared to its relativistic counterparts KYNBB and
KERRBB. We obtained the dimensionless spin parameters of a, = 0.77440.069 and
a, = 0.752 + 0.061 for GRO J1655-40 with KERRBB and KYNBB, respectively. We
report a spin value of a, = 0.0984+0.063 for LMC X-3 using the updated black hole
mass of 6.98 My. Both measurements are consistent with the previous studies.
Using our results, we highlight the importance of self-consistent modelling of the
thermal emission, especially when estimating the spin with the continuum-fitting
method which assumes the disc terminates at the innermost stable circular orbit
at all times.

!This chapter is a pre-copyedited and author-edited version of the article published in the
Monthly Notices of the Royal Society. The published version (Anastasiya Yilmaz, Jifi Svoboda,
Victoria Grinberg, Peter G. Boorman, Michal Bursa, Michal Dov¢iak, Accretion disc evolution in
GRO J165540 and LMC X-3 with relativistic and non-relativistic disc models, Monthly Notices
of the Royal Astronomical Society, Volume 525, Issue 1, October 2023, Pages 1288-1310) is
available online at https://doi.org/10.1093/mnras/stad2339
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3.2 Introduction

Black Hole X-ray Binaries (BHXRBs) are a sub-class of X-ray binaries with a
black hole as the central compact object and most of them are observed to be
transient sources. The spectral properties of these accreting systems are primarily
described depending on the relative contribution of two distinct emission compo-
nents: thermal and non-thermal. The thermal component of the X-ray spectrum
is composed of radiation at different radii in the accretion disc [Shakura and
Sunyaev, 1973] and the non-thermal contribution to the spectrum arises due to
the thermal Comptonisation of the "seed” photons from the innermost regions
of the accretion disc by a hot corona (an optically thin cloud of electrons close
to the black hole) usually responsible for the emission above ~ 5 keV [Sunyaev
and Titarchuk, |1980, Zdziarski, |1985| |(Chakrabarti and Titarchuk, (1995, Narayan
et al, 1996, Zdziarski and Gierlinski, 2004]. Superimposed on the continuum, a
third component, the relativistic reflection appears in the event of non-thermal
emission being reprocessed by the optically thick disc.

While only a few systems are observed to be persistently active, a big majority
of the BHXRBs spend their time in a quiescent state where the total luminosity
in all bands is very low and their evolution as a system is mainly described by
properties of accretion states. To date, several accretion states were identified in
BHXRBSs (see, e.g., Fender et al| [2004] and Remillard and McClintock| [2006])
that rapidly change over time depending on the relative dominance of the ther-
mal and non-thermal components of the spectral continuum. Once the outburst
begins, the system starts to transit across three predominantly identified distinct
accretion states according to the X-ray intensity and X-ray spectral hardness pa-
rameters. These accretion states are usually tracked using a hardness-intensity
diagram (HID) and many BHXRBs are found to follow a clear ”q-shape” |[Fender
et al., 2004, Dunn et all 2010]. For a typical outburst, these accretion states
are identified as the low/hard state (LHS), high/soft state (HSS) and the steep
powerlaw or intermediate state.

At the very beginning and the end of the outburst, the binary system is
observed to be in the LHS state where the luminosity is significantly lower and
most of the X-ray flux is dominated by the hard emission from an X-ray corona
which can be described by a powerlaw with a relatively flat photon index with I" ~
1.5 —2 and a weak disc component characterized by lower disc temperatures with
kT < 1 keV [Poutanen, [1998]. The increase in the X-ray luminosity throughout
the rise of the outburst is usually followed by a rise in the radio luminosity. This
“compact” radio emission is associated with synchrotron radiation from a steady
relativistic jet with a flat or in some cases inverted radio spectrum (see |Blandford
and Konigl| [1979], Fender [2001], Fender and Gallo [2014]). Independent of the
increasing luminosity by a few orders of magnitude (both in radio and X-rays),
the spectrum remains hard throughout the LHS [Corbel et al., 2000} 2003]. As the
accretion rate increases, the system then transitions to the steep powerlaw or the
intermediate state where the luminosity is high and the spectrum is dominated by
a steep powerlaw (I" ~ 1.9) [Remillard and McClintock], 2006, Belloni and Motta,
2016]. This state can often be divided into two arms with the hard intermediate
state (HIMS) and the soft intermediate state (SIMS) where the source transitions
through a powerlaw-dominated state to a more thermal state before transitioning
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to the HSS. During this transition to the HSS, the system crosses a ”jet line” which
is described as a point throughout the outburst where the compact radio jet is
quenched [Fender et al., (1999, |Corbel et al., 2000, Russell et al.; 2011]. During
the HSS, where the X-ray luminosity can increase by orders of magnitude and the
big majority of the flux is observed to be emitted from the accretion disc with a
spectrum that is primarily characterized by a multi-temperature blackbody with
a peak temperature of kKT ~ 1-1.5 keV with an additional powerlaw with a photon
index of I' ~ 2.5 or even softer. In contrast to the substantial increase in the X-ray
luminosity during the rise to the HSS, the radio emission starts to decrease and
eventually vanishes as the radio jet is quenched in this state. The softening of
the spectrum from the LHS to HSS occurs relatively faster compared to the time
spent in the LHS [Dunn et al., 2010]. The third state, the steep powerlaw or the
intermediate state, is entered as the powerlaw also starts to dominate over the
thermal disc emission with I' ~ 2.5—3 but the spectrum continues to be very soft.
As the dominance of the disc continues to fade away, the system returns to the LHS
completing the g-path at the end of the outburst before re-entering the quiescent
state. Such sharp increases in the X-ray luminosity throughout the outburst while
transitioning to the HSS are primarily explained by rapidly increasing accretion
rates, M, in a geometrically thin, optically thick disc originally characterized by
Shakura and Sunyaev| [1973].

The most extensive global spectral study of BHXRBs was introduced by |Dunn
et al. [2010] where they analysed a sample of 25 known low-mass BHXRBs ob-
served by the RXTE mission with multiple outbursts covered adopting a non-
relativistic multi-colour disc model with an additional powerlaw component. They
extended their work in |[Dunn et al.|[2011] focusing on the study of the long-term
evolution of accretion discs in BHXRBs throughout the outburst phases of the
same sample. For the majority of BHXRBs in their sample, the results followed
the expected theoretical Lpi. o< T relation with some exceptions at the low and
high ends of Lpi,. with arms extending out to significantly higher temperatures
compared to observations with similar Lp;. values. It was argued that a changing
colour correction factor f., could account for such deviations from the theoret-
ically expected trend but they didn’t suspect it to be such a huge influence on
the measurements of inner disc radius and temperature. This colour correction
factor accounts for spectral hardening of the accretion disc emission which can
deviate from a "perfect” blackbody emission due to reprocessing of the disc emis-
sion in the disc atmosphere and relates the colour temperature to the effective
temperature as foo) = Teol/Teg. For a typical [Shakura and Sunyaev, [1973] disc
with sufficiently high temperature at the disc surface, electron scatterings start
to dominate over any absorption leading to photons emitted from the disc to be
up-scattered to higher temperatures. These up-scattering processes produce an
emissivity profile modified by the colour correction factor. This colour correction
factor can be considered to vary with the accretion state, though constrained mea-
surements of f., become very difficult from X-ray spectra (for a more in-depth
review, see Salvesen and Miller| [2021] and references therein). Similar results for
individual sources were previously reported by |Gierlinski and Done| [2004], Done
et al.| [2007] and [Dunn et al.| [2008]. They showed that a similar trend was present
in Ry, - T where they reported notably low R;, values at the beginnings and ends
of the outbursts in response to their Lp;. - 1" findings.
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In the most widely accepted picture (see the reviews by Fender et al. [2004],
Homan and Belloni| [2005], [Remillard and McClintock [2006], Done et al.| [2007],
Dunn et al| [2010], Belloni et al. [2011], Dunn et al. [2011], Fender and Bel-
loni [2012], Fender and Munoz-Darias| [2016]), the radius and the temperature
of the innermost region of the accretion disc change throughout the outburst.
While transitioning from the beginning of the outburst to the HSS with increas-
ing luminosity, the innermost region of the disc starts to get closer to the black
hole |Gierlinski and Donel 2004} Steiner et al., 2010, Reynolds and Miller| 2013],
eventually resulting in a significant increase in the disc temperature peaking at
kT ~ 1 —1.5keV. During the peak of the HSS, the disc can extend all the way
down to the innermost stable circular orbit (ISCO) with a contrastingly cold disc
truncated at much larger radii in the LHS at the beginning and end of an outburst
[Narayan and Yi, [1995] Esin et all 1997, D’Angelo et al., 2008, Reis et al., 2010,
Plant et al., 2015]. The exact accretion disc geometry throughout the LHS re-
mains less understood compared to HSS. Both in relativistic and non-relativistic
solutions, a "zero-torque” boundary condition at the ISCO is assumed [Shakural
and Sunyaev, 1973, [Novikov and Thorne, [1973] while, in reality, magnetic fields
strong enough to exert such torques might exist but can not be strong enough to
dominate over the mass accretion |[Krolik, 1999, |(Gammie, [1999]. When magnetic
torques at the inner boundary are taken into account, the radiative efficiency of
the accretion disc increases significantly.

This changing inner disc radius was challenged by XMM-Newton and RXTE
observations of SWIFT J1753.5-0127 where [Miller et al. [2006] reported an inner
disc radius Ry, < 6GM/c* in the LHS for all of their spectral models. A similar
trend was later reported by Reis et al.| [2010] for 8 black hole X-ray binary systems
in the LHS while the disc temperatures remained below 0.3 keV.

The radius of the ISCO is determined primarily by the spin and mass of the
black hole,

Risco =g {3+ A2 + [(3 — A1) 3+ Ay + 245"} (3.2.1)
A =1+ (1-a) " [0+ a0 + (1 - a)"] (3.2.2)
Ay = (3a2 + A%)l/ ’ (3.2.3)

_ Jle
N ITE (3.2.4)

where J is the black hole angular momentum, G is the gravitational constant,
c is the speed of light, M is the black hole mass, r, = GM/c?* is the gravitational
radius and the upper and lower signs correspond to a prograde disc (a, > 0) and
a retrograde disc (a, < 0), respectively. By this relation, an accretion disc around
a maximally spinning black hole with a, = 1 can extend all the way down to just
Risco (ax = 1) = rg while in the canonical Schwarzschild case with a, = 0 it can
be only as close as Risco (a. = 0) = 6ry.

In this paper, we focus on several outbursts of GRO J1655-40 and LMC X-3
and perform a detailed spectral analysis of all of the publicly available RXTE
observations spanning nearly 16 years of observing time. The structure of this
paper is as follows: in Section we summarize the properties of GRO J1655-
40 and LMC X-3, outline the selected observations and data reduction process,
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provide a review of the spectral modelling of accretion discs in black hole X-ray
binaries and summarize the spectral analysis using these models. In Section [4.3]
we present the results of our analysis with each model and provide a discussion
in Section [4.4] Section provides a summary of our conclusions based on our
analysis.

3.3 Sources, Data Reduction and Analysis

3.3.1 GRO J1655-40

GRO J1655-40, one of the most extensively studied Galactic low mass black
hole X-ray binaries (LMBXRBs)|Hjellming and Rupen, (1995 Orosz et al., 1997,
Abramowicz and Kluzniak, 2001], was discovered in 1994 by the Burst and Tran-
sient Source Experiment (BATSE) onboard the Compton Gamma Ray Observa-
tory |Zhang et al., [1994]. |Orosz and Bailyn [1997] measured a black hole with
a mass of Mgy = 6.3 £ 0.5 My and a companion star of M, = 2.4 + 0.4 M,
based on optical observations with an orbital period of 2.6 d [Greene et al.|
2001]. Based on optical/NIR observations, [Beer and Podsiadlowski| [2002] re-
ported Mpy = 5.4+£0.3 Mg and M, = 1.4540.35 M. The inclination angle has
been reported as i = 70.2° £ 1.9° [Kuulkers et al., 2000] while radio observations
revealed a difference of 15° between the binary orbital plane inclination angle and
the jet inclination angle [Orosz and Bailyn, |1997, Maccarone, [2002]. Although a
distance of ~ 3.2 + 0.2 kpc is commonly used, Foellmi et al.| [2006] argued that
it should be lower than 1.7 kpc. In this study, we adopt d ~ 3.2 £ 0.2 kpc based
on Hjellming and Rupen|[1995]. Different methods to measure the spin on GRO
J1655-40 revealed a controversy, with 0.65 < a, < 0.75 obtained from spectral
continuum fitting with ASCA and RXTE observations [Shafee et al., [2006] while
Fe emission line profile predicts much higher values, with a lower limit on the spin
at a, = 0.9 [Reis et al} 2009] based on XMM-Newton observations. On the con-
trary to these measurements pointing towards a high spin case for GRO J1655-40,
timing analysis of the entire set of RXTE data using the relativistic precession
model [Stella and Vietri, |1998| [1999] resulted in a much smaller spin parameter
a, = 0.290+0.003 [Motta et al.l 2014]. During the 2005 outburst, GRO J1655-40
was observed mainly in HSS except for unusually soft or hyper-soft states |[Utt-
ley and Klein-Wolt} [2015] where detection of a strong accretion disc wind with
a line-rich X-ray absorption spectrum was reported using Chandra X-ray HETG
[Miller et al., 2008]. This hyper-soft state is suggested to arise from a Compton-
thick accretion disc wind and might even indicate intrinsic luminosities above the
Eddington limit due to the obscuration |Neilsen et al., [2016]. While the under-
lying mechanism is still not well understood, one of the explanations to describe
the nature of this strong disc wind is based on a hybrid magnetically /thermally
driven mechanism |[Neilsen and Homan, 2012].

3.3.2 LMC X-3

LMC X-3, a bright and persistent low mass X-ray binary system in the Large

Magellanic Cloud (LMC), was discovered by UHURU in 1971 |Leong et al., [1971]
located at a distance of d ~48.1 kpc [Orosz et al., 2009]. The system harbours
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a black hole with an estimated mass of Mgy = 6.98 + 0.56 M, and a companion
star categorized as a B3 V star with an estimated mass of M, = 3.63 £ 0.57M.
This highly variable binary system has an inclination angle i = 69°40.72° |Orosz
et al [2014] and has been observed to be dominantly in the HSS [Nowak et al.,
2001] except for a few occasions with observations in LHS [Boyd et al., [2000,
Wilms et al., 2001] with a few anomalous low /hard state (ALS) observations with
a dramatic drop in the total X-ray flux down to ~ 1 x 10% erg s=! in 2-10 keV
range [Smale and Boyd, 2012, (Torpin et al., [2017] making it an object of interest
to study the accretion phenomena and various accretion disc models in BHXRBs
[Davis et al.l [2006] [Kubota et al.,[2010| |Straub et al., 2011]. LMC X-3 stands out
as a unique object due to the almost always-on and dominantly soft nature of its
X-ray observations. Its nearly constant inner disc radius [Steiner et al, [2010] puts
LMC X-3 in the spotlight for spin measurements using X-ray spectral continuum
fitting. Spin measurements to date using the X-ray spectral continuum fitting
method with models based on a thin disc structure revealed a relatively low spin
parameter in the range of 0.22 < a, < 0.41 [Davis et al.| 2006, Steiner et al., 2014,
Bhuvana et al., 2021}, [2022] while spectral modelling adopting a relativistic slim
disc model with different viscosity and colour correction parameters gave much
higher spin values of a, ~ 0.7 [Straub et al., 2011]. We provide a summary of all
of the physical parameters adopted in this paper for each source in Table

Source Mpn D ) Ny
(Mo)  (kpe)  (deg) (102 em™?)
LMC X-3 6.98 + 0.56* 48.1° 69.0 + 0.72¢ 0.04¢
GRO 1655-40  6.34+0.5¢ 3.240.2° 70.2+1.9/ 0.8¢

Table 3.1: Parameter Values for LMC X-3 and GRO J1655-40
2 Orosz et al.|[2014], P |Orosz et al.| [2009], ¢ Page et al.| [2003], ¢ |Orosz and
Bailyn| [1997], ¢ [Hjellming and Rupen| [1995], f Kuulkers et al. [2000]

3.3.3 Observations

The Rossi X-Ray Timing Explorer (RXTE) observed LMC X-3 and GRO J1655-
40 extensively throughout the entire mission spanning multiple outbursts between
1997-2011 and 1996-2012, respectively. For the spectral fitting, we used a total
of more than 1800 observations publicly available on HEASARC (High Energy
Astrophysics Science Archive Research Center) archive . The full list of proposal
numbers of the observations used can be found in Table [£.1]

3.3.4 RXTE Data Reduction

We extracted the source spectra in the standard2f mode which provides the opti-
mal spectral resolution and generated response matrices and background spectra
following the standard procedure in the RXTE cookbook? using FTOOLS/HEASOFT

’https://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.html
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Table 3.2: Proposal numbers and observation dates of RXTE observation used in

spectral analysis (in ascending order).

Proposal Number Start Date End date  Number of Observations
GRO J1655-40
10255 1996-05-09 1997-01-26 31
10261 1996-05-14 1996-06-30 1
10263 1996-05-12 1996-05-12 1
10404 1996-03-14 1996-03-14 15
20187 1996-11-07 1996-11-07 1
20402 1997-02-26 1997-09-11 32
90019 2005-03-13 2005-03-13 1
90058 2005-02-20 2005-03-02 6
90428 2005-02-25 2005-03-03 11
90704 2005-03-10 2005-03-10 2
91404 2005-03-04 2005-03-07 6
91702 2005-03-07 2005-11-11 473
91704 2005-09-24 2005-09-24 3
Total: 283
LMC X-3
10252 1996-02-09 1996-10-24 67
20188 1996-11-30 1997-12-12 27
20189 1997-08-29 1997-09-02 2
30087 1998-01-06 1998-09-30 17
40066 1998-12-08 1998-12-14 19
40067 1999-01-19 1999-09-19 26
50411 2000-05-05 2000-10-22 12
60097 2001-03-09 2002-02-27 o7
60098 2001-06-30 2001-07-07 4
80103 2003-10-04 2004-03-10 73
80118 2004-01-07 2004-01-12 24
90099 2004-04-20 2004-05-08 12
91105 2005-03-07 2007-03-16 189
92095 2006-03-04 2007-06-27 255
93113 2007-06-29 2008-12-23 156
93114 2007-06-28 2007-07-09 11
94113 2008-12-27 2009-12-29 102
95113 2010-01-03 2010-12-29 103
96113 2011-01-02 2011-12-28 98
Total: 1254
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version 6.297] software package. We also removed data lying within 10 minutes
of the South Atlantic Anomaly. In order to avoid any variations during the
data reduction process, we only used the Proportional Counter Unit-2 (PCU-2)
of RXTE’s Proportional Counter Array (PCA, |Jahoda et al. [2006]) with all of
its layers included since it was almost always operating throughout the RXTE
mission and has the best calibration among other PCUs on-board PCA. We then
carried out the calibration of data using publicly available tool pcacorr |Garcia
et al., 2014] and applied an additional 0.1% systematic errors to account for un-
certainties in the telescope’s response following Garcia et al.| [2014].

KYNBB |Dovciak et al. 2008] was developed as an extension to the original
non-axisymmetric general relativistic spectral model package KYNY by [Dov¢iak
et al.| [2004] as an external model to XSPEC environment describing an accretion
disc around a black hole with spin values spanning the whole parameter space
from -1 to 1. Similar to the case of KERRBB, KYNBB makes use of the ray-tracing
method for photon paths in vacuum in a Kerr space-time to compute the transfer
functions for the tables used in the model, describing a Novikov and Thorne
[1973] accretion disc. In contrast to KERRBB, KYNBB offers the option to define
the inner disc radius at a different distance than ISCO. One also has the freedom
of including polarization calculations [Mikusincova et al., [2023| Taverna et al.,
2022|, calculating the spectrum only for a certain part of the accretion disc and
defining a range on the disc radius from which the spectrum will be calculated.
For the purpose of our analysis, polarization calculations are switched off (Stokes
parameter set at 0) and the model calculates the spectrum the same way as KERRBB
with the only difference of the innermost edge of the accretion disc no longer
terminating at Risco (with ms switch set at 1). See Yilmaz et al.|[2023] for a
more detailed comparison of KERRBB and KYNBB. We do not apply any smoothing
on the spectrum (smooth parameter set at 0) and assume no obscuring cloud
by setting reoua=0. Similar to DISKBB, the normalisation parameter of KYNBB is

defined as 1
N=—- 3.3.1
% 33
where D1 is the distance to the source in units of 10 kpc. The list of physical
parameters and values used for our analysis can be found in Table [3.3|

3.3.5 Spectral Analysis

For spectral analysis, we used the HEASOFT (v.6.29) package XSPEC (v.12.12)
[Arnaud, [1996] and PyXsped?, a Python interface to the XSPEC. RXTE PCA cov-
ers the energy range of 2-60 keV while the count statistics become significantly
poorer beyond the range of 3-25 keV. We, therefore, restricted the energy range
to 3-25 keV for all of the PCA spectra. We used grppha to group the spectra to
have 25 counts per bin. All of the models used for the spectral analysis consist
of a thermal disc component, either relativistic or non-relativistic, and a simple
powerlaw component accounting for the non-thermal component of the continuum
(POWERLAW in XSPEC). We use TBABS to account for the ISM absorption. For conve-

3https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
‘https://projects.asu.cas.cz/stronggravity/kyn
Shttps://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/python/html/
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nience, each model (TBABSX (DISKBB+POWERLAW), TBABSx (KERRBB+POWERLAW) )
and TBABSx (KYNBB+POWERLAW) will be referred to as the specific model used for
the disc component. We adopted a selection criteria by assessing reduced x?
(x*/d.o.f.) values and applied a cut at reduced y* = 2.0 excluding the observa-
tions that lie outside this range. We used the normalisation parameter of DISKBB,
N, (see equation (2.4.1))), to calculate the inner disc radius and apply no addi-
tional corrections to any parameter value obtained from the fitting. All of the
errors on model parameters presented throughout the paper are calculated at the
90% confidence level.

Throughout our analysis with KYNBB, we assumed an emission integrated above
the measured R;, covering the entire disc with an exponential radial grid and de-
fined the outer edge of the non-zero disc emissivity as 1000 R,. We did not apply
any smoothing on the calculated spectrum. We set the number of radial grid
points on the disc at the default value of 150 for sufficient resolution of the spec-
trum and switched off the parameters of the model regarding an obscuring cloud
and polarization calculations. We summarize the values of relevant parameters
as adopted in the spectral analysis in Table [3.3]

We used disc fractions to distinguish observations based on how much the disc
component is dominating over powerlaw following Kording et al.| [2006], |[Dunn
et al. [2008], 2010] with the disc fraction defined as

Lpise(0.001 — 100.0 keV)
Lise(0.001 — 100.0 keV) + Lpower(1.0 — 100.0 keV)

Fpise = (3.3.2)

where Lpis. and Lpgyer are the unabsorbed disc luminosity in 0.001 — 100.0 keV
and unabsorbed powerlaw luminosity in 1.0 — 100.0 keV energy range, respec-
tively. We used the convolution model CFLUX in XSPEC for flux calculations of
each component.

3.4 RESULTS

3.4.1 GRO J1655-40

We first analysed the entire sample of observations of GRO J1655-40 listed in
Table using DISKBB. The majority of the excluded observations with reduced
x? > 2.0 were distributed throughout the entire outburst with a subset concen-
trated in the region of the HID corresponding to the transition from SIMS to
HSS when tracked on a light curve and an HID. Spectral fitting of these specific
observations with DISKBB showed residuals at energies between 5-7 keV.

We proceeded further to obtain the flux values of the unabsorbed model com-
ponents separately. Due to unconstrained parameters of the disc model, the fitting
procedure with PyXspec during flux calculations of the disc component was in-
terrupted for states with significantly low count rates where the source was either
at the very beginning or the end of the outburst. A total of 71 observations
are excluded from further analysis due to this complication. We also obtained
significantly high reduced x? values for the observations covering the outbursts
from 1996 and 1997 due to a significant increase in the sensitivity of the PCA
instrument after calibration with pcacorr instead of previously adopted meth-
ods. Simple spectral modelling with DISKBB with just a powerlaw component
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Table 3.3: Values adopted for model parameters of DISKBB, KERRBB and KYNBB

Model Parameter Value Free/Frozen
DISKBB
Tin - Free
Normalisation - Free
KERRBB
n 0 Frozen

Black Hole Spin
Inclination Angle

(see Table [3.1])
(see Table |3.1)

Free (see Section |3.3.5))

Frozen

Black Hole Mass Frozen

Mass Accretion Rate Free

Distance (see Table Frozen

feol 1.7 Frozen (see Sec-

tion

Self-irradiation Flag 0 Frozen

Limb-darkening Flag 0 Frozen

Normalisation 1 Frozen

KYNBB

Black Hole Spin
Inclination Angle
Inner Radius

Switch for Inner Radius

Outer Radius

¢

do

Black Hole Mass
Mass Accretion Rate

f col
(6%

B

Tcloud
Redshift
ntable
nrad
Division
ne
Smooth
Stokes
X0

-
nthreads
Normalisation

—~ |

see Table

~w O = O |
D o
] o
o

see Table

\]

co oo~ |

— =
o O
=)

180
0

0

0
11

(see Table|3.1{and Equa-

tion 13.3.1))

Free (see Sectior1EiE&E$
Frozen
Free
Frozen
Frozen
Frozen
Frozen
Frozen
Free
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
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produced significant residuals for some of these observations at energies between
5-7 keV which couldn’t be modelled with a simple Gaussian line (GAUSS) with
line energies between 6-7 keV. While an additional GAUSS component improved
the fits significantly, these observations did not fall into our selection criteria due
to reduced y? values well above 10, suggesting a more detailed analysis of these
specific observations. More sophisticated modelling of the reflection component
introduces a new level of model dependency when used with KERRBB and KYNBB
since both models still extend to higher energies, eventually coinciding with the
5-7 keV energy range. With RXTE’s limited spectral resolution, proper modelling
of such line features introduces a risk of bias we choose to avoid for the purpose of
our analysis. A detailed analysis of the line properties will be presented in further
studies. Hence, we exclude these 81 observations from these two outbursts for fur-
ther investigation and only include the 2005 outburst which already encompasses
more than 86% of the entire sample for GRO J1655-40. The number of remaining
observations after the selection criteria applied for GRO J1655-40 stood at 202
for DISKBB.

Using the reduced set of observations, we replaced DISKBB with KERRBB. We
also tested the poor fits obtained in the previous step of the analysis with KERRBB
but did not observe any significant improvement in reduced x? values to match
the selection criteria. Throughout our analysis with KERRBB, we left the mass
accretion rate M as a free parameter and use a fixed colour correction factor of
feol = 1.7 throughout the outbursts [Shimura and Takaharal, 1995]. We also fixed
n = 0 to adopt a stress-free boundary condition at Risco. Following the discussion
in |Li et al.| [2005], we fix the normalisation at 1.0 since the mass, inclination angle
of the disc and distance to the source are fixed while one still has the freedom
of choosing a different value due to the uncertainties in measurements of these
parameters.

We first attempted to fit the same set of spectra with a fixed spin at a, = 0.7
following the results from the X-ray spectral continuum fitting method by [Shafee
et al.| [2006]. Adopting a spin value fixed at a value in KERRBB produced poorer
fits with reduced x? much larger than 2.0 for ~ 89% of observations due to the
residuals in the lower energies where the model was not able to reproduce the
spectral shape for the same physical parameters and a specific spin value. As a
result, we carried out the analysis for GRO J1655-40 with a spin parameter left
free to vary between 0.0-0.9982. Figure |3.5| shows the evolution of the measured
spin parameter throughout the outburst. Limiting the spin parameter to a smaller
range between 0.65-0.75 following the measurements by |Shafee et al.| [2006] did
not improve the number of fits with reduced y? < 2.0.

In contrast to DISKBB, disc temperature is not a model parameter in KERRBB
and KYNBB. To obtain the value for the disc temperature in a similar sense to
DISKBB, we evaluated the position of the peak of the disc component in the model.
Due to the zero-torque boundary condition at the innermost disc radius adopted
by KERRBB, this peak corresponds to a disc radius not exactly at Rigco but slightly
further out. This is still a valid approximation of the accretion disc temperature
as measured by KERRBB.

Due to difficulties in fitting with a fixed spin for GRO J1655-40, we replaced
the relativistic disc model with KYNBB to have more freedom with the definition of
the innermost edge of the accretion disc R;,. Additional to the mass accretion rate,
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Figure 3.1: (a) Residuals in (data-model)/error for fits of GRO J1655-40 with
reduced y? < 2.0 obtained from spectral fitting with TBABS x (DISKBB+POWERLAW)
(b) Residuals in (data-model)/error for fits of GRO J1655-40 with reduced x? <
2.0 obtained from spectral fitting with TBABS x (KERRBB+POWERLAW) (c) Residuals
in (data-model)/error for fits of GRO J1655-40 with reduced x? < 2.0 obtained
from spectral fitting with TBABS x (KYNBB+POWERLAW)

we let R;, vary throughout our analysis with KYNBB. This allowed us to recover
93% of the observations KERRBB was able to fit only with a free spin parameter.
We fixed the normalisation parameter to their respective values following equa-
tion calculated using distances adopted in Table. We present the residuals
in (data-model)/error obtained from our spectral fits of GRO J1655-40 for each
model in Figure |3.1

Apart from the initial sample obtained by fitting with DISKBB, we also analysed
the 1996 and 1997 outbursts of GRO J1655-40 with KERRBB but we observed no
significant improvement in reduced x? below 2. Due to the long computation
times required for KYNBB, we did not proceed with the same analysis with KYNBB
for these outbursts. We present the spectral fits of these outbursts with DISKBB
and KERRBB in Figure [3.11|in Appendix A.
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3.4.2 LMC X-3

We adopted the same approach to LMC X-3 and first analysed the entire sample
of observations with DISKBB. We applied the same selection criteria with a cut
at reduced x? = 2.0 excluding the observations that lie outside this range. We
also excluded the observations where the disc component was not constrained
and caused the fitting procedure with PyXspec to be interrupted during the flux
calculations with CFLUX. The number of such observations was significantly lower
due to the almost-persistent nature of LMC X-3 in contrast to GRO J1655-40.

We continued with our analysis using KERRBB for LMC X-3 to investigate
the behaviour of the spin parameter across different luminosities. We fixed the
physical parameters to their respective values listed in Table [3.1] Unlike in the
case of GRO J1655-40, we were able to fit ~ 95% of these observations with a
spin fixed at a, = 0.25 following Steiner et al.| [2014]. The outliers in this sample
did not correspond to a specific state of the system, showing no indication of the
effects of a significant change in the inner disc radius affecting the fitting process
as observed in GRO J1655-40.

Following our analysis of GRO J1655-40, we used the same setup for KYNBB
and fit the spectra with a fixed spin at a, = 0.25 and values for the black hole
mass, inclination angle, the distance to the source (i.e. the normalisation pa-
rameter in KYNBB) to their respective values and did not change any of the other
model parameter setups we used for GRO J1655-40. We present the residuals in
(data-model) /error obtained from our spectral fits of LMC X-3 for each model in
Figure [3.2]

In Figure we present the distribution of reduced y? values from all of
the fits with x?/d.o.f. < 2.0 across each model for GRO J1655-40 and LMC X-3
combined. With each fit, the number of observations producing good fits was
reduced with a cut at x?/d.o.f. < 2. For a big majority of these observations,
adding a simple Gaussian line did not recover the fit. To preserve the simplicity
of the model configuration described in Section we did not perform a more
sophisticated analysis for these specific observations and instead chose to remove
them from our analysis.

3.4.3 Disc Luminosity Lpi,. and Disc Temperature Tpj.

We used the physical description from |Gierlinski et al. [1999] to calculate the
relation between the disc luminosity and the temperature,

Disc

L 18\*/ M KT\
~ 0.583 (3.4.1)
LEdd fcol 1OM@ 1keV

Following the general description for DISKBB, to account for strong gravitational
potentials, we adopt the following relativistic correction by [Zhang et al.| [1997]
between T, and Tope

Tmax = ObS/fGR(ea a*)€ (342)

where ¢ = 1.04 is for the stress-free boundary layer, for(0,a,) is the fractional
change of the colour temperature (assumed 1.064 following Table 1 in Zhang
et al.| [1997], derived by Cunningham| |1975]), 6 is the inclination angle and a, the
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Figure 3.2: (a) (data-model)/error residuals for fits of LMC X-3 with reduced
x? < 2.0 obtained from spectral fitting with TBABS x (DISKBB+POWERLAW) for ob-
servations with observation ID’s between 80103-01-24-00 and 91105-03-03-11. (b)
(data-model)/error residuals for fits of LMC X-3 with reduced x* < 2.0 ob-
tained from spectral fitting with TBABSx (KERRBB+POWERLAW) for observations
with observation ID’s between 80103-01-24-00 and 91105-03-03-11. (c) (data-
model) /error residuals for fits of LMC X-3 with reduced x? < 2.0 obtained from
spectral fitting with TBABS x (KYNBB+POWERLAW) for observations with observation
ID’s between 80103-01-24-00 and 91105-03-03-11.
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Figure 3.3: The distribution of reduced x? values obtained from all of the fits with
x?/d.o.f. < 2.0 analysed with DISKBB (red), KERRBB (orange) and KYNBB (yellow)
for GRO J1655-40 and LMC X-3 combined.

dimensionless spin parameter. Dotted lines in Figure [3.4] show the calculated
relationships for GRO J1655-40 for different f., values in comparison to the
observed trend which is indicated with a red solid line.

We obtained similar results as previously presented by |Gierlinski and Done
[2004], Done et al. [2007] and Dunn et al.| [2008, 2010, [2011] from the fitting
with DISKBB for GRO J1655-40 and LMC X-3. 2005 outburst of GRO J1655-40,
analysed with DISKBB, revealed the same deviations from expected the Lpig. -
Tpisc trend or ”spurs” as previously labeled by |[Dunn et al. [2011]. We present
the changes in disc luminosities with respect to disc temperatures (Lpisc - Thisc)
obtained from DISKBB, KERRBB and KYNBB for f., = 1.7 in Figure |[3.4. These
structures correspond to observations where the luminosity remains comparatively
the same while the temperature rises significantly, making these specific states
shift towards the right of the general trend. Since these deviations from the trend
are observed in the states corresponding to the smallest inner disc radii and highest
disc temperature, we explored the possible effect of changes in f., due to changes
in the accretion states by letting f., as a free parameter in KERRBB throughout the
outburst. Our results did not indicate any changes to the observed trend in the
upper and middle panels of Figure [3.4] As also presented by Dunn et al] [2011],
we did not observe these deviations from the general trend for the entire sample
of LMC X-3 observations. We, therefore, do not include the corresponding plots
for LMC X-3 in further discussion.

For the entire set of observations of both GRO J1655-40 and LMC X-3, we
measured ~52% (on average) higher disc temperatures with DISKBB than KERRBB
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while Lp;. is measured to be ~8% lower on average. This temperature difference,
however, did not provide an improvement to the previously reported "spurs” since
this temperature change was a result of f., correction to the spectrum and was
applied throughout the entire sample during the analysis, not for these states
only. When compared to KYNBB with the inner disc radius as a free parameter,
DISKBB gives disc temperature values 40% higher on average while the luminosity
is measured to be 2% lower. When the two relativistic accretion disc models
are compared, KYNBB gives disc temperatures 18% higher than KERRBB on average
while the disc luminosities are very similar with KYNBB measuring only 0.3% higher
on average than KERRBB.

Figure [3.4 shows that an initial comparison of the non-relativistic disc model
DISKBB to its relativistic counterpart KERRBB was inconclusive in the context of
treating the trend in Lpis. - Thisc previously reported by Dunn et al.| [2010].
Adopting a relativistic model where the inner disc radius was left free to vary
with KYNBB provided a significant recovery to the Lpis - Tpisc trend observed by
DISKBB and KERRBB for GRO J1655-40 while the disc temperature for the rest of
the sample remained dominantly unchanged with only 3% of increase on average.
The observations corresponding to these observed deviations were moved to lower
temperatures matching other observations with similar Lpis./Lgaqa values. We
also observed more scattering in the trend possibly due to R;, being an additional
free parameter, causing larger deviations in the scatter compared to DISKBB and
KERRBB.

3.4.4 Inner Disc Radius R;, and Disc Temperature T},

Our first attempt at spectral analysis for GRO J1655-40 using KERRBB with a
fixed spin produced significantly high x?/d.o.f. values for ~ 89% of our sample.
We didn’t find a certain spin value the fit favoured significantly in terms of the
goodness of the fit with the model. We explored the parameter space of KERRBB
to better understand the nature of the source that would mimic a changing spin
scenario by first attempting to fix the spin parameter at 0.7 following [Shafee et al.
[2006], [Stuchlik and Kolog [2016] and leave the normalisation free throughout
the sample. This allowed us to have a global spin value for the sample but
revealed a big variation in the normalisation values. The normalisation parameter
of KERRBB is sensitive to uncertainties in the black hole mass, distance to the
source and the inclination angle of the system. However, such a great variation in
the normalisation cannot be explained by uncertainties in these parameters of the
model and shouldn’t be different on this scale for each observation. Considering
the core assumption of KERRBB that the position of R;, always terminates at
Risco and dependence of Risco on the black hole mass in equation , we
interpret this as a strong indication for changing inner disc radius throughout
the outburst. As a result, our attempt to fit the entire outburst with a fixed
global spin parameter with KERRBB produced significantly poorer fits compared to
different combinations of free parameters we applied before. We then analysed the
same set of spectra with KYNBB replacing KERRBB with R;, as a free parameter.
We found the same trend in the evolution of the inner disc radius both with
DISKBB and KYNBB and the spin parameter measured by KERRBB showed to be in
the expected reverse trend throughout the outburst. We present this change in
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Figure 3.4: Top: Change in disc luminosity with respect to disc temperature for
GRO J1655-40 as measured by DISKBB, Middle: Change in disc luminosity with
respect to disc temperature for GRO J1655-40 as measured by KERRBB, Bottom:
Change in disc luminosity with respect to disc temperature for GRO J1655-40 as
measured by KYNBB
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the measured dimensionless spin parameter with respect to time in the top panel
of Figure in comparison with the change in disc radius measured by DISKBB
and KYNBB (middle and bottom panels, respectively).

We also investigated the relationship between the inner disc radius and the
disc temperature using DISKBB and KYNBB, comparing these results for both non-
relativistic and relativistic accretion disc models. As expected, our results showed
that R;, measurements calculated from the normalisation of DISKBB correspond to
physically unrealistic values that are way beyond the Risco even for a Kerr black
hole with a, = 0.98 (Figure for the big majority of the observations. It is
important to note that this method of inner disc radius calculation is still affected
by uncertainties in measurements of the inclination angle of the disc and distance
to the source. However, subtle changes in these parameters aren’t expected to
produce such small values for R;, in comparison with Risco values calculated for
different spin parameters, occasionally reaching a scale of having an accretion disc
with its inner edge extending down to the event horizon for a Schwarzschild black
hole.

Our analysis with KYNBB, however, revealed much larger radii corresponding
well above Risco for a, = 0.7. We observed a very similar pattern for the changes
in the inner disc radius to the results from DISKBB but with values that are at
least 5 times larger on average. Except for two observations, all measurements
corresponded to regions with Ry, > Risco for all spin values. In addition to
significantly larger values, these results also cover a much wider parameter range
(50-150 km) compared to DISKBB (10-25 km).

Since KERRBB assumes that R;, always extends down to Risco, we compared
the Rigco values obtained from spin measurements and obtained values 50%
higher on average than Ry, values derived from DISKBB. We also investigated
the evolution of R;, with respect to T}, throughout all of the outbursts of LMC
X-3. LMC X-3 is not observed to follow a similar trend as observed by KERRBB
and KYNBB for GRO J1655-40 while similar shifts in values of R;, and T}, can be
observed in Figure (3.7

3.4.5 Colour Correction Factor f.

Using KERRBB, we investigated the evolution of f., throughout the 2005 outburst
of GRO J1655-40, allowing it to respond to changes in the accretion disc temper-
ature with changing accretion states, following the discussion by Salvesen et al.
[2013] on using f., as an alternative to the disc truncation scenario during the
state transitions in black hole X-ray binaries. We fixed the spin at 0.7 during this
analysis but did not observe the same improvement to the Lpis. - Tpise trend to
match the reduced y? selection criteria as we observed in the previous analysis
with spin as a free parameter, in an analogy to changing inner disc radius as
discussed in Section We obtained values for f., covering a range between
1.09-2.12 throughout the outburst. In contrast to the discussion by |Reynolds and
Miller| [2013], Salvesen and Miller| [2021], we observed a trend where f., increases
with decreasing hardness ratio suggesting a positive correlation between changes
in accretion state throughout the outburst and the need for a changing correc-
tion factor. We also observed an increase in f.,; with an increasing accretion
rate and Lpisc/Lgqqa with a turnover at f., ~ 1.6 where the accretion rate and
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Figure 3.5: Top: Change in the spin measurements with respect to time for GRO
J1655-40 as measured by KERRBB, Middle: change in the disc radius measurements
with respect to time as measured by DISKBB in units of Re, Bottom: Change in
the disc radius measurements with respect to time for GRO J1655-40 as measured
by KYNBB in units of R,. Red vertical solid lines in the middle and bottom plots
indicate the average of the measured inner disc radius values.
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Figure 3.6: Top: Relationship between the inner disc radii and the disc temper-
ature for GRO J1655-40 as measured by DISKBB in units of Ry Bottom: Rela-
tionship between the inner disc radii and the disc temperature for GRO J1655-40
as measured by KYNBB in units of R,. Dashed lines correspond to Risco values
for the spin parameter at 0.0, 0.7 and 0.98, respectively. Red vertical solid lines
indicate the average of the measured inner disc radius values.
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Figure 3.8: Corner plot showing the evolution of the parameters from our analysis
with f., as a free parameter in KERRBB for GRO J1655-40.

Lpisc/Lraa start to decrease until Lpis./Lgaqa ~ 0.04 with increasing f.o, finally
reaching f., = 2.12. This turnover occurs with the observations corresponding to
the "spurs” in the top two panels of Figure [3.4] Figure 3.8 shows the corner plot
presenting the evolution of the parameters from our analysis with f., as a free
parameter. In this analysis, we were able to have a global spin parameter and a
steady Risco throughout the outburst of GRO J1655-40 in a similar way observed
with variable Ry, in our previous analysis with KYNBB and observed comparably
similar x?/d.o.f. values (within less than %1 of difference).

3.4.6 Spin Measurements
GRO J1655-40

Our initial analysis with KERRBB across the entire 2005 outburst was based on
individual fits of each observation with the spin as a free parameter. We present
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the distribution of values of the spin parameter measured by KERRBB for both GRO
J1655-40 and LMC X-3 in Figure [3.9, The parameter space for the spin spanned
values between 0.5 < a, < 0.9 with a mean at a, = 0.676. However, such a wide
range of parameter values for the spin is not expected to be observed for a black
hole even when the statistical deviations arising from the fitting procedure are
taken into account. Considering the dependency of spin measurements using the
X-ray continuum fitting method on the modelling of the innermost accretion disc
and the accretion state, we selected the part of the spectrum where the outburst
is on the rise towards and including the HSS. We calculated the hardness ratios
(HR) for the entire 2005 outburst where

Flux (6.0 — 25.0 keV)
Flux(3.0 — 6.0 keV)

Hardness Ratio(HR) = (3.4.3)

Based on the evolution of HR throughout the outburst, we selected a subset
of 56 observations with HR < 0.8 and 0.05 < Lpise/Lgaa < 0.09. To elimi-
nate any dependencies on other components in the spectra at higher energies,
we limited the energy ranges to 3.0-6.0 keV. We fit the subset with a free global
spin parameter and left the accretion rate and powerlaw component free to vary
throughout the sample. We obtained a spin parameter a, = 0.797085% with
x%/d.of. = 543.28/446. Using the same subset of observations, we obtain a
spin parameter a, = 0.74 +0.002 with KYNBB. Both values are consistent with the
results reported by |Shafee et al.| [2006] (0.65 < a, < 0.75 and a, ~ 0.75 for RXTE
and ASCA observations of the 1997 outburst, respectively). The small difference
in the measured value by KERRBB most likely arises from the different set of ob-
servations used and free f., used in their analysis with KERRBB (see Section m
for more discussion on f., and spin measurements). Additionally, we emphasise
that the actual distribution of the spin parameter obtained from individual fits
spans a larger range of values between 0.5 < a, < 0.9 than the errors estimated
by the global fitting of multiple observations and a more realistic distribution
of the parameter could be seen from Figure [3.9 To be able to obtain a better
description of the parameter space of the measured spin from the observations
used for the global fit with Xspec, we utilize the nested sampling Monte Carlo
algorithm MLFriends [Buchner et al.| 2014, Buchner] 2019] using the UltraNestﬂ
package |[Buchner, [2021] to explore the intrinsic distribution with asymmetric
error bars and resample the data points using these error bars. We then as-
sume a Gaussian distribution and obtain the mean and scatter of the distribution
(a, = 0.774 £ 0.069 and a, = 0.752 £+ 0.061 for KERRBB and KYNBB, respectively).
We, therefore, suggest caution when taking smaller-scale error margins obtained
from the global fit into consideration.

LMC X-3

Initial analysis of the entire sample of observations with KERRBB with spin as a
free parameter throughout the entire sample of observations revealed dominantly
constant spin values with a mean at a, = 0.106. As previously reported by [Torpin
et al. [2017], LMC X-3 does not follow the traditional g-shape in the HID as a
consequence of its almost "always on” behaviour. They observed different patterns

Shttps://johannesbuchner.github.io/UltraNest/
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for different cycles as observed by RXTE PCA between 2004-2012. Due to its
intrinsically different nature with Lp;s./Lgqq spanning a much larger parameter
space from ~ 0.01 and ~ 0.5 compared to GRO J1655-40 where the system
reached 0.082Lpisc/Lraq in the highest state, we followed the time evolution of
Lpise/Lgqqa throughout our entire sample (Table to define different selection
criteria. For simultaneous fitting of LMC X-3, due to the long computational
time required for fitting more than 800 spectra with KERRBB, we selected a subset
of 72 spectra from one cycle where the observations were dominantly in the soft
state with HR < 0.5 and 0.1 < Lpjs./Lgraa < 0.3. We restricted the energy
range of the fit to 3.0-6.0 keV and measured the spin at a, = 0.112700% with
x?/d.of. = 296.90/215. We tested the two different spin cases as reported by
Straub et al.| [2011] and [Steiner et al|[2014] and compared these fits with our
result a, = 0.1127099%. We found that the fit favoured the lower spin case with
a. = 0.1 over a, ~ 0.6 or a, ~ 0.25 with much lower XQ/d.o.f. throughout the
entire sample while a, = 0.1 is still consistent with the error margin provided by
Steiner et al|[2014] (a. = 0.253-2)). We also analysed the same set of observations
with KYNBB and obtained consistent results while leaving the inner disc radius
as a free parameter introduced a larger uncertainty on the measured black hole
spin which lead to a value of a, = 0.67)50s, in contrast to the low spin case
observed by KERRBB and previously reported by [Steiner et al.|[2014]. Similar to
spin measurements of GRO J1655-40, these errors estimated on the black hole spin
are considerably small compared to the distribution of measured spin values from
individual fits and a more realistic distribution of the parameter could be seen
from Figure [3.9 We employed the same approach as described in Section
and obtained a, ~ 0.098 £ 0.063 for KERRBB. We again suggest caution when
considering significantly smaller-scale error margins obtained from global fitting
with Xspec.

Yilmaz et al. [2023] provides an extensive analysis of the 2005 outburst of GRO
J1655-40 using the same observations presented in Table to compare KERRBB
and KYNBB when the innermost edge in KYNBB is set at ISCO and showed that both
models are identical and the minor differences in the measured parameter values
between KERRBB and KYNBB can be explained by small statistical fluctuations
arising from the fitting procedure with Xspec. While GRO J1655-40 provided an
ideal set of observations to study the differences as a result of changing boundary
conditions when the inner edge of the disc is no longer at ISCO, this significant
difference in the measured black hole spin by KERRBB and KYNBB with R;, > R;sco
can be explained by the larger error margins in the measured inner disc radii
introduced by the reduced signal-to-noise ratio of LMC X-3 spectra due to its
distance when combined with the instrumental uncertainties. It is, therefore, to
be taken into consideration with caution.

This contrast in the measured spin by KERRBB (when compared with Straub
et al.| [2011]) is dominantly due to the difference in the assumed black hole mass
and inclination angle in the analysis. Before a more constrained update was
provided by Orosz et al.| [2014], the study of the inner disc radius and spin mea-
surements by [Steiner et al. [2010] and |Straub et al. [2011], respectively, was based
on a mass of Mgy = 10My. In this study, we adopt the more recent value of
Mgy = 6.98 £ 0.56M,. We tested the effect of this difference by setting black
hole mass in the analysis described above with KERRBB to Mpy = 10M and we
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Figure 3.9: Top: Evolution of the measured spin values with respect to Lpisc/ Lraa
obtained by fitting with KERRBB for LMC X-3 (left) and GRO J1655-40 (right)
throughout the entire set of observations listed in Table{4.1l Bottom: Distribution
of the black hole spin values as measured by fitting with KERRBB for LMC X-
3 (orange) and GRO J1655-40 (red) throughout the entire set of observations
described in Section [3.3.5]
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Figure 3.10:  Distribution of black hole spin values as measured by
TBABS x (KERRBB+POWERLAW) throughout the entire set of observations of LMC
X-3 for Mgy = 6.98M, (orange) and Mgy = 10M (red).

obtained a, = 0.601709¢5. On the other hand, the effect of inclination angle was
not as strong in the measured spin for Mgy = 6.98 M. Similar to the analysis de-
scribed previously, we didn’t observe the same deviations in the measured spin as
previously reported by [Straub et al|[2011]. Figure[3.10]shows the difference in the
distribution of black hole spin parameter as measured by KERRBB throughout the
entire set of observations of LMC X-3 for two black hole masses (Mpy = 6.98 M,
(orange) and Mgy = 10M, (red)).

3.5 DISCUSSION

We investigated the evolution of the accretion discs throughout multiple outbursts
of GRO J1655-40 and LMC X-3 by analysing ~ 1800 spectra obtained using
RXTE with a wide range of disc luminosities of 1.0 x 10™* < Lpjs./Lgaqa < 0.5.
DISKBB has been used extensively in many spectral studies of accretion discs in
BHXRBs and was found to provide a significantly reasonable approximation for
the spectral shape of a geometrically thin and optically thick Newtonian
and Sunyaev| [1973] disc. It was criticized by |Gierlinski et al.| [2001] for ignoring the
inner torque-free boundary condition at the inner edge of the accretion disc. This
non-zero torque assumption at the inner boundary of the accretion disc was put
into test by |Zimmerman et al. [2005] where they presented a comparison of DISKBB
with its zero-torque counterpart EZDISKBB. They showed that DISKBB temperature
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(Thax) values were =~ 5% higher on average than those obtained by fitting with
EZDISKBB. In contrast, they observed higher values for R;, with DISKBB by more
than a factor of ~ 2.17 on average. They showed that the application of a zero-
torque boundary condition has little to no effect on an accretion disc temperature
peaking at ~ 1.8 keV as observed in GRO J1655-40 with DISKBB while the biggest
impact is on the inner accretion disc radius.

In comparison to the relativistic disc models, DISKBB was shown to produce
significantly higher disc temperatures for two main reasons:

1. It assumes a perfect blackbody emission from the accretion disc independent
of the accretion state the system is in, not accounting for non-blackbody
emission arising from the complicated scatterings in the accretion disc at-
mosphere. This assumption essentially means f., = 1.0 for the fit while
in f.o1 ~ 1.7 is widely accepted to provide a correction to deviations of
the local accretion disc spectrum from the "perfect blackbody” emission
for the unaccounted scattering and Comptonisation processes in the disc
atmosphere.

2. DISKBB provides a relatively simplistic description of a multi-colour ac-
cretion disc without any general relativistic effects accounting for strong
gravitational fields around black holes. These relativistic effects include
frame-dragging, returning radiation, Doppler boost, gravitational redshift,
self-irradiation etc. which are needed to provide a better solution for the
emitted spectrum from the innermost region of the accretion disc around a
black hole of any mass. These corrections modify the calculated local spe-
cific intensity as the photons escape the gravitational potential of the black
hole and eventually reach the observer. Before any relativistic corrections
to DISKBB were made available, some attempts have been made to adopt
the correction by Zhang et al.| [1997] to the observed temperature while |Li
et al.| [2005] compared the results of such applications with four disc models
and found that the approach was still lacking in the treatment of relativistic
processes on the calculated spectra.

Our investigation showed that a simple change from the non-relativistic model
DISKBB to KERRBB did not improve the trend except for a significant decrease
in the disc temperatures throughout the outburst. This trend was significantly
improved by employing KYNBB with Ry, allowed to vary with the state transitions.
This behaviour suggests a dominating power of R;, in combination with general
relativistic effects for the states with the smallest measured inner disc radii. For
these states, KERRBB measured spin values as high as 0.8 < a, < 0.98 which
correspond to a region 1.6 Ry < Risco < 2.9 R,.

RXTE stood out as one of the most successful X-ray missions in the study
of stellar-mass black holes in X-ray binaries but possesses a limiting factor due
to its limited energy resolution and poor effective area at lower energies where
the thermal emission from the accretion disc is expected to peak. It has an
advantageous position in the field with its ability to observe a significant number
of sources throughout many outbursts making it an important tool for the purpose
of studying the evolution of accretion states in black hole X-ray binaries. RXTE
PCA is sensitive to energy ranges above ~ 3 keV. This still corresponds to a range
where the tail of the thermal emission can be modelled with DISKBB as the source
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transitions to the HSS throughout the outburst while it can be extended to around
6-7 keV with its relativistic counterparts KERRBB and KYNBB. To test the effects of
these instrumental limitations, we made use of 6 out of 39 publicly available Swift
observations of GRO J1655-40 which could be modelled by the same model setups
adopted throughout our analysis and obtained consistent results in the parameter
values presented in this work. Additional to Swift observations, we made use of
INTEGRAL/ISGRI which is much better calibrated at higher energies to test
the effect of the contribution of high energy emission on measured parameter
values. We used 6 sets of observations obtained simultaneously to compare the
measured parameter values of disc temperatures, disc radii and spin using DISKBB
and KERRBB and obtained consistent values. For simplicity, we exclude these
observations from further discussion.

X-ray continuum fitting method to measure the spin depends on determining
the inner edge of the accretion disc R;, based on the assumption that the disc
always extends down to the Rigco in the HSS and inferring the spin using equa-
tion (3.2.1). However, this method has its limitations even after careful treatment
of feo1. Even though the most commonly accepted value of f., stands at 1.7, the
precise determination of this correction factor for each observed accretion state
still prevails to be beyond the bounds of what current instruments and methods
allow. Both KERRBB and KYNBB depend on how precisely the mass, inclination
angle and distance to the source are measured. Our analysis of GRO J1655-40
with KYNBB showed a wide range of inner disc radii. While these radii are ob-
served to be much larger than Risco for 0.8 < a, < 1.0, it’s worth keeping in
mind that these observations were obtained using RXTE PCA spectra limited to
3.0-25.0 keV which delivers extra uncertainties to these measurements. The much
larger scatter in Ry, vs Temperature can be interpreted as these uncertainties since
measuring the inner disc radius with much lower temperatures than previously
observed will be compromised by PCA’s limited energy range.

3.5.1 Comparing GRO J1655-40 and LMC X-3

Both GRO J1655-40 and LMC X-3 are ideal candidates to study the evolution
of accretion discs around black holes in XRBs. Both are known to harbour a
black hole of similar mass and have similar inclination angles (Table [3.1). LMC
X-3 stood out as a perfect source for black hole spin measurements due to its
dominantly stable inner disc radius. Our analysis of LMC X-3’s inner disc radius
with DISKBB and KYNBB yielded consistent results to previous studies (Figure .
Despite this large difference in M, the innermost edge of the accretion disc doesn’t
show as much variance as observed from GRO J1655-40. LMC X-3 also doesn’t
show the reported ”spurs” in Lpis. - Thisc in contrast to GRO J1655-40 and other
BHXRBs reported by |Dunn et al.| [2011]. Considering the changes to this rela-
tionship introduced by relativistic modelling of the accretion disc using KYNBB
with free Ry, (Figure , this can indicate either a strong dependency on the
inner disc radius evolution or weaker relativistic effects acting on the observed
spectrum due to the low spin of LMC X-3 and the accretion disc being truncated
at larger radii (Figure [3.7)).

Each corner plot in Figure [3.12] shows the evolution of relevant parameters in
our analysis with TBABS x (DISKBB+POWERLAW), TBABS X (KERRBB+POWERLAW) and
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TBABS x (KYNBB+POWERLAW) for GRO J1655-40 (red) and LMC X-3 (orange), re-
spectively. Independent of the nature of the disc model, RXTE observations of
LMC X-3 have shown that the source evolves through a larger parameter range
for both Lp;.. and M compared to GRO J1655-40. This larger parameter range
translates to a difference in M by about an order of magnitude for both KERRBB
and KYNBB. Both GRO J1655-40 and LMC X-3 were observed to show changes in
the inner disc temperature Tp;s. throughout the entire set of observations, covering
multiple accretion states. While this change in Tp;,. was directly reflected in the
evolution of R;, in GRO J1655-40, a similar evolution was not observed for LMC
X-3 with both DISKBB and KYNBB. There’s a clear trend between the disc fraction
and Tpie for GRO J1655-40 however, it’s not easy to observe a clear trend in
disc fraction with respect to any other parameters for all of the models described
above. We also acknowledge the unexpected inverse relationship between the disc
fractions and measured R;,. According to the standard scenario describing the
evolution of thermal and non-thermal components, smaller disc radii are expected
to correspond to more disc-dominated states while a disc truncated at a larger
distance is usually associated with a powerlaw-dominated state. Our analysis
showed a direct relationship between the hardness ratio and disc fractions where
increasing disc fractions correspond to higher hardness ratios. While we observed
a similar during the entirety of our analysis, we present it only in Figure (3.8 and
exclude this evolution for each model to avoid increasing the complexity of the pa-
rameter space presented in each corner plot. This trend is not naturally expected
and might be explained by a powerlaw component dominating the disc emission
when extrapolated to lower energies for a specific photon index while both the
spectral shapes and hardness ratios point towards softer spectra and hence lower
hardness ratios in comparison to higher disc fractions. Instead of using the em-
pirical POWERLAW, it is usually suggested to adopt a Comptonisation model SIMPL
[Steiner et al.| 2009] to overcome this divergence of the powerlaw component at
lower energies, though a simple interchange of these models produced worse fits
for the majority of our sample. Therefore, a detailed investigation of the powerlaw
component is out of the scope of the analysis presented here.

Regardless of the contrasting measurements of the black hole spin reported
over the past decade for LMC X-3 (see discussion in Section [3.3)), our results show
a polarized distribution of the spin parameter across observations (Figure .
The distribution of the measured spin values of LMC X-3 is more concentrated
at around ~ 0.1 while GRO J1655-40 shows a bimodal distribution of the spin
parameter throughout the entire outburst. This bi-modality in measured spin
values of GRO J1655-40 corresponds to the two sets of observations that can be
grouped by whether these observations are on the expected Lpis. - Tpisc line or
the so-called "spurs”. The higher spin case (a. ~0.8) dominantly corresponds to
these "spurs” while the lower end of the distribution (a, ~0.6) corresponds to the
rest of the observations. A more detailed evolution of the spin parameter can be
seen from the top plot of Figure [3.5] These spurs are also the observations where
the inner edge of the disc is observed to be the closest to the black hole, which
can explain the observed high spin by KERRBB while disc fractions are significantly
lower when compared to the rest of the observations. The absence of such clear
evolution in R;, in LMC X-3 is observed in a more or less steady black hole spin
throughout the entire set of observations covering multiple outbursts. This also
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could explain the absence of spurs in LMC X-3. From our analysis, it’s clear
that these spurs are not luminosity dependent and a simple increase in the mass
accretion rate or disc luminosity cannot explain their presence in the majority
of 25 BHXRBs as presented in Dunn et al.| [2011]. The distribution of measured
inner disc radii for GRO J1655-40 showed a significant variation in the parameter
for similar disc fractions, suggesting the possibility of evolving inner disc even
within an accretion state. Our analysis also revealed that the disc might not be
extending all the way down the ISCO even in the highest luminosity states. As
can be observed from Figure [3.6] the lowest inner disc radius in GRO J1655-40
measured by KYNBB is a few gravitational radii away from ISCO for both a, ~0.7
and a, ~0.8. While constraining R;, in LMC X-3 with KYNBB was rather difficult, a
similar trend was observed in which a significant portion of the values correspond
to Ry, > Risco for a, ~0.1. This peculiar behaviour of R;, introduces strong
implications for the reliability of the X-ray spectral continuum method for black
hole spin measurements.

A more careful investigation of reduced y? distribution revealed no clear evi-
dence for a bias arising from the selection criteria adopted with a cut at reduced
x? = 2 (Figure . While such investigation could prove to be useful when
assessing the presence of emission lines and the appropriate modelling of such
features, specific observations with strong Fe emission lines (especially during the
1996-1997 outburst of GRO J1655-40) were excluded to avoid introducing the risk
of any selection bias and model dependency.

3.5.2 Relativistic vs. Non-Relativistic R;;, Measurements

Expectedly, the inner disc radius measurements of GRO J1655-40 from spectral
fitting with the non-relativistic disc model DISKBB produced results ranging be-
tween ~10 and ~30 km throughout the 2005 outburst, much smaller than Risco
values for 0.0 < a, < 0.85 which is the range where all reported spin values
obtained from X-ray continuum method lie. With significantly higher disc tem-
peratures, ~10% of the observations yields inner disc radii corresponding to a
region as close as ~1-2 R,. This region corresponds to a region within Rigco for
a moderately spinning black hole where the matter around the black hole can
no longer sustain orbital motion and starts spiralling down to the black hole.
While the outer radius of the disc can extend out to hundreds and even thou-
sands of R, inner disc radii residing within this region for the entirety of the
outburst covering disc fractions from 0.1 to 1.0 does not produce a physically rea-
sonable picture for the accretion disc geometry even for significantly higher spin
parameters. Such small radii from the normalisation of DISKBB result from the
non-relativistic treatment of the disc and not accounting for the non-blackbody
emission due to scattering and Comptonisation processes in the accretion disc at-
mosphere. Changes in disc fractions throughout all of the outbursts demonstrated
that even a temperature difference of ~ 0.2 keV becomes significant to increase the
disc fraction from ~0.3 to ~0.6 switching from a powerlaw dominated spectrum
to a moderately disc-dominated spectrum. Calculated throughout the same out-
bursts, this difference corresponds to a 50% higher temperatures obtained from
DISKBB and this results in ~5 times larger inner disc radii.

There have been attempts to include the necessary relativistic corrections fol-
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lowing Zhang et al.| [1997], Kubota et al. [1998], |Gierlinski and Done| [2004] while
the main approach has been focused on a correction applied post-analysis using
a constant calculated for a set of certain parameters (See |Li et al.|[2005] and
references therein). While such corrections provide improvements to a certain de-
gree, the post-analysis approach is lacking in the proper application of relativistic
corrections as it is based on adopting a factor calculated for a set of parameter val-
ues and does not take into account the fact that any relativistic correction should
have a strong dependency on the distance to the black hole and hence should
correspond to different values for each observation throughout an outburst for
sources that are known to exhibit a great evolution of the inner disc radius like
GRO J1655-40. On the other hand, taking the example of [Kubota et al. [1998],
the calculated correction factor values for a set of f., still remain not enough to
shift the low values of radii measured by DISKBB or similar non-relativistic disc
models.

As can be seen from the bottom plot of Figure [3.6] the needed correction is
much larger than what was calculated by Zhang et al.|[1997], Kubota et al.| [1998],
Gierlinski and Done| [2004]. These results suggest that the need for relativistic
corrections are much greater than what a simple factor can provide and needs to be
handled by self-consistent disc models such as KERRBB and KYNBB which adopts the
ray tracing method with radius-dependent corrections taken into account while
calculating the spectrum.

3.5.3 Effects of f.,; on the Disc Temperature

Apart from the relativistic treatment provided by KERRBB and KYNBB to the ob-
served spectra from the accretion discs around black holes, f., is the second
important parameter that sets relativistic and DISKBB apart. This key factor
provides the correction to the spectrum to account for electron scatterings in the
accretion disc atmosphere causing the spectrum to deviate from the perfect black-
body emission. The need for such a parameter arises where the gas temperature
at the surface of the disc is high enough such that the electron scatterings start
to dominate over absorptive processes taking place in the disc atmosphere. This
corresponds to photon energies ; 1.0 keV [Shakura and Sunyaev, [1973]. Both
KERRBB and KYNBB calculate the observed spectrum with f., applied and has this
correction factor as a model parameter. Determining a constrained value of the
feo1 through spectral modelling using accretion disc models like KERRBB and KYNBB
is greatly affected by the strong degeneracy between the f., and the black hole
spin [Nowak et al., 2008, [2012]. |Salvesen and Miller| [2021] presented the level of
sensitivity of black hole spin measurements using the X-ray spectral continuum
method, suggesting a direct relationship between f., and the measured black hole
spin. As a result of this degeneracy, it requires extra caution during any attempt
to determine the true value of f., for a specific observation in a specific accretion
state.

Figure [3.8] shows the relationship between f., and other parameters. We
found values of f., spanning the range 1.09-2.12, slightly broader than previously
reported 1995 and 1997 ASCA and 1997 RXTE observations of GRO J1655-40
by [Shafee et al. [2006] and calculated best-fit values from BHSPEC |Davis et al.,
2005/(1.3-1.9). Our findings in terms of hardness ratio vs. fe, contradict the
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suggested scenario where f., is expected to decrease as the source transitions to
softer states to account for a non-truncated disc radius in the LHS |[Reynolds and
Miller, 2013]. In contrast, we observed a decrease in f., with hardening spectra.

Our analysis showed that adopting the canonical value for feo(Teo1/To) at 1.7
following |Shimura and Takahara| [1995] cannot explain a difference of only 50%
in disc temperatures between DISKBB and KERRBB and/or KYNBB on its own. The
top panel of Figure shows the observed Lpis. - Tpisc relationship for GRO
J1655-40 and dashed lines represent Lpjs./Lgqq for different f. calculated using
equation . Lpise/Lrad - Tpisc relationships obtained from both relativistic
and non-relativistic disc models corresponded to larger values of f., independent
of its set values in KERRBB and KYNBB. While our analysis with variable R;, in
KYNBB and variable f., in KERRBB produced indistinguishable results in reduced
x%/d.o.f. values, the latter model setup did not provide an improvement to the
previously discussed deviations in Figure |3.4]

3.6 SUMMARY

In this paper, we performed a comprehensive spectral analysis of the publicly
available RXTE observations of GRO J1655-40 and LMC X-3 between 1996 and
2011, investigating the behaviour of the accretion disc temperature and radius by
comparing relativistic and non-relativistic disc models DISKBB, KERRBB and KYNBB
with the following conclusions:

1. To test the possible contribution to the emitted spectrum by the general
relativistic effects resulting from the strong gravitational potentials in the
close vicinity of black holes, we investigated the same RXTE observations of
GRO J1655-40 using KERRBB and KYNBB. Simply adopting KERRBB instead of
DISKBB did not provide any improvements to the deviations in Lpis - Thisc
relationship (Section . These deviations, however, were not detected
when R;, was defined as a free parameter in KYNBB.

2. The inner disc radii calculated from the normalisation parameter of the
DISKBB (see equation (2.4.1])) are systematically lower than the values ob-
tained from the relativistic disc models. KYNBB measured much larger inner
disc radii throughout the entire outburst of GRO J1655-40 by at least a
factor of 6 on average. This difference was even larger for LMC X-3, a fac-
tor of ~8 while the uncertainties in these measurements were much larger
compared to GRO J1655-40 (Section [3.4.4). These larger uncertainties ob-
served for LMC X-3 can be due to degeneracies between model parameters
and poorer quality of spectra with much lower flux values by a factor of 100-
1000 (compared to the spectra from the 2005 outburst of GRO J1655-40),
on average throughout different accretion states.

3. The colour correction factor f., (with the spin parameter fixed) is found
to evolve throughout an outburst spanning a range between 1.0 and 2.2.
This evolution follows a pattern where f., increases with increasing accre-
tion rate/Eddington ratio before reaching a turning point at f., ~ 1.6 and
accretion rate/Eddington ratio starts to decrease with feo still increasing
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(Section . Our analysis showed that both f., and R;, as free param-
eters performed equally acceptable when the reduced x?/d.o.f. values from
each analysis are compared while adopting a variable f., throughout the
outburst did not provide the same improvement to the deviations in Lpjg. -
Thisc observed in DISKBB and KERRBB. This suggests strong support for a sce-
nario where the changing inner disc radius coupled with general relativistic
effects to explain these deviations observed in GRO J1655-40.
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Figure 3.11: Top: Data and total model obtained from spectral fitting
of GRO J1655-40 during 1996 and 1997 outbursts that produced signifi-
cantly worse fits with reduced x? > 2.0 obtained from spectral fitting with
TBABS x (DISKBB+POWERLAW), showing the residuals in ratios (data/model) and
(data-model) /error below. Bottom: Data and total model obtained from spectral
fitting of GRO J1655-40 during 1996 and 1997 outbursts that produced signif-
icantly worse fits with reduced y? > 2.0 obtained from spectral fitting with
TBABS x (KERRBB+POWERLAW), showing the residuals in ratios (data/model) and
(data-model) /error below.
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Figure 3.12
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Figure 3.12: (Continued)
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Figure 3.12: (Continued)
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(e) Corner plot showing the evolution of the parameters from our analysis of GRO
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Figure 3.12: (Continued)
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Abstract

Context. Ultra-luminous X-ray sources (ULXs) are now considered to be powered
by super-Eddington accretion onto a stellar-mass compact object, either a black
hole or a neutron star. There is now a substantially large population of ULXs
showing a transient nature, which contributes to a growing gap in our understand-
ing of accretion onto stellar-mass compact objects. The variation in the observed
timescales of these transient events cannot be easily explained by currently avail-
able accretion disk models.

Aims. We aim to utilize long-term observing campaigns of M51 by using XMM-
Newton, Chandra, Swift, and HST observations to explore the nature of the ob-
served outburst in an attempt to understand the transient event and the nature
of the compact object possibly powering the system.

Methods. We analyzed all of the publicly available XMM-Newton, Chandra, and
Swift observations spanning a period of nearly 20 years to track the long-term
evolution of the source. We used prior observations of the location using HST,
XMM-Newton OM, and Swift-UVOT simultaneous to the detection to identify
possible multiwavelength counterparts to further investigate both the nature of
the event and the companion star.

Results. The source brightened with the second XMM-Newton observation while
the spectral continuum between 0.3-10 keV remained soft with I' ~ 2.6 throughout
the outburst. The observed luminosity of the source reached as high as ~ 7.6x 1038
erg s~ before the XMM-Newton observing campaign ended. The entire outburst
lasted 81 days from the first detection with Swift-XRT until the last detection
with Chandra, and the source varied in the observed flux by a factor of about
200.

Conclusions. We report the discovery of a new transient ultraluminous X-ray
source (ULX) candidate in Mb51 (hereafter M51 ULX*) located on the galactic
arm southeast of the galactic center of Mbla observed by Chandra, Swift, and
XMM-Newton between May and August 2018. Given the spectral properties and
observed luminosities, our results suggest that M51 ULX* is a strong candidate
for hosting a stellar-mass compact object accretor, either a black hole or a neu-
tron star reaching super-Eddington mass accretion rates. However, the lack of
frequent long-term monitoring of M51 restricts our current understanding of the
actual mechanism driving this extreme variability and sudden disappearance of
the accretion disk.
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4.1 Introduction

Ultraluminous X-ray sources (ULXs) are compact and point-like sources in nearby
galaxies [see Earnshaw et al., 2019a, for a catalog] with characteristic luminosities
exceeding the Eddington limit at Lrqq = 41GMmyc/or = 1.3 x 103 (M /M)
erg s [see [Kaaret et al. 2017, [Fabrika et al., [2021} King et al. [2023 for a
review and references therein| where M is the mass of the object. Since their
discoveries in the 1980s with the Einstein Observatory [Giacconi et al., |1979],
ULXs have been considered ideal hosts of intermediate-mass black holes (~ 10% —
10° My,) accreting at sub-Eddington rates in an attempt to explain such extreme
luminosities [Colbert and Mushotzkyl, 1999, Kong et al., [2004} [Miller et al., 2004,
Liu and Di Stefano, |2008|. The revolutionary discovery of coherent pulsations M82
X-2, shortly followed by many others eventually contributed to the now growing
group of Pulsating ULXs or PULXs [Bachetti et al., 2014a, Furst et al. 2016,
Israel et al., [2017a),c, (Carpano et al.l 2018, Sathyaprakash et al., 2019, [Rodriguez
Castillo et al., [2020]. The mass range ~ 1 — 2 Mg of a neutron star accretor
suggests that these systems can achieve accretion rates ~ 100 Lgqq. This fact
is puzzling in the context of accretion disk formation in X-ray Binaries (XRBs)
with stellar mass accretors. Additionally, these surprising discoveries of neutron
star accretors in such extreme environments still do not rule out the intermediate-
mass black hole nature. The super-Eddington accretion, however, presumed to be
implausible, was later supported by the XMM-Newton and NuSTAR detections
of high energy turnover in the 5-10 keV spectra of a few ULXs [Stobbart et al.,
20006, |Gladstone et al., 2009, Walton et al., 2014} 2015, Mukherjee et al., [2015].
While it is now widely presumed that compact objects are the accretors in
these systems, the dominant engine driving such high mass accretion rates onto
a possibly stellar-mass object is still challenged by the disk models available for
such extreme accretion regimes. Many of these sources are associated with highly
star-forming regions |Swartz et al., 2011, [Mineo et al., |2012, Lehmer et al., 2019,
Qiu et al) 2019], and the persistent nature of a substantial portion of the known
population suggests a high-mass companion feeding the accretion disk via strong
stellar winds [see Martinez-Nunez et al., 2017, for a review]. Although the wind-
fed accretion in high-mass XRBs (HMXRBs) was thought to provide the best
explanation for the persistent behavior over timescales on the orders of multi-
ple years or even decades, this alone cannot be the main engine driving super-
Eddington regimes even when accompanied by the Roche-Lobe overflow. The
latter mechanism is dominant in low-mass XRBs (LMXRBs) and is associated
with long-term variability in the accretion rates. A few alternative scenarios have
been suggested to explain the super-Eddington luminosities: (a) For stellar-mass
black hole accretors, density perturbations within the disk might overcome the
photon-trapping due to the increased time scale of diffusion in comparison to the
timescale of accretion which allow the escape of more photons from the inner re-
gions of the disk leading to super-Eddington luminosities [Arons| 1992, Gammie,
1998, Begelman| 2002]. (b) Relativistic beaming in jets along the line of sight
can be explained by a jet/disk model |Falcke and Biermann, 1999, Markoff et al.,
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Figure 4.1: Upper-left: XMM-Newton EPIC-PN image of M51, Upper-right:
XMM-Newton OM image of M51 in the B-band obtained from X2. Buttom-
left:Chandra image of ULX*. The blue circle delimits Chandra’s aperture of
2 arcsec, while the blue dashed circle corresponds to the same aperture when con-
sidering its error. Bottom-right: the same portion of the sky observed with HST
WEFC3 image in the F275W filter. The yellow circles show all the possible coun-
terparts of the X-ray source in the UV (see text for details). The new candidate
ULX is marked as ULX*, located at 13:29:45.46 +47:09:32.48 (J2000).
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2001], which was found to be consistent with the luminosity function of XRBs
in nearby galaxies but this still requires a black hole mass of ~ 1000 My for
ULXs, assuming an isotropic disk model [Kording et al., 2002]. (c¢) A decrease in
the electron opacity for X-rays for neutron star accretors with magnetic fields of
~ 102 — 101 G [Canuto et al., [1971, Mushtukov et al., [2015]. All three scenar-
ios pose a limit to the luminosity around a few 10* erg s=! which might not be
applicable for systems reaching higher luminosities.

Unlike the well-studied persistent ULXs, transient systems are less understood
and pose significant challenges to our knowledge of super-Eddington accretion
[Dage et all, [2021]. Characterizing the transient behavior of these systems is
difficult, as their observed luminosities and variability over short and long terms do
not exhibit clear patterns. However, one notable group among transient systems
includes neutron star-powered systems that transition non-periodically between
accreting and propeller regimes. These transitions are marked by abrupt changes
in X-ray luminosity, occurring suddenly without gradual increase or decrease,
resulting in a nearly bimodal distribution over time [e.g., Tsygankov et al.; 2016].
The long-term variability of this transition encompasses states where accretion
onto the neutron star is halted due to a substantial centrifugal barrier around a
rapidly rotating neutron star with a strong magnetic field |Illarionov and Sunyaev,
1975]. During these states, the source becomes dormant, with typical accretion
leading to extreme X-ray luminosities.

Furthermore, the majority of known black hole XRBs are in the quiescent state
and go through outbursts that can be tracked on a hardness-intensity diagram
(HID) marking different accretion states dominated by different components of the
system [Fender et al., 2004}, Dunn et al.| [2010]. These states are usually identified
as the low/hard state (LHS), high/soft state (HSS), and the steep power law or
intermediate state (branching into hard and soft intermediate states). The end
of a quiescent state is usually characterized by a transition from the LHS to the
intermediate state with an increase in the X-ray flux [Corbel et al., 2000, 2003|
accompanied by a radio emission due to the synchrotron radiation from a steady
relativistic jet [Blandford and Konigl, |1979| [Fender}, 2001, [Fender and Gallo|, 2014].
With increasing accretion rates going through the intermediate state, an increase
in the photon index is expected following the g-shaped path to the HSS. The soft
characteristics of the HSS are usually due to the dominant thermal component in
the X-ray continuum over the contribution from the comptonized emission. While
the entirety of a complete outburst can span multiple months, a failed outburst
can also occur for a few days where only an increase in the X-ray flux is observed
and the spectrum remains hard with no signs of additional spectral variability. On
the contrary to this clear evolution of sub-Eddington accretion disks in black hole
XRBs, the majority of the known ULXs are known not to transition through these
canonical soft and hard states [Berghea et al., [2008, |(Grisé et al.,[2012} Sutton et al.,
2013], while some were found to show great variations in luminosity and spectral
shape. Additional to the typical LHS, HSS, and intermediate state, |Gladstone
et al.| [2009] argued that ULXs could correspond to the so-called "ultraluminous
state” in which the source enters a super-critical accretion state.

Harboring a large population of XRBs and numerous ULXs, the nearby in-
teracting system of two galaxies, Mb51, located at a distance of 8.584+0.10 Mpc
[McQuinn et al., 2016] is one of the well-studied systems due to its face-on con-
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Table 4.1: XMM-Newton, Chandra and Swift observations of M51 used in this
paper (in chronological order).

DatalD ObsID Exposure” Start Date  F,° L4
Detection
S1 00032017092 1.63 2018-06-12 N/A N/A
X2 0830191501  63.00 2018-06-13  79.9 *33 703.9 7398
X3 0830191601  63.00 2018-06-15  88.1729 776.2 T4
C2 20998 19.82 2018-08-31 9.5+ 17 83.8 Hi32l
Upper Lim-
its
X1 0303420101  54.11 2006-05-20  17.9 157.7
C1 13815 67.18 2012-09-23  0.0469755341  0.413 T4713
X4 0852030101  77.00 2019-07-11  15.3 134.8
2(C, S, and X denote Chandra, Swift, and XMM-Newton observations, respec-
tively.

b Exposure time in ks.
¢ Flux values (10~'%erg s~'em™2) in the 0.5-7.0 keV energy range.
4 Luminosity values (10%¢erg s71) in the 0.5-7.0 keV energy range.

figuration in the sky. It consists of a spiral galaxy Mbla (namely the Whirlpool
galaxy) and a dwarf galaxy M51b or NGC 5194 and NGC 5195, respectively. It is
also known to host two neutron star powered ULXs: a PULX ULX7 [Rodriguez
Castillo et al., [2020] and ULXS8 that were found to exhibit a cyclotron resonant
scattering feature which is a result of strong magnetic fields pointing towards the
existence of a strongly magnetized neutron star [Brightman et al., [2018] while
no pulsations have been detected so far. Additionally, a bimodal luminosity dis-
tribution was observed from ULX4 [Earnshaw et al., [2018b], which could be ex-
plained as a result of the propeller effect observed in neutron star powered XRBs
while 4 sources ( CXOMS51 J132940.04+471237 and CXOMS51 J132939.54471244
[Urquhart and Soria, 2016 — previously known as a single source ULX1 [Terashima;
and Wilson, 2004], CXOMb51 J132943.3+471135 and CXOMb51 J132946.14+-471042
[Wang et al., 2018]) were observed to have eclipsing behaviors. The Swift moni-
toring campaign in 2018 revealed a new nearby X-ray luminous transient XT in
M51 [Brightman et al., 2020].

In this paper, we report the discovery and characterization of a new transient
ULX in M51 using Swift |Gehrels and Swift} [2004]), XMM-Newton [Jansen et al.,
2001] and Chandra [Weisskopf et al., 2002] observations. The source follows an
outburst behavior with an apparent luminosity of similar orders of magnitude
as its neighboring ULXs (Fig. . Previous studies of the bright star cluster
population in M51 revealed a star cluster located about 5.27 arcsec away from
the C2 position |[Hwang and Lee, 2008], which is similar to the distribution of
the sample of bright X-ray sources in starburst galaxies [Kaaret et all [2004].
The structure of this paper is as follows: in Sect. [4.2] we describe the selected
observations, the data reduction process, and spectral and timing analysis of the
source. In Sect. we present the results of our analysis and provide a discussion
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regarding the nature of the source and transient behavior in Sect. 4.4l Eventually,
we provide a summary of our conclusions in Sect.

4.2 Observations and Data Reduction

M51 has been extensively observed by Chandra and XMM-Newton between 2000
and 2021 enabling a long-term study of the growing ULX population in the galaxy.
We utilized all of the available archival observations obtained by Chandra, Swift,
and XMM-Newton to track the history of the source and calculate the upper
limits of the observed flux. The source was dormant in the majority of these
archival observations spanning 18 years of almost yearly observing time at sensi-
tivities Fy ~ 107erg s7tem™2 in 0.5 - 7.0 keV energy band achieved with Chan-
dra. Shortly after the first detection with Swift, the flux then increased sig-
nificantly during two XMM-Newton observations which unfortunately coincided
with the end of the observing campaign that lasted for a month with five evenly
distributed observations. The following Chandra observation then revealed a sig-
nificant drop in the flux by almost an order of magnitude only 76 days after its
observed peak. The remainder of the Chandra observations either did not pro-
vide enough count rates for detection or the source was outside the field of view.
We only list the archival Chandra, Swift, and XMM-Newton observations used
for detection and further analysis in [Table 4.1] separating the observations where
ULX* was detected and observations used to obtain upper limits before and after
the detection.

Including archival Swift-XRT observations, the "ultraluminous” phase of the
outburst lasted about seven days between June 12-18 2018 and no indications of
shorter bursts or any other irregularities were observed in EPIC-PN lightcurves
between 0.2-10 keV. The source was barely detected at a later ~20 ksec Chandra
observation (C2). We identify this detection as a "potential detection” because
while the source increased in flux by a factor of at least 200 in comparison with
the observed flux obtained from C1, the extraction of any science products with
statistically sufficient count rates. Using the detection in C2, we obtain the source
coordinates at 13:29:45.46 +47:09:32.48 (J2000). Individual and stacked Swift-
XRT observations before and after the outburst (until the end of 2023) did not
show any significant detection, suggesting the source probably did not go through
a similar outburst either as luminous or as long as this one. Simultaneous XMM-
Newton OM and Swift-UVOT observations revealed no optical and ultraviolet
(UV) counterpart for ULX* within 5arcsec radius around the position obtained
from C2 detection.

4.2.1 Chandra

The raw data were reduced to obtain cleaned level 2 event files by using the
chandra repro command available within the Interactive Analysis of Observa-
tions software (CIAQD) software (v.4.15) and the most recent calibration files at
the time of writing (v.4.10.4). The source was detected only in C2, although it
was still not bright enough for extracting a spectrum and a light curve with high
enough signal-to-noise (S/N) ratio. We use this observation to obtain a more
precise source position. To do so, we extracted a full detector image together
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with the corresponding exposure and point spread function (PSF) maps in the
0.5 — 7.0 keV energy band. We then used the exposure and PSF maps within
the wavdetect routine to perform source detection. For the rest of the Chandra
observations in which the source was in the field of view, we performed the same
routine to check for any significant detection. Even for the observations with no
detection, we used the srcflux task to calculate the flux values to obtain upper
limits. The lowest value obtained was from the 67.18 ks observation C1 with
F.=4.69 x 107" erg s7'em™2 in 0.5-7.0 keV energy range with a corresponding
luminosity L, = 4.13 x 10% erg s™! assuming a distance of 8.58 Mpc. We list
calculated flux values of both C1 and C2 in Table 4.1 While C2 provided a clear
detection of the source, the total number of counts did not allow a proper extrac-
tion of the spectrum, hence this observation is used only for flux calculations and
source coordinates.

4.2.2 X-ray Multi-Mirror Mission (XMM-Newton)

We examined all publicly available XMM-Newton observations to search for any
significant source detection. Among these, only the observations listed in Ta-
ble resulted in net counts significant enough for detection with XMM-Newton
and were consequently used for further analysis. The source was clearly detected
in both X2 and X3 (observation IDs: 0830191501 and 0830191601, respectively).
During these two observations, both EPIC-MOS1 and MOS2 were operated in
small window mode around the galactic center leaving the source out of the field
of view of the pointing. Only the EPIC-PN was operated in the full frame mode.
In the observation prior to both X2 and X3 (observation ID: 0830191401), the
source location falls on the chip gap making it impossible to get any detection.
We used the XMM-Newton Science Analysis System (SAS) software (v.21.0.0) for
data reduction following the online analysis threads. We used epproc to repro-
cess the observation data files from EPIC-PN and extract calibrated event files.
Neither of the observations showed signs of a flaring particle background. The
default RATE EXPRESSION was used to extract the good time interval (GTI) files
and obtain filtered event files for further analysis. The background corrected light
curves and spectra were extracted from ~12arcsec centered around the source co-
ordinate obtained from C2 with a background region of ~30arcsec selected from a
nearby source-free region. We followed the recommended selection expression and
restricted the patterns only to single and double events (PATTERN<=4). We then
used the SAS tools rmfgen and arfgen to generate redistribution matrices (rmf)
and ancillary files (arf), respectively. The obtained spectra were then grouped
with the specgroup task and binned to have at least 20 counts per bin.
Additionally, we used other observations where the source was dormant to
obtain the upper limits of the source flux before and after the first detection in
X2. We first produced the sensitivity maps of each observation with the SAS
tool esensmap and then used HEASARC’s online webpimms tool adopting the
power-law model with I' = 2.1 and Ny = 0.2 x 10722 ecm~2 to convert the cor-
responding values into flux in the 0.5-7 keV energy band. Before X2, the lowest
flux value calculated from the source location was obtained from the 54.11 ksec
observation (X1), where we estimated a 90 percent c.l. upper limit of its X-
ray flux to be Fy = 1.79 x 107! erg s~'cm~? with a corresponding luminosity
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L, =1.57 x 10® erg s™'. Following the last XMM-Newton detection (X3), the
source decreased in the luminosity below the detection limit of the instrument
and the upper limit on the flux and luminosity was even lower than before the
detection with F, = 1.53 x 107 erg s 'ecm~2 with a corresponding luminosity
Ly =1.34 x 10%® erg s7%.

In Fig. [4.2] the long-term evolution of M51 ULX* using Chandra and XMM-
Newton observations shows the evolution of the observed X-ray luminosity in
the 0.5-7.0 keV energy band with upper limits obtained before and after the
brightening.

4.2.3 Neil Gehrels Swift Observatory (Swift)

Swift has observed Mb51 extensively since 2005. We make use of this long-term
monitoring to study the long-term variability of M51 ULX* and better identify the
length of the outburst. For that, we used Swift-XRT images of each observation
spanning nearly three years before and after the first XMM-Newton detection.
We extracted Swift-XRT images using the standard online tools provided by the
UK Swift Science Data Centre [Evans et al., 2009] for each observation. Before
the outburst, the source showed no significant variability above the instrumental
sensitivities while following the XMM-Newton detection, only one Swift observa-
tion provided a detection. Unfortunately, the net count rate for that observation
was not enough to extract a background-subtracted spectrum with a sufficient
number of bins for proper spectral modeling.

4.2.4 Hubble Space Telescope (HST)

HST, unfortunately, did not observe M51 during or shortly after the outburst. To
investigate the region further, we used HST observations taken in September 2014
with the WFC3/UVIS F275W filter (ProplD: 13364, PI Calzetti). We selected a
region of 2 arcsec centered around the source coordinates obtained by the Chandra
detection and assumed an error margin of 0.5 arcsec. We then performed a PSF
photometry with the DAOPHOT package on IRAF with a 2 pixel aperture. The
bottom left image in Fig. shows the population of possible point sources we
were able to identify within this region highlighted with yellow smaller circles.

4.3 Data Analysis and Results

4.3.1 Spectral Analysis

We performed the spectral analysis with xspec (v.12.13.0c) |Arnaud} (1996 within
HEASOFT (v.6.31.1). We utilized Cash statistic namely C-stat [Cash, 1979] to ac-
count for the Poisson distribution of the observed photons in such low count
rate spectra. We performed the initial analysis using xspec to explore the pos-
sible contributions to the model and make a preliminary model comparison. We
initially used a simplistic model consisting of an absorbed power law. Both spec-
tral fits resulted in reduced y? values well below two while the second spectrum
had a statistically significant increase. To improve the parameter estimation and
perform a more comprehensive model comparison, we made use of the Bayesian
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Figure 4.2: Long-term evolution of the observed X-ray luminosity in the 0.5-7.0
keV energy range. Arrows correspond to the calculated upper limits for XMM-
Newton (pink) and Chandra (orange) and circles denote the observations in which
M51 ULX* was detected. The observed outburst is marked with a blue-shaded
region.

Analysis Package (BXA, Buchner et al. [2014]), which is a Bayesian framework
utilizing the nested sampling algorithm UltraNest |[Buchner;, 2016, 2019, [2021] to
explore the parameter space of any given model and provided priors. For ng and
normalization parameters of both models, we used wide log-uniform and uniform
priors for T, and I', respectively.

We first applied a simple absorbed power-law model (TBabsxpowerlaw) to
both spectra using default element abundances and cross-sections [Anders and
Grevesse, |1989, Verner et all [1996] with all parameters left free to vary. While
spectral shapes of both observations remained similar with only a small increase
in the flux (see both panels of Fig. [£.3b)), the second observation (X3) produced
significantly worse fit test statistics with x?/dof=57.83/36. Given the increase in
the x?/d.o.f. with increasing flux, we attempted an additional fit with a multicolor
accretion disk model in TBabs X (powerlaw+diskbb). While the fit test statistics
improved, the residuals in lower energies do not exhibit significant differences
between the two observations. We conclude that this is unlikely a statistically
significant contribution, if present due to the reduced count rates at such distances
and instrumental limitations.

In addition to the phenomenological model powerlaw, we tried different models
of the Comptonisation component to better describe the high energy contribution
to the continuum but given the soft nature of both spectra, we found no signif-
icant improvement to the fit. Following the discussion in [Stobbart et al., 2006,
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Table 4.2: Results of the spectral fits with TBabs xpowerlaw to all XMM-
Newton data used in this paper. Here Ny is the absorption column density,
I' the power-law photon index.

DatalD x?/d.o.f.2 Ny r L.

(10%2) (10% erg s71)
X2 34.66/31 0.137903 2.687011 7.04 7039
X3 57.83/36 0.14 £0.02  2.677913 7.59 T8

@ Both fits with Xspec and BXA were performed with C-stat fit statistics and
Chi-squared fit test statistics are presented here to evaluate the goodness of
fit between the two observations.

b Luminosity in the 0.3-10.0 keV energy range calculated using the flux values
obtained from spectral fitting assumed distance of 8.58 Mpc.

Gladstone et al.; 2009, Koliopanos et al., |2017b, [Walton et al., 2021}, we included
two disk components to test the presence of a two-temperature thermal compo-
nent, which is usually characterized by two nodes of temperatures of around 0.3
keV and 3 keV where the latter is used to describe an inner accretion flow; and the
low-temperature component is assumed to arise from either the outer regions of
the accretion disk or the photosphere of a strong wind [King and Pounds, 2003].
While this approach is preferred for super-Eddington accretion disks, the addition
of another disk component provided only a statistically insignificant decrease in
the fit test statistics which could be interpreted as a result of the addition of two
more free parameters to the fit. Both disk temperatures remained relatively low,
with the higher temperature component reaching only £7}, ~ 0.62 keV.

Fig. presents the corner plot showing the distributions of parameters
in TBabs xpowerlaw. The increase in the flux resulted only in a change in the
normalization parameter of powerlaw for X2(blue) and X3(green).

4.3.2 Timing Analysis

We carried out a detailed timing analysis to look for coherent pulsations in the
XMM-Newton EPIC-pn data. We did not use data from other instruments or
satellites, as they do not provide sufficient time resolution for pulsation search
with periods around 1 s, which is the period typically found for this kind of source.
First, we performed a Fast Fourier Transform (FFT) analysis on the light curves
with a time resolution of 74.3ms (the frame time of the EPIC-pn detector) be-
tween 10~%-7Hz. We did not find any significant peaks in either the X2 or the
X3 data.

We then performed an accelerated pulse period search by performing epoch-
folding over a grid in P and P space, between periods P = 0.25-1.25s and period
derivatives P = —1.5 x 107°-1.5 x 107?s~'. This range covers the typical values
found in other ULX pulsars [e.g., Israel et al., |2017a), [Furst et all 2016]. Again,
no significant pulsations could be identified in either the X2 or X3 data.

To put upper limits on the pulsed fraction in these observations, we simulate
butevent files based on an input event list with the same average count rate as
the real data, but with added sinusoidal pulsations, resulting in a pulsed fraction
PFgm. The simulations follow the method described in [First et al.| [2021] and
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are based on the method used in the Stingray software package [Huppenkothen
et al., 2019]. Specifically, we simulate event lists with pulsed fractions for each
observation, PFg,,, 0.1 < PFy,, < 0.9 in steps of 0.01. For each value of PFy;,
we generate 100 statistically independent event lists and search within each list
for pulsations using the epoch folding technique. We do not include P in these
simulations as it does not influence the obtained upper limit. We define the upper
limit on the pulsed fraction as the value where at least 90 per cent of all simulated
event lists provide detection of the pulse with at least 99.5 per cent significance.
We find an upper limit of PF < 32 per cent for X2 and PF < 29 per cent for X3.

4.4 Discussion

M51 has been subject to extensive observing campaigns by XMM-Newton, Chan-
dra, and Swift spanning over almost two decades. However, prior to the 2018
long-term Swift monitoring |[Brightman et al., 2018], no continuous observation
campaign had been conducted. Starting in May 2018, the monitoring period ex-
tended almost 1.5 years without yielding any significant detection of M51 ULX*
reported. This could be attributed to the distance to M51 and relatively shorter
snapshots obtained by Swift compared to XMM-Newton and Chandra observa-
tions. Due to the sparse long-term coverage of M51, it remains challenging to
identify the course of the outburst between May and August 2018 and the over-
all duration of the decay subsequent to the initial detection in X2. During the
XMM-Newton observation before X2, the exact source location obtained by the
Chandra detection coincided with a chip gap, precluding the observation from
being used for any further analysis. M51 ULX* was out of the field of view in the
consecutive Chandra observations until it was detected in C2 before the observed
flux fell below the detection limit again, thus setting a maximum decay period
of 78 days. It is possibly reasonable to expect that the two-day rise continued a
little further reaching and even exceeding 103 erg s~!, instead of abruptly stop-
ping after X3. It is, however, not possible to infer the exact value of the peak
luminosity. We, therefore, favor identifying ULX* as a candidate ULX since the
source is observed to be accreting at super-Eddington rates for a stellar-mass
compact object, critically close to the appointed limit of 10%° erg s=! adopted in
the literature for the identification of a ULX |Kaaret et al., 2017, |Fabrika et al.,
2021].

4.4.1 Spectral Properties and Variability

Except for the slight increase in the X-ray flux, no significant variability was
observed in either X2 or X3 spectra. This slight change resulted only in a small
difference in the normalization parameter of powerlaw when fitted with a simple
absorbed power law (TBabsxpowerlaw) (Fig. [4.3a)). Both spectra remained soft
throughout the increase in the flux with I' ~ 2.6.

4.4.2 Timing Variability and Geometry of the System

The light curves for X2 and X3 showed no significant variability on the short-time
scales within the observation exposures and no signs of significant outbursts or
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eclipsing behavior. The lack of eclipsing behavior might be interpreted as a sign of
a lower inclination angle of the system, however, this argument might not be valid
for orbital periods on the scales longer than a few days or weeks. Unfortunately,
due to the lack of more observations with the source in an outburst, it is not
possible to infer the timescale of the orbit of the system.

A detailed timing analysis using both X2 and X3 revealed no significant pulsa-
tions. This is not surprising, since only a very small fraction of the observed ULXs
is accompanied by pulse detection [Misra et al., 2024] while the majority of these
sources are expected to harbor neutron stars [King and Lasotal,[2016]. In many of
the cases, significant pulse detection requires a large PF [Mushtukov et al.; 2021],
and Earnshaw et al.| [2019a] showed that only a small fraction of almost 400
ULXs with XMM-Newton observations can actually provide the statistics needed
for significant detection. A significant portion of pulsation ULXs are expected to
have large PFs. Typically, ULXs with detected pulsations are accompanied by
PF>10-20 per cent and Mushtukov et al.| [2021] argued that only an insignificant
portion of PULXs with PF>10 per cent will be strongly beamed along the line
of sight with high amplification factors. This means the apparent luminosity will
not be a result of amplification of the intrinsic accretion luminosity. [Misra et al.
[2020], on the other hand, invokes the geometrical beaming as the only condition
to explain super-Eddington luminosities.

The upper limit on PFs from X2 and X3 falls close to the observed pulsating
ULXs, ruling out the detection of strong pulsations. In a more recent study, P13
was found to show an anti-correlation between the observed PF and flux but no
clear trend with the spectral shape [Furst et al. [2021]. The high PFs at lower
fluxes could be a result of pulsed emission from the accretion column dominating
the observed emission where this component would be expected to dominate at
higher energies of the X-ray spectrum [Walton et all 2018]. Transitioning to
higher fluxes where the contribution from the disk emission could surpass the
pulsed emission, the spectrum is expected to be dominantly softer. However,
King and Lasota [2020] argues that the system needs to be observed in a very
specific geometric configuration to reveal pulsed emission to the observer. When
the system is observed when the spin axis of the neutron star is along the line of
sight, the pulsed emission is expected to successfully escape the system before it
gets scattered, going through an obscuring column. Additionally, the alignment
of the spin and accretion axes will result in the obscuration of the pulsed emission.

At accretion rates close to the critical value, the disk is expected to be ge-
ometrically thick, enclosing the central neutron star at the base of a radiation-
pressure-dominated funnel. The radiation escapes from both the thick accretion
disk surface and the neutron star at the base of the funnel, which leads to strong
beaming and magnification of the observed luminosity [King and Lasota;, 2020,
Abarca et all 2021]. A face-on configuration of the system would then result
in a beamed emission, where this amplification in the apparent luminosity was
suggested to be present in all ULXs to explain their bright nature. If this were to
be the case for M51 ULX*, the spectrum would be expected to be harder since
the hot inner accretion flow would dominate the broadband spectrum. On the
other hand, if the inclination angle is assumed at i ~ 50°, we can then explain
observed properties of ULX* as beamed emission of a disk accreting at around
the Eddington limit and observed at an angle close to the expected surface of the
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thick disk. Then, we could observe the disk up to its center, and the apparent
luminosity would be only slightly beamed. Nevertheless, it is not easy to identify
by what factor it will contribute to the apparent luminosity. From a different
point of view, while only a small fraction of PULXs is expected to show signs
of geometrical beaming (see Mushtukov et al. [2021] and references therein), it
is considered to be a key component of the theories explaining the ionization of
intergalactic medium (e.g. Rickards Vaught et al.| [2021], Kovlakas et al.| [2022]).
However, the geometrical beaming fails to explain the transient behavior of the
population.

While the absence of eclipsing behavior can be used to assume a rather low-
inclination angle of the system only under the assumption that the orbital period
of the system is short enough to be observed within the 3-day period between
X2 and X3, it does not give any information about the configuration of the spin
and disk axes. On the other hand, Super-Eddington accretion also invokes the
launching of strong disk winds and the presence of such powerful outflows observed
at higher inclination systems was used to explain the soft nature of some ULX
spectra [Pinto and Walton, 2023]. The observed properties of these outflows are
affected by a combination of the inclination angle of the system and the mass
accretion rate which defines the opening angle of the funnel. The hardness ratio,
however, shows a pattern with respect to the line of sight velocity of the wind
where harder ULX spectra were associated with fast and hot outflows and vice
versa |[Pinto and Kosed, 2023]. The soft nature of M51 ULX* fits well with a
higher inclination angle, possibly not nearing the extreme edge-on geometry, and
will support the non-detection of pulsations. However, if the non-detection of the
pulsations is only expected to be explained by a strong obscuration along the line
of sight, it would indicate larger absorbing columns than our spectral analysis
revealed.

4.4.3 Nature and Mass of the Accretor

High luminosities of observed ULXs raised the assumption that these objects
should be intermediate-mass black holes accreting at sub-Eddington rates, how-
ever now there is growing support for the idea that these sources are dominantly
powered by accretion onto neutron stars instead |[Koliopanos et al., 2017b|. This
support, however, simply does not provide enough grounds to make it easy to
completely rule out the black hole nature of these compact objects. It might
not be appropriate to rely solely on the lack of pulsation observations or pro-
peller regime-like variability to infer the existence of a black hole accretor. In
this section, we consider potential scenarios to investigate the nature of the com-
pact object and the structure of the accretion disk based on available observed
properties.

Stellar-mass Compact Object: Black Hole vs. Neutron Star

A stellar-mass black hole with Mgy < 10M would suggest that the accretion can
surpass the Eddington limit entering the ultraluminous state (e.g. see (Gladstone
et al.| [2009] and [Motta et al.|[2021] for a review). For a typical black hole XRB,
each state is characterized by a certain timescale [Dunn et al., 2010], and a typical
outburst observed in many XRBs can last for several months while outbursts
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on much shorter timescales are referred to as failed outbursts where the source
fails to transition from the low/hard state (LHS) to the high/soft state (HSS).
However, these failed outbursts are characterized by a short-lived increase in flux
accompanied by much harder spectra (I" ~ 1.7). In the case of a typical black
hole XRB, the transition from a quiescent state to ultraluminous following an
increase in the observed flux by several orders of magnitude is not expected to
take place on timescales similar to the outburst observed in ULX*. Additionally,
the transition from an LHS to HSS observed in many black hole XRBs is expected
to have signatures of accretion state changes characterized by the hardness of the
spectrum while M51 ULX* showed no signs of spectral variability throughout
the outburst, with a somewhat soft spectrum (I" ~ 2.6) accompanied by a slight
increase in the observed flux. If these two observations are to be taken as the
"awakening” of a black hole accretor, then the rise in the X-ray flux should have
been accompanied by a hard spectrum with I' ~ 1.7 which stays constant before
entering the intermediate state (see [Dunn et al.| [2010] and [Dunn et al.| [2011] for
a more detailed discussion). On the other hand, sudden softening of the spectrum
throughout the rise from the LHS is not that unexpected in the case of a Compton-
thick disk wind as observed in GRO J1655-40 [Uttley and Klein-Wolt| [2015] while
this scenario is hard to either prove or rule out due to significantly reduced signal-
to-noise ratio at higher energies where the signatures of absorption due to a disk
wind are expected to be observed. The anomalous case of GRO J1655-40 is so
far observed to be isolated and the accretion rate through that shift remained
well below the Eddington limit for a stellar-mass black hole accretor [Dunn et al.,
2010, 2011, |Uttley and Klein-Wolt|, 2015, |Yilmaz et al., [2023].

The sudden increase of the flux, resulting in the soft nature of the spectra
could indicate the presence of an accretion disk. However, currently available
accretion disk models are not able to explain the short-lived outbursts observed
in several ULXs. For a stellar-mass black hole accretor powering ULX*, then, the
accretion disk is expected to be geometrically very thick due to the high mass
accretion rate, and emit a soft spectrum. As accretion continues, the material in
the accretion disk drags the magnetic field along toward the innermost regions of
the disk. This "piling up” of these weak magnetic fields results in a rise in the
strength of the total magnetic field within the inner regions of the disk. Once
the magnetic field strength reaches a critical limit, the accreted material is then
"arrested” by the magnetic field and can no longer accrete onto the black hole.
This structure is therefore called the magnetically arrested disk or MAD [Narayan
et al., 2003].

Currently, the MAD transition remains an accretion regime to be discovered in
more sources and a detailed description of the phenomenon can only be obtained
by complex numerical simulations. Unfortunately, due to the lack of frequent
radio observations, the outburst was not accompanied by a spatially resolved
detection. Although the MAD state can possibly describe the sudden break in
accretion, a possible transition to this state might not explain the state leading
to the sudden brightening of ULX*.

Another possible scenario for transient ULXs with a superorbital period is
the presence of a precessing warped disk that is inclined with respect to the
rotational axis of the central object. The Lense-Thirring precession would lead to
a periodical obscuration of the central regions, as was observed in similar transient
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NGC 925 ULX-3 |[Earnshaw et al., [2020]. However, in the case of ULX*, we
do not observe any periodicity, which could be the result of the lack of long-
term observing campaigns of M51. The sharp decay and a single occurrence of
the source are strongly in contradiction with this scenario, and we can almost
certainly rule it out.

Neutron stars, on the other hand, are found to be more variable and neutron
stars with stronger magnetic fields are observed to be short-lived [Thompson and
Duncan, [1995]. Considering M51 is a star-forming galaxy and the association
of neutron stars with recent star-formation history (e.g. Heger et al. [2003] and
Cerda-Duran and Elias-Rosal [2018] for a more recent review), it is not straightfor-
ward to rule out the neutron star nature of the accretor. Invoking a neutron star
as an accretor could ideally provide a plausible scenario in which the accretion
stops abruptly. A neutron star will only be able to accrete matter when the coro-
tation radius is located outside the magnetospheric radius for spherical accretion.
In this case, if there is a drop in the luminosity, the magnetospheric radius can
become larger and eventually enter the propeller regime and shred the accretion
disk apart.

Propeller effect, however, is usually used to explain the bimodal distribution of
the observed flux in some ULXs over a longer period of time, spanning months or
even years. Although the M51 ULX* does not show similar properties, we cannot
definitively consider this as an isolated event and rule out the absence of a possible
bimodal distribution in the future due to the lack of more frequent long-exposure
observations. For a known PULX M82 X-2, Brightman et al.| [2016] argued that a
luminosity on the orders of ~ 2x 103 erg s~! is required for a magnetic field of 10*3
G and a pulse period of 1.37 s. In the presence of a neutron star, Koliopanos et al.
[2017a] showed that there is a clear trend of increasing magnetic field strength
and observed luminosity in neutron star-powered ULXs. While stronger magnetic
field neutron stars can maintain efficient super-Eddington accretion, weakly mag-
netized neutron stars are argued to be able to reach super-Eddington regimes,
launching powerful outflows instead [King and Lasota, [2016].

Another set of transient X-ray binary systems is known to harbor a Be star as
a companion in which the compact object is usually a neutron star (see Reig| [2011]
for a more detailed review and the references therein). Be/XRBs or BeXRBs are
found to undergo two types of outbursts: (i) Type-I, periodic or quasi-periodic
short outbursts spanning a small fraction of the orbital period where the peak
X-ray luminosity is usually below ~ 1037 erg s7!; (ii) Type-II, relatively longer
and less frequent outbursts that show a significantly larger increase by three to
four orders of magnitude in the X-ray luminosity reaching the Eddington limit for
a neutron star accretor. The Type-II outbursts are not usually characterized by
the orbital phase of the binary and are thought to persist for a significant portion
of an orbital period, sometimes even stretched across multiple orbital periods. It
is possible to introduce the long-lasting quiescent phase of ULX* as a result of a
large orbital period of the system but it is clear that the long-term evolution of
the source spanning almost two decades rules out the Type-I outburst. On the
other hand, the increase in the flux by a factor of ~ 200 remains significantly
lower by the increase characterizing the Type-II outburst and the outburst ULX*
was observed to transition through could be considered relatively short if it were
to encompass multiple orbital periods which can be reasonably assumed to be

104



large enough to explain the long-term quiescence of the system. The distant
nature of many ULX-harbouring galaxies, including M51, limits the investigation
of whether an infrared excess or the presence of emission lines in the spectrum
and, hence, the identification of the donor star in the majority of cases.

Background Tidal Disruption Event or Active Galactic Nucleus

The absence of bright optical or UV counterparts with comparable flux densities
to the observed X-ray emissions eliminates the possibility of the source being a
background quasar or blazar [Shang et al) 2011]. This lack of counterparts is
not uncommon among a wider sample of ULXs. [Ptak et al|[2006] found that
only 28 out of 44 ULXSs in their sample had optical counterparts, and only 10
showed activity in other wavelengths. On the other hand, the transient nature
of the emission from ULXs is common but the observed trends are not as easily
characterized by similar parameters as XRBs accreting at sub-Eddington limit,
regardless of being a black hole or a neutron star. Isolated bursts on the timescales
of 2-3 months across almost two decades of observing time of their host galaxies
can infer the rise and decline of a tidal disruption event (TDE).

A TDE occurs when a star approaches close enough to a massive object, whose
tidal field overcomes the self-gravity of the star. As a result, the star is elongated
into a stream. Immediately after the first pericentre passage, half of the star is
ejected while the other half remains bound. As a result, a fraction of the bound
material is accreted, which generates a bright signal with a characteristic power-
law decay that can last from days to years [Hills, 1975, Rees, 1988, |Alexander,
2005]. TDEs have been detected across the whole electromagnetic spectrum but
mostly in optical, UV, and X-ray bands [see Gezari, 2021, for a review]. Although
the power mechanism of TDESs is not completely understood yet, it is possible to
compare our sources with the confirmed TDE sample, especially with the ones
detected in X-ray [see [Saxton et al. 2020, for a review]|. By doing so, we can get
an idea if the TDE hypothesis is consistent with these sources or not. We use
the sample collected by |Gezari [2021], who compared the peak luminosity with
the black-body temperature of the events [see Fig. 2 in |Gezari, |2021]. In this
analysis, they showed that the events can be separated between the ones detected
in the optical and X-ray bands, shown as grey and black dots, respectively. To
include our sources in the analysis it is necessary to assume a distance so that we
can compare intrinsic properties of the events.

Assuming a distance to the source at 8.58 Mpc, the X-ray luminosities ULX*
is about 5 x 103 erg s=!, which is significantly smaller than the X-ray observed
sample (10*' — 10% erg s7!). Given that the majority of the observed population
of TDEs is observed in post-starburst galaxies at the relatively lower end of the
redshift (z < 0.5) scale |Arcavi et al., 2014} [French et al., 2016], we can assume a
maximum distance at around 42.9 Mpc where this assumed limit to the distance
in the TDE scenario corresponds to redshift z ~ 0.5. By doing so, we can position
both temperature values from X2 and X3 in the region of low peak luminosities
(103 — 10%° erg s71). Following our results, these observations are relatively far
from the typical luminosity of the X-ray detected TDEs (about two orders of
magnitude).

On the other hand, short-lived X-ray outbursts lasting only a couple of months
are not expected to be observed in active galactic nuclei (AGN). AGN variability
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could be observed on timescales of hours to years in a subclass of this popula-
tion ”changing-look AGN” where the subtle changes in the obscuring column are
thought to be caused by a clumpy medium located at distances much smaller
than the canonical torus structure|Matt et al., 2003| |[LaMassa et al., 2015, Gra-
ham et al| 2020]. The rapid long-term variability on the orders of days observed
in ULX* accompanied by no strong variations in the line-of-sight column den-
sity further eliminates the possibility of a background AGN nature [see Ricci and
Trakhtenbrot, 2022} for a review].

4.4.4 Multiwavelength Counterparts

We extended our analysis to search for possible multiwavelength counterparts
within the region corresponding to the Chandra detection. XMM-Newton-OM
provided no detection during the outburst although it is most probably a result of
the instrument’s limited sensitivity to detect a companion at such large distances
similar to the case of M51. Even in the case of a possible detection, it is highly
unlikely that the contribution will be observed only from the companion but
could correspond to a populated region which can be better resolved with HST.
Unfortunately, HST did not observe the region where ULX* was detected on the
same temporal frame of Chandra and XMM-Newton detections, neither during
nor shortly after the outburst. We could not identify any strong candidates for
counterparts in the optical range although, in different temporal frames, several
sources were located within the Chandra aperture of 2arcsec in the UV (see
Fig.[4.1). When the metallicity of the galaxy is considered [Wei et al. [2020] in
combination with the distance, we were able to identify a total of 10 possible
counterparts compatible with OB-type stars and magnitudes between 23 and
26 mag. However, we cannot make any certain conclusions about these possible
counterparts due to the lack of several other filters which makes it impossible to
create a color-magnitude diagram.

4.5 Conclusions

We report the discovery of a new candidate ULX in M51, ULX* located at
13:29:45.46 +47:09:32.48 (J2000), which is only 5.27 arcsec away from a star clus-
ter, consistent with ULXs found in starburst galaxies. We observed no variability
in the spectral shape, the spectra remained fairly soft with I' ~ 2.6. During
the observed portion of its outburst, ULX* reaches a maximum luminosity of
Ly ~ 7.6 x 10%8ergs~!. Given that this luminosity will be equal to or higher than
the Eddington limit for a stellar-mass object, we categorize this source as a ”can-
didate” ULX. The lack of subsequent XMM-Newton observations following X3
limits our attempt to further investigate the peak of the outburst while it is fairly
reasonable to expect the maximum observed luminosity reaching 10*%ergs—1 or
even more. A detailed timing analysis revealed no detection of pulsation in X2
and X3 with an upper limit to pulsed fractions at <32 per cent and <29 per cent,
respectively. We also detected no short-term variability in both of the light curves
during the bright epoch. Simultaneous XMM-Newton OM and Swift-UVOT ob-

servations did not detect any counterparts in optical or UV wavelengths. The
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absence of emission in these longer wavelengths rules out the presence of a back-
ground quasar or a foreground star. Therefore, we conclude that the compact
object is likely to be either a stellar-mass black hole or a neutron star.

The absence of pulsations with upper limits on the PFs close to the PULX
regime could only help to constrain a possible geometrical configuration of the
system. However, this is not enough to explain the powering mechanism of the
transient nature of the event. We conclude that the source contributes to a
now growing gap in our understanding of the accretion phenomenon at high mass
accretion rates. It is unlikely to sustain an accretion disk that is geometrically thin
at super-Eddington accretion rates assuming geometrical beaming does not result
in significant amplification to the apparent luminosity. Such high and variable
accretion rates are expected to result in instabilities in the innermost regions of
the accretion flow due to the configuration of magnetic fields, resulting in the
shredding of the disk structure halting the accretion altogether. We conclude
that the lack of long-term observing campaigns of M51 limits our understanding
of the properties of the system as well as the true mechanism behind the sudden
disruption to the outburst.
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Conclusions and Discussion

Accretion disks around compact objects especially black holes in X-ray binaries
are perfect environments we cannot recreate on Earth to study the behavior of
matter under the influence of strong gravitational potentials around these objects.
Due to the X-ray bright nature of these binary systems, continuous observing
campaigns of these sources provide an exceptional set of spectra to study the
formation, geometry and evolution of accretion disks. In this thesis, we used
publicly available RXTE observations of GRO J1655-40 and LMC X-3 to study
the evolution of accretion disks as these two sources transitioned through multiple
outbursts between 1996-2012. In contrast to the previous studies, we focused
on spectral analysis of the accretion disk emission using disk models that can
account for the relativistic effects on the material orbiting in the closest region to
the black hole. We also report the discovery of a new transient ULX candidate
in Mb51, exhibiting an unusual long-term variability. It now contributes to a
growing population of serendipitously discovered transient ULXs and challenges
our current understanding of the evolution of accretion disks across a large range
of observed X-ray luminosities.

We utilize this section to emphasize the main results of the research that
has led to the completion of this thesis and provide a short discussion on the
importance of the findings in the context of the accretion phenomenon.

Evolution of Accretion Disks Around Black Holes
Across the Luminosity Scale

Accretion disks around stellar-mass black holes evolve as the system adapts to the
changes in the rate at which the material is being accreted. With increasing X-ray
flux, the innermost edge of the accretion disk is expected to approach the black
hole which results in the further heating of the material. Meanwhile, the radiative
efficiency of the accretion flow increases as the disk assumes a geometrically thin
but optically thick geometry (Shakura&Sunyaev/Novikov&Thorne accretion disk
solution). At this stage, the dominant cooling mechanism is presumed to be
radiation. The radiative efficiency depends strongly on the black hole mass and is
expected to increase up to 42% for a maximally spinning Kerr black hole. Further
increase in the mass accretion rate, on the other hand, results in an additional
radial cooling mechanism via advection. Consequently, the radiative efficiency of
the disk starts to decrease as advective cooling gains dominance. The accretion
disk geometry at this stage is expected to experience an increase in the geometrical
thickness while the exact structure and components of this specific geometry are
still under heated debate.

It is now a common practice to study the interplay between the different
components contributing to the broadband X-ray spectrum by tracing the path a
source follows in a diagram highlighting the changes in the intensity and hardness,
the hardness-intensity diagram. This diagram is nearly perfectly constructed
for many X-ray binaries that are known to harbor stellar-mass black holes but
the further introduction of higher luminosities to the diagram is still a missing
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link between sub-Eddington accretion in black hole X-ray binaries and super-
Eddington luminosities observed in ultraluminous X-ray sources in the context of
the accretion phenomenon.

Not every outburst is identical to one another even though the properties of
the binary system are not subject to dramatic changes. The 2012 outburst of GRO
J1655-40 showed that the premature launching of an accretion disk wind shifted
the rising arm of the g-shaped path in HID to much softer states while LMC X-3
was actually found to not have a well-constructed g-shape at all. Both black holes
residing in these two systems are found to have very similar black hole masses and
the inclination of the accretion disk is almost identical within a well-constrained
range. This disparity in the observed HID clearly shows that even fundamentally
similar black holes can in fact transition through the same accretion rates but
not exhibit similar spectral properties throughout each outburst. It is also worth
noting that both systems are low-mass X-ray binaries with fairly similar orbital
periods.

Ultraluminous X-ray sources, however, remain on the less understood part of
the X-ray bright universe. Perhaps it requires even more time to develop a better
understanding of the accretion flows powering these extremely luminous events.
Motta et al.| [2021] recently included the ultraluminous state as an additional
part of the HID, while there has been not a single source observed to remain in
the ultraluminous state long enough to be identified as a ULX and yet transition
through the traditional g-shaped path in the HID. They also do not follow the
same trends as neutron star powered X-ray binaries. Many of the sources that
exhibit a transient nature are also shown to not have significant spectral variability
similar to black hole X-ray binaries even though the changes in the observed
luminosities can reach as high as few orders of magnitude. This introduces a new
challenge to our understanding of the interplay between the "hard” and "soft”
emission and their origins.

The currently available accretion disk solutions unfortunately lack the connec-
tion between the sub and super-Eddington accretion regimes. Our assumptions
can indeed hold for a fairly small range of observed luminosities but the current
state of the technology we could/can adopt in current and future X-ray observa-
tories limits our capabilities to study the lower end of the luminosity scale. This
limitation also holds for ULXs due to their distant hosts. However, we do know
that accretion flows at both ends of the luminosity scale become less radiatively
efficient. For super-Eddington luminosities observed from ULXs which usually
reach a couple of orders of magnitude of the Eddington limit for a stellar-mass
accretor suggests that the intrinsic mass accretion rate is even higher than we
can observe through radiation. This further complicates the mechanisms that
can result in such extreme accretion rates through stellar evolution models. Once
observed, the long-term variability of ULXs can be used to infer the nature of
the accretor only in a very specific distribution of the observed luminosity. The
presence of a clearly defined bimodal distribution of the observed X-ray luminos-
ity can be attributed to the presence of a neutron star accretor. In this case,
the accretion is believed to be halted due to the relative position of the magne-
tospheric radius and the corotation radius. This, however, requires abrupt drops
in the X-ray luminosity in contrast to the clear evolution observed in black hole-
powered X-ray binaries. On the other hand, continuous decreases/increases in the
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observed flux unfortunately cannot be interpreted as a signature of a black hole
accretor similar to the presence/absence of repeated outbursts.

ULX* recently discovered in M51, with its abnormally short outburst followed
by two very soft spectra, now contributes to a growing population of transient
ULXs that do not show the bimodal distribution in X-ray flux but rather exhibit
patterns of variability that currently cannot be categorized into any well-defined
groups. However, it is now also widely assumed that this is dominantly a result
of the lack of long-term observing campaigns of ULXs and the fact that these
transient sources were actually identified serendipitously. We conclude that a
future systematic study of spectral and timing properties of a larger sample of
transient ULX will provide a larger dataset that could allow us to identify the
launching and evolution of the transient event. We can then start constructing a
more unified scheme of accretion onto stellar-mass accretors across the luminosity
scale.

Accretion Disk Luminosity and Temperature

The most widely accepted picture describing the relationship between the ob-
served X-ray luminosity and the accretion disk temperature is expected to result
in a fairly linear distribution with a positive slope. This expectation, on the other
hand, was challenged when Dunn et al.|[2011] presented a global study of the
accretion disks in 25 known black hole X-ray binaries and showed that a signif-
icant portion of their sample revealed a turnover in the disk temperatures once
the observed luminosity reaches a seemingly critical value. These results intro-
duced a new layer of uncertainty in our understanding of how this accretion disk
temperature evolves with increasing luminosity. The picture now included many
observations that seemed to have similar fluxes as some others but somehow pre-
sented themselves as if the disk temperature was observed to be higher. This
behavior suggested that a continuous increase in the accretion disk temperature
is not directly correlated with only the increasing mass accretion rate. The fact
that many sources had this pattern across multiple outbursts was taken as a sign
of either an additional change in one of the components we did not account for or
a specific state the rest of the sample could not enter. Each scenario eventually
reduces down to the mass accretion rate as the main indicator.

The comparison of GRO J1655-40 and LMC X-3 showed this turnover does
not have a dependency on the observed luminosity. GRO J1655-40 seems to enter
its most luminous state barely reaching 10% of the Eddington limit while LMC
X-3 was observed to reach as high as > 40% for their respective black hole masses.
One of the arguments Dunn et al. [2011] provided was that these deviations could
have been at specific stages of the evolution where the photons emitted from the
disk surface are up-scattered to higher energies within a more prominent accretion
disk atmosphere. This is also fairly easy to trace in Figure where the diagonal
lines represent different values of the color correction factor f.,;. This appears
reasonable, the color temperature is higher than the effective disk temperature
with increasing mass accretion rates and hence observed luminosities.

As described in [Yilmaz et al|[2023] in Chapter [3 the results showed that the
patterns of evolution in both sources presented cannot be explained by the variable
color-correction factor when left as a free parameter in the spectral analysis. The
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assumed value for the parameter is dominantly taken at 1.7 and this correction
was not included in the primordial set of accretion disk models. When allowed to
vary within reasonable limits, the parameter seemed to follow a similar pattern
that was observed in the disk temperature (Figure while having almost no
contribution to the slope turnover in the relationship between disk luminosity and
temperature of GRO J1655-40. It is not straightforward to study the true value
of the color correction factor using a model that did not include a self-consistent
description of the disk atmosphere. The results only suggested that this parameter
was not the dominant driving mechanism behind the observed overall pattern.

It was only after introducing a new accretion disk model, kynbb, that we were
able to see a significant change in the observed slope when we allowed the inner
edge of the accretion disk to vary throughout the outburst. The recovery of these
observations of GRO J1655-40 suggests the proper modeling of the accretion disk
emission in states where the accretion disk resides at distances closest to the black
hole is much more important than previously anticipated.

Similar to the case of both GRO J1655-40 and LMC X-3, Dunn et al| [2011]
showed that there is a dichotomy in the patterns exhibited in the observed disk
luminosity-temperature relationship. Sources that had long-term observing cam-
paigns allowed a better look at the evolution of the accretion disks for each in-
dividual source as well as each outburst. Similar to GRO J1655-40, GX339-4,
H1743-322, XTE J1550-564 and 4U 1630-47 showed observed deviations while
XTE J1817-330 and XTE J1720-318 exhibited a similar trend as LMC X-3. On
the other hand, LMC X-1 and XTE J1650-500 were only observed in the states
with negative slopes.

The apparent inconsistency in the observed disk luminosity-temperature trend
challenges our understanding of the accretion phenomenon and the evolution of
accretion disks around black holes in X-ray binaries throughout their lifetime.
The long-term observing campaigns of LMC X-1 and XTE J1650-500 provided
an important set of observations that might provide the missing link between
the known black hole X-ray binaries observed to be accreting at sub-Eddington
regimes and a sample of ultraluminous X-ray sources that were found to exhibit
patterns that the currently available models cannot explain. M82 X-1, for exam-
ple, was argued to be one of the strongest candidates to host an intermediate-mass
black hole. Unlike many of the other sources showing long-term variability, M82
X-1 presented a similar trend to LMC X-1 and XTE J17650-500. The similarities
between these states that the known black hole X-ray binaries transition through
and a further study of the spectral and timing evolution of M82 X-1 definitely is
a link that needs to be investigated more to develop a better understanding of
the accretion physics across such a large range of the observed X-ray luminosities.
Our results provided a new insight into the long-term evolution of GRO J1655-
40, a more detailed study connecting the two ends of the luminosity scale will be
made possible with longer observing campaigns of many more ULXs and with the
newly developing observatories to be launched in the next couple of decades. The
NewAthena (Advanced Telescope for High Energy Astrophysics, expected to be
operational in the late 2030s) alongside the Einstein Probe (launched early 2024)
and XRISM (launched Autumn of 2023) will further improve our understanding
of the interplay between different components contributing to the formation and
evolution of both XRBs and ULXs.
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“Ignorance more frequently begets confidence than does knowledge: it is those
who know little, and not those who know much, who so positively assert that this
or that problem will never be solved by science.”

Charles Darwin
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