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Abstract

This thesis presents the results of my PhD research into the subset of accreting
compact objects known as ultraluminous X-ray sources (ULXs). Studies of ULXs
suggest that they may exist in a distinct supercritical accretion state, differing from
that found in galactic stellar-mass black hole binaries, resulting in higher observed
luminosities due to anisotropic emission. Long-term studies of many ULXs also
reveal modulations of their X-ray light curves which has be interpreted as a form
of precession of the super-critical accretion flow. The combination of these factors
at the population level may make it possible to make broader predictions about
ULXSs such as the underlying black hole to neutron star ratio and the possible
observational bias that may be present in these systems.

The first chapter in this thesis provides an theoretical introduction to compact
objects and the physics of accretion in the sub-critical and supercritical regime. I
explain some physical mechanisms that lead to the formation of the accretion disc
and the the emergent spectrum. The chapter concludes with a short overview of
some of the precession mechanisms that could be present in X-ray binaries.

The second chapter is an explanation of ULXs from an observational perspec-
tive, these are bright X-ray sources found away from the centre of galaxies that
were first discovered in the late 1970s. The chapter will commence with a brief
chronological history of the ULX field to the current day, then in subsequent sec-
tions I will cover several predicted phenomena in ULXs and their observational
evidence.

The third chapter of this thesis builds on previous work in the field and seeks
to answer the questions of how the observed population of ULXs may be affected
by the combination of anisotopic emission and precession. This chapter combines
stellar population synthesis codes with a geometrical ULX model to obtain esti-
mates of what the ULX population may resemble under a variety of scenarios.
This work has appeared in (Khan et al., 2022).

Chapter four contains an observational study of a sample of approximately forty
ULXs using the Swift observatory. We make predictions for relative UV /Optical
to X-ray emission under different inclinations and mass accretion rate and subse-
quently search for first order linear correlations between the long-term light curves
in the different energy bands.

Conclusions are provided in the sixth and final chapter, as well as suggestions
for future work.

In an attempt to eliminate the ambiguity of astrophysical source names, I have
taken the care to provide SIMBAD (Wenger et al., 2000) identifiers for source
names mentioned in this thesis, these are available via hyperlinks in the PDF
version of this document.
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Chapter 1

An Introduction to Accretion
Physics

Accretion is a term used by astronomers to describe the gravitational infall of
matter onto a compact object. This process is thought to be among the most
e cient at converting gravitational potential energy into radiation in the universe,
and much of the theoretical and observational understanding has come about in
the last fty years.

In this chapter, | will provide an introduction to compact objects and X-ray
binaries (XRBs). | begin by explaining the physics of mass transfer in binary
star systems and how this leads to the formation of an accretion disc. | show how
radiative processes in the disc lead to the creation of the emergent X-ray spectrum.
| additionally show how depending on the mass accretion rate, competing forces
within the accretion disc may result in di erent geometry from the standard thin
disc model. The chapter concludes with an introduction to precession in the
context of XRBs.

1.1 Compact Objects

The term compact object (CO) is primarily used to refer to one of three stellar
objects: black holes (BH), neutron stars (NS) and white dwarfs (WD). This thesis
does not cover the latter of these.

1.1.1 Black Holes

BHs were the rst type of CO to be predicted, originally in the classical regime by
English clergyman John Michell (Michell, 1784)qas a star su ciently dense that its

escape velocity would exceed the speed of Iight@ ¢, this idea would later

be formalised under Einstein's framework of general relativity (Einstein, 1916)
by Karl Schwarzschild (Schwarzschild, 1916) who found solutions to the Einstein
eld equations for a static and spherically symmetric body. One mathematical
peculiarity of these Schwarzschild black holes was to be found at= 0 and at
r{= 21 =2Rs  3(;-) km at these points the solution would become singular,
the rst singularity at r = 0 is considered to be a gravitational singularity, a
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Figure 1.1: Simulation of a black hole by NASA's Goddard Space Flight
(Schnittman, 2021). The strong gravitational lensing results in distortion of the
light meaning that we are able to see light that arises from behind the black hole.

region of in nite spacetime curvature, while the second, commonly known as the
Schwarzschild radius denotes the boundary of the event horizon beyond which no
matter or radiation may escape the gravitational eld. In the above equations,
G is the gravitational constant, M the mass of the black holec the speed of
light, Rg is known as the gravitational radiusM is the mass of the Sun. The
most abundant BHs are the stellar mas@ 100M BHSs, believed to be formed
after the gravitational collapse of massive> 25 M stars (Heger et al., 2003).
At 100 100000M we have the illusive intermediate mass BHs (IMBHSs), the
strongest convincing evidence for their existence comes from the gravitational wave
GW190521 (Abbott et al., 2020a) caused by the merger of two BHs with masses
85and 66resulting in an IMBH of 142M . Finally, intherange1® 1° M we
have the super-massive BHs (SMBHSs), these are primarily thought to reside at the
centre of almost alt galaxies, however their formation still remains of open debate,
one suggestion is that they may be formed by the direct collapse of matter in dark
matter halos in the early universe (Begelman et al., 2006), another suggestion is
that accretion onto extremely massive stars formed from metal-free gas in the early
universe could serve as progenitors (Milosavljevi¢ & Merritt, 2001).

The addition of angular momentum leads to solutions to the Einstein eld
equations known as Kerr or, in the case of a non-zero electric charge, Kerr-Newman
BHs. These solutions require a second dimensionless number known as the spin (
or a ) and is given bya = cJ=GM? whereJ is the magnitude of the BH angular
momentum. The spin parameter is dimensionless and bounded between -1 and 1.
Many e orts have been made to measure the spin of BHs in the universe, for a
review on observational constraints on the value of BH spin (see Reynolds 2021).

1The nearby galaxy M33 is thought to not contain a SMBH (Gebhardt et al., 2001)
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1.1.2 Neutron Stars

The existence of NSs was proposed in Baade & Zwicky 1934; they suggested that
supernovae could represent the transition of an ordinary star to a star composed
of mostly neutrons. These NSs would be capable of reaching higher densities
than ordinary stars and would be a strong source of observed cosmic rays. PSR
B1919+21 was the rst NS discovered in 1967 (Hewish et al., 1968) via radio
observations showing recurring pulses of a peridd  1:337 s these pulsating
neutron stars are known as pulsars. The ATNF pulsar catalogue v1.67 (Hobbs
et al., 2004) counts 3320 pulsars, most of which have been discovered in the radio
bands in our own galaxy or in the dwarf satellite galaxies SMC and LMC. NSs
are expected to have masses in the range of1:4 3.0 M and radii of around

10 km. Unlike BHs, which have very weak magnetic elds NSs may have
dipolar or higher order magnetic eld, with strengths ofB  1(® 1° G, these
elds, have the ability to strongly impact the star and its immediate surroundings,
signi cantly increasing the complexity of modelling these systems. An unsolved
problem with regard to neutron stars is nding a thermodynamic description of
key state variables e.g. density, pressure, and temperature as a function of radius,
the so-called "equation of state’, while much progress has been made in recent
years, there is still much debate as to what the internal structure of neutron stars
may resemble.

1.2 Binary Systems and Mass Transfer

It is thought that the majority of stars exist in binaries or higher order systems,
and that more than 70% of all massive stars will exchange mass with a companion
at some point in their lifetime (Abt & Levy, 1976; Sana et al., 2012). XRBs
are systems composed of a normal star and a compact object, and through the
process of accretion, gravitational energy is converted into radiation. It is common
to subclassify XRBs based upon the relative masses of the stars in the binary, high
mass X-ray binaries (HMXBs) are those systems where the companion star is more
massive than the CO, such that the mass ratig= M;=M, > 1, while low mass X-
ray binaries (LMXBs) have mass ratios of] < 1, this is not a strict de nition and
others exist such as companions of less thanl1:5M for LMXBs, and > 10 M

for HMXBs (van den Heuvel, 1993).

Broadly speaking, there are two ways in which accretion onto a compact object
may occur; these are shown in gure 1.2. The rst is known as Bondi accretion
and is particularly relevant for systems with early-type companions (namely O or
B type stars, see section 3.2.1). The sBaIIar wind of these early type stars is highly
supersonic with velocities of ordew 2GM=R 1000 km s with mass loss
rates of aroundM,, 10° 10° M yr . Accretion occurs as the orbiting
compact object travels through the radiatively driven stellar wind produced by
the massive star, this process is thought to be present in the eclipsing binary M33
X-7. The second method is accretion via Roche lobe over ow (RLOF), which |
will describe in the following section.

2The event Horizon Telescope estimate the SMBH in M87 to have a eld strength ofB
1 306G
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Figure 1.2:  The two main methods of accretion in binary systems. Left:
Schematic for Bondi accretion from a stellar wind. (Figure from Frank et al.
2002) Right: Roche potentials for a mass ratigg = M;=M, = 20=1 = 20. The
Lagrangian pointsL; - Ls are labelled.

1.2.1 Roche Lobe Over ow

The term "Roche lobe' describes a teardrop-shaped equipotential surface surround-
ing a star in which material is bound to the star by gravity. The right panel in
Figure 1.2 shows the Roche potentials for a binary system with a mass ratio of
g= M.=M, = 20, the Roche lobe is represented by the inner solid gure-of-eight
shaped line with the intersection occurring at the point of gravitational equilib-
rium known as the inner Lagrange pointiL;. Matter from one star, large enough
to Il its Roche-lobe, will more easily "over ow' via the inner Lagrange point into
the potential basin of the other star's lobe. A consequence of mass transfer kia
is that the transferred material will possess signi cant orbital angular momentum,
which is important for the formation of the accretion disc (see section 1.3).

A useful estimation of the size of the Roche lobe, accurate 186 may be given
by the Eggleton Formula eq 1.1 (Eggleton, 1983):

o= 0:49(M1=M,)%=3
1= 0:6(M1=M,)Z=3 + In(1 + ( M1=M,)1=3)
Where a is the orbital separation,M; and M, the mass of the two stars, and

r, the radius of the sphere whose volume approximates the Roche lobe of mass
Mj.

(1.1)

1.2.2 Characteristic timescales in astrophysics

Three characteristic timescales are often used when referring to stellar evolution
and or mass transfer in binary systems, the shortest of the three is known as the
dynamical timescale , 4, (eq 1.2), and is a measure of the timescale on which
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a star would expand or contract if the balance between pressure gradients and
gravity were suddenly disrupted (and is the same as the free-fall timescale).

r
R3
dyn = SGM (1-2)

In the case of HMXBs as the massive star accretes onto the CO, its star's radius
and Roche lobe will shrink; if the radius of the Roche lobe becomes smaller than
the thermal equilibrium radius of the star of the same mass, then the secondary
can no longer stay in thermal equilibrium and mass transfer will proceed on a
thermal timescale ,  (eq 1.3).

GM?
RL

Finally, we de ne the nuclear timescale , ., (eq 1.3), as the timescale on
which the star will exhaust its supply of nuclear fuel.

th (1.3)

XM 6 10®er 1
o= q - gg (1.4)

In the above equationd. is the luminosity, qis the fraction of fuel available for
burning in the core @ 0:1) and X the hydrogen mass fraction X 0:7), the
factor of 6 10'8 erg g ! is the energy released from fusing 1 gram of hydrogen to
helium.

These three characteristic timescales are useful to bear in mind when discussing
binary evolution and are related by ¢yn < 1 < nuc, Calculating these values for
the sun gives approximatelyl100 s< 3 10°yr< 7 1 yr.

1.3 Accretion Discs

Accretion discs are gravitationally bound structures composed of gas and dust in
orbit around a central mass. Ubiquitous in astrophysics, these discs occur around
a variety of objects such as black holes, white dwarfs and protostars. Accretion
discs are formed if the speci ¢ angular momentum of the in-falling material passing
through L, or accreting from the wind is able to be e ciently removed (Frank et al.,
2002). This is commonly the case for close binary systems undergoing Roche-lobe
over ow (see sec. 1.2.1).

A test particle in orbit around a central mass in the absence of dissipative
forces will remain on a xed orbit, for the radius of the orbit to move inwards
a torque is required to remove some of the angular momentum. The mechanism
for this torque was initially unknown but was presumed to arise from a variety of
physical e ects including turbulence and molecular viscosity. Shakura & Sunyaev
1973 ascribed a constant () to describe the bulk processes involved in angular
momentum redistribution, and speci cally related the kinematic viscosity ) to
the pressure and torque. It is now thought that the primary mechanism responsible
for viscosity is the magnetorotational instability (MRI) (Balbus & Hawley, 1991,
1998), a useful analogy for this process is that of a spring connecting two particles
in orbit at slightly di erent radii around a central mass. The inner mass closer to
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the central body will have a higher angular velocity than the outer mass, the spring
connecting the two masses will then pull the inner mass back while at the same
time pull the outer mass forward, each particle thus receives an opposite signed
torqgue meaning that the inner particle falls further in while the outer mass moves
further out. Observational evidence suggests a typical range of 0:1 0:4 while
numerical estimates for suggest values that are an order of magnitude smaller
(King et al., 2007)

1.3.1 The Eddington Limit

The Eddington luminosity, Lgqq, describes the maximum luminosity a body of
massM can achieve under the e ect of steady spherically symmetrical accretion.
It assumes that the matter exists in hydrostatic equilibrium where the force from
radiation pressure is balanced by the gravitational force.

In accretion physics, the Eddington luminosity is sometimes given in the form:

4 GMc _ GM NLEdd
- 2Rin

Where = 0:2(1+ X) =0:34 cn? g ! is the Thompson opacity, andX the
hydrogen mass fraction (for solaX = 0:7). Rj; = 3R is the inner disc radius
(for a = 0). Where m,, is the mass of the proton and  the Thompson cross-
section. The above form assumes that the gas is composed entirely of hydrogen
and has a constant opacity dominated by electron scattering.

The corresponding Eddington accretion rate may be given by:

M
Legg = 1:26 10°® e erg st (1.5)

48GM _ Lew , ggs M gs'’ (1.6)

Megg = c = oz M

where is the e ciency of gravitational energy release, which for Schwarzschild
BHs is of the order 0:06 but for Kerr BHs may be as high as 0:4 (Shakura
& Sunyaev, 1973). in the case of NSs is around 0:1 the main di erence being
that the presence of a surface means that energy is not ultimately lost as it is
never able to reach the event horizon which lies inside the NS.

1.3.2 Thin Accretion Discs

For accretion rates in the rangeM.  0:01 0:3 Mggyq the accretion disc is able
to cool e ciently via black body emission’ and so the optically thick ( 1)
plasma and becomes geometrically-thin with a height to radius ratio ?i=R 1
Reynolds (2021).

An analytic solution was presented in (Shakura & Sunyaev, 1973), this seminal
work provided equations describing three distinct regions based upon the dominant
pressure force and opacity (see g 1.3). In the inner region, the ow is expected
to be dominated by radiation pressure and the light-matter interaction occurs
predominantly with charged particles via Thompson scattering. The middle region

3Inverse Compton Scattering (Comptonization) and cyclotron radiation (in the case of mag-
netic elds) are additional cooling mechanisms.
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Figure 1.3: The three regions presented in Shakura & Sunyaev 1973 with their
dominant forms of pressure and opacity. P4os and Py are the gas and radi-
ation pressure respectively. The (Thompson) ises, While ¢ is the free-free
(Bremsstrahlung) cross-section.

is also dominated by electron (Thompson) scattering however is expected to be gas
pressure dominated, while the outermost regions of the disc are also gas pressure
dominated but the opacity is dominated by free-free (Bremsstrahlung) processes.

The Thin Disc Spectrum

The model presented by Shakura & Sunyaev 1973 assumes a thi=R 1),
axially symmetric and stationary (@=@+ 0) disc. The model allows for the
description of the spectra that would be obtained from such a disc; here | will
present a simpli ed version of the derivation for the radial ux and temperature
relations. Under this model, the uid viscosityv is driven by turbulent forces in
the disc and given by:

v= c¢H (1.7)

where is the viscosity parameter (see 1.3)s the sound speed in the disc andl
the scale height of the disc.

The presence of viscous torques on particles in Keplerian orbit leads to dissi-
pation of the mechanical energy with the torque de ned as:

(Ry=2Rv R%° (1.8)

wherev is the kinematic velocity, is the surface density and °=d =dr i.e.
rate of change of angular velocity between two annuli in the disc of widitir.

By considering dissipation across both faces of the dig2 2R dR), the
amount of mechanical heat loss is given by r, providing a heat loss per unit
areaD(R) of:

D(R)= — = %v R? @ (1.9)
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Since the matter in the accretion disc is essentially a uid, it is subject to dif-
ferential rotation; by setting the angular velocity to the Keplerian angular velocity

K = %—'\Q the dissipation per unit face area can be shown to be:
9vGM
Dk(R) = ——— 1.1
«(R)= ~2r3 (1.10)
by imposing the conservation of masd. = 2R v, where M is the mass

accretion rate, and the boundary condition that the torque goes to 0 at the inner
edge of the disc (°=0) it can be shown that
" 1-2#
M Rin
= — 1 — 1.11

by combining equations 1.10 and 1.11 we obtain the commonly quoted form
of the viscous dissipation per unit disc face area (i.e. ux) (eq 2.6 in Shakura &
Sunyaev 1973)

" #
_ 3GMM Rn =7
D(R) = SR 3 1 =3 (1.12)
To obtain the total luminosity from the disc we integrate betweenR;, and the
outer edge which for our purposes aR; Ri» may assume exists at in nity
which yields:
21 12 21 " R ="
L = D(R4RdAR= —GMM — 1 — dR 1.13
. (R) 5 . R R (1.13)
12 1 GM M
= —GMM = = mL 1.14
8 3Rin 2Rin — - Ead ( )

Here we have used equations 1.5 and 1.6 and de ned the dimensionless accretion
rate asm = M=Mgqq. Using the Stefan-Boltzmann lawD(R) = T ¢ we can also
obtain the radial temperature pro le of the disc:

" 1=2#) 1=4
3GM M Rin

1 - (1.15)

Equation 1.15 implies that the temperature pro le for thin discs goes ag§(R) /
R P/ R 3* wherep = 3=4. For stellar mass BHs and NSs the inner regions of
the disc are expected to reach temperatures of 0:3 keV (10’ K).

Itis common to de ne a factorf., 1 called the colour temperature correction
such that Tyax = fcoTe , this correction provides the amount of deviation from a
blackbody and serves to increase the observed peak temperature of the disc and
likely depends on the vertical structure of the disc.

The observed spectrum may be obtained by rst assuming that each annulus
of the disc radiates at its characteristic temperaturd (R), following Planck's law
of black-body radiation (eq 1.16)
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Figure 1.4: Diagram of the thin disc spectra (black line) from Shakura & Sunyaev
1973 showing the blackbody contribution from 50 annuli, cooler annuli appear in
redder colours, while hotter annuli appear in bluer colours.

2h 3
2 eh=keT(R) 1
B (R) is the spectral radiance at a given radius per unit frequency), h is Planck's
constant, kg the Boltzmann constant.

Next, we can integrate the speci c intensities over the entire disc to obtain the
emergent spectrum:

B (R) = (1.16)

Z ., _ _
h =kT ¢ X573

Za
= oofl) T g R2R AR/

S()= D7 . = 1dx (1.17)

Here,i is the inclination to the disc andD is the distance to the observer.

Equation 1.17 gives rise to a characteristic spectrum, at low frequencies (en-
ergies) the spectrum is the Rayleigh-Jeans tail from the cool outer edge of the
accretion disc with a slope ofS / 2, at intermediate frequencies the spectra
follows a slope ofS / ' while at high frequencies the spectrum falls away
exponentially as/ 2e "="Tn where T, is the temperature of the inner disc see
gure 1.4,

1.3.3 Supercritical Accretion Discs

In close binaries, it is possible that the mass in ow rate in the outer regions of the
disc, may signi cantly exceed the Eddington ratem 1.

One way this may occur is if the donor star is in the (or evolving to) red
giant phase, the so-called case B evolution (Kippenhahn & Weigert, 1967). As
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the donor moves through the Hertzsprung gap in the HR diagram, the star no
longer burns hydrogen in the core and so expands, massive mass transfer may
subsequently occur provided that the initial mass ratio i} . 1, this leads to an
expansion of the binary during mass transfer, which occurs on a thermal timescale
(King & Ritter, 1999).

In HMXBs with mass ratios of q 1, super-Eddington mass transfer via
Roche-Lobe over ow was generally disregarded, as the high mass ratio is thought to
render the process unstable. However, models invoking steep H/He gradients in the
layers beneath the giant stars' surface can enable super-Eddington mass transfer on
nuclear timescales ( 0:15 0:5 Myr) for both NS and BH accretors (Quast et al.,
2019). This regime is often called the super-critical or super-Eddington regime and
several models have been put forward to explain how accretion may occur under
such conditions, these models may be divided into two broad categories. In the
rst category of models, all of the supplied gas eventually reaches the CO, models
of this kind include the "Polish Doughnut' and the “slim disc' sometimes known
as the optically thick advection-dominated accretion ow (ADAF") (Jaroszynski
et al., 1980; Abramowicz et al., 1988). These models were developed in the late
1970s and early 1980s for constructing a perfect uid equilibria of matter orbiting
around a Kerr black hole.

In the second set of models, only a small fraction of the input gas may end
up reaching the CO as most of the gas ends up being blown away by radiation
pressure, one example of such a model includes the supercritical accretion disc
presented in Shakura & Sunyaev 1973.

Both of these models predict fairly similar radial temperature distributions
and luminosities, where they diverge however is due to the presence of a strong
wind which can block and reprocess the emission, leading to an observational
appearance that strongly depends on the inclination angle)(to the line of sight.
However, it is likely that the reality will lie in a balance between these two models,
this was explored in the model put forward by Poutanen et al. 2007 which | will
discuss in this section.

The Disc Vertical Structure

The scale height H=R) for a super-critical accretion disc is determined by the bal-
ance between two competing forces acting in the vertical axis of the disc. Gravity
will act to pull matter towards the compact object, and so has a vertical com-
ponent that acts to atten the disc, while acting in the opposite direction is the
force arising from radiation pressure which serves to pu up the disc, this balance
is encapsulated by equation 1.18 (Shakura & Sunyaev, 1973).

H 3 _

—=me—(1 r ¥ 1.18

= = Mo ) (1.18)
Equation 1.18 is plotted for three values omg in gure 1.5 from 0 to 10 R;,,

it can be seen as the mass accretion rate increases, the maximum scale height

(H=R) of the disc also increases. At critical value ah, = 9=4 = 2:25 the disc

“Note that this ADAF is distinct from the optically thin ADAF thought to occur at very low
accretion rates (n  0:1) (Narayan & Yi, 1994)



1.3. ACCRETION DISCS 11

height ratio rst reaches unity at a characteristic radius known as the spherisation
radius Rsp. It is at this radius from which an out ow forms, as there is no e ective
gravity and so the matter is unbound, meaning that it may be accelerated and
expelled via any amount of radiative or centrifugal force, this out ow serves as an
additional mechanism for the removal of angular momentum from the system.

Figure 1.5: The height ratio of the disc H=R) shown for three di erent mass
accretion ratesmg = 0:25 (solid) 1.0 (dashed) and9=4 = 2:25 (dash-dot) where
the disc rst reaches a scale height of unity at the spherisation radiuRsp, the size
of CO is not to scale.

It can be seen from gure 1.5 that the geometry of the supercritical disc di ers
from the sub-critical accretion disc where the matter distribution followdH=R
1. For radiation pressure supported discs, the disc can have a scale height of order
unity HR 1 which can create a funnel close to the central regions and lead to
anisotropic emission.

Flux, Luminosity and Spectrum

Due to the high accretion rate, the energy-conversion e ciency is substantially
decreased, this is due to the photon di usion timescale and the infall time being
approximately equal, which leads to advective energy transport dominating over
radiative cooling. In order to accelerate the out ow (wind) a certain amount of
the radiative energy must be supplied, this fraction is denoted ag. The addition

of the wind results in a modi cation of the conservation of angular momentum of
the system (see Lipunova 1999 for details) which leads to a radial energy ux of
the form Q.q / R 2.
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GMM(R) GMMgR

2
sR5 8RR, | " (1.19)

Qrad (R)

Here Qaq(R) is the radiative ux from one of the two accretion-disc surfaces.
In the absence of advection, we can assume that the mechanical energy due to
viscosity is equal to the energy radiated,.,g = Q. However, accounting for
advection leads t0Qrag = QF  Qaav. We have used\(R) = MoR=Rs, whereM,
is the matter supply rate to the disc, i.e. the accretion rate at the largest radii of
the disc.

Integrating Q;ag between the inner radius and the photon trapping radiuf;,
(where photon di usion and accretion timescales are equal) then results in a log-
arithmic dependence for the luminosity on the mass accretion rate.

Z tr Z Rout R 3
L/ Qrad(R)RAR / R dR =In R—” Leaw 1+zlhmo (1.20)

in Rin in

The supercritical disc is radiation pressure supported as opposed to gas pressure
supported for a thin disc (except in the inner regions), this fact, combined with
the geometrically thick nature and the domination of electron scattering opacity
leads to a temperature pro le scaling a¥ / R 2 (as compared to/ R 3% for
thin discs) (Watarai et al., 2000). This di erence in the radial temperature pro le
means that the characteristic spectra show a di erent slope in the mid-frequency
ranges with S / 4= for standard thin discsand S / © in the high accretion
rate advection-dominated accretion ow (ADAF). The dierence between thin
accretion discs and slim discs is shown in gure 1.6, | have plotted théSPEC
modelsdiskbb for various inner disc temperatures in the rangd, =1 5 keV
while a relativistic model for a stationary slim accretion disslimbh (Sadowski,
2011) has been plotted for various inclinations in the range=0  85.

1.3.4 Precession
Lense-Thirring Precession

So far, the accretion discs | have mentioned have all had the property that matter
moves in an approximately circular orbit around the CO and the CO's spin axis
is also perpendicular to the plane of rotation of matter in the disc. It is thought
however that if the orbiting matter is not in line with the equatorial plane of the
rotating mass, potentially due to asymmetries in the supernova process, then the
orbiting matter will precess in a prograde fashion around the angular momentum
axis of the rotating object resulting in precessions of the longitude of the ascending
node () and the argument of periapsis!(). This e ect is known as Lense-Thirring
precession, named after Lense & Thirring 1918 who rst derived the e ect in the
weak eld limit. This e ect was con rmed to exist experimentally by measuring its
extremely weak presence in the Earth's magnetic eld using the Gravity probe-B
experiment (Everitt et al., 2011), which measured the geodetic and frame-dragging
drift that changed by  6:6 arcseconds per year.
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Figure 1.6: Unabsorbed spectra for a variety of thin accretion discsligkbb ) at
di erent temperatures in the rangeT 1 5 keV, as well as several slim accretion
discs Glimbh) in di erent inclinations in the rangei 0 85.
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Figure 1.7: Values forPnq represented by the color (eq 1.21) plotted for values of
Rin =10 1000Rjs, (y-axis). The left panel shows NS with masses in the range
0:9 22 M with spin values ofa = 0:01, while the right panel shows BHs with
high values spina = 0:998 with masses in the ranged 20 M . Contours are
shown for a variety of timescales.

The Lense-Thirring precession frequency can self-consistently explain the origin
of quasi-periodic oscillations (QPOs) in LMXBs with BH donors (Stella & Vietri,
1998). The nodel precession frequency is given by = GMa=( ¢ *r®) and since
the frequency scales with the inverse cube of the radius, it can be shown that
orbits closer to the rotating object will experience a stronger torque and attempt
to re-align with the CO's spin axis.

In the case of supercritical accretion discs where the disc and wind in the inner
regions can reach large scald=R 1, Lense-Thirring precession may cause the
inner ow to precess. (Ichimaru, 1977; Esin et al., 1997; Poutanen et al., 1997;
Fragile et al., 2007)

Middleton et al. 2018 derived the precession period for a supercritical accretion
disc following Fragile et al. 2007 and is given in equation 1.21:

3
lisco

GMM s 1 .
3c’a %n (rout=Tisco)

Puing = (©) (1.21)
In the above equationrig, is the innermost stable circular orbit andr, is the
outer photospheric radius (the radius at which the wind becomes optically thin).
Poutanen et al. 2007 determined this radius to be approximately:

3w 3

lNout —My :Zrisco (1-22)

where , is the fraction of radiative energy powering the out ow, and =cos( )
are parameters relating to the out ow velocity and opening angle respectively.
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Figure 1.7 shows equation 1.21 plotted for NS with masses in the ran@8
2:2 M with spins ofa = 0:01, as well as black holes with high spim = 0:998
and masses in the rangd 20 M . Both plots are shown for values oR =
10 1000Rjsce and contours are overlaid to highlight several timescales. It can be
seen that the higher values of spin result in much lower values Bf;nq .

Although Lense-Thirring precession is commonly invoked to explain certain ob-
servational signatures, it is worth noting that there are several other processes that
may also induce similar e ects, | will brie y cover some of them in the following
section.

Other Precession Mechanisms

The Slaved Disc: Under this model, it is assumed that if the material is trans-
ferred through the accretion disc at relatively rapid speeds, then the disc normal
will follow the precessing secondary spin axis. This model has been used to explain
the 164-day periodicity in the galactic microquasar SS433 (Whitmire & Matese,
1980) requiring the secondary's rotation rate to be approximately half the coro-
tation value. It has also been used to explain the periodic 35 day transient
pulsations observed in Her X-1 (Roberts, 1974).

Radiative Warps Although the precession in Her-X-1 was initially, inter-
preted as a slaved disc more recent studies suggest that this may actually be due
to a twisted accretion disc caused by a radiative warp (Pringle, 1992). In this
process, a geometrically thin, optically thick disc may become warped due to non-
axisymmetric forces, one governing shear within the plane of the disc and the other
governing the shear perpendicular to the disc; the resulting torque acts to modify
the warped disc and change its structure over time (Maloney et al., 1996).

Freely precessing neutron stars:  Neutron stars are thought to consist of
an inelastic crust containing a compressible liquid core, as a result, it is possible
that the NS becomes oblate due to centrifugal forces or stresses of the crystalline
solid. The core of the star will couple in a frictional way to the crust, and the
resulting precession will be far more complicated than that of a rigid body (Jones
& Andersson, 2001). An interesting recent result from LIGO that could shed doubt
on this scenario however is the constraint on the equatorial ellipticities of several
pulsars being less than< 10 8 (Abbott et al., 2020b).

Magnetic Warping: If the accretion disc surrounds a rotating magnetized
central star (e.g. NS, WD or T Tauri star) then the disc can be subject to magnetic
torques that can induce warping and precession in the disc. This model has been
used to explain several phenomena such as the spin evolution of X-ray pulsars,
QPOs and super-orbital periods in XRBs. (Lai, 1999)

1.4 The Swift Telescope

The Neil GehrelsSwift Observatory (Gehrels et al., 2004) is a multi-wavelength
space observatory launched in 2004; while originally designed for the detection
and rapid follow-up of Gamma Ray Bursts (GRBs)Swift has been used for many
other sub elds of study.
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Figure 1.8: A 3D model of theSwift with the three telescopes labelled.

Aboard the observatory are three instruments: BAT, XRT and UVOT; these
are labelled in gure 1.8. The Burst Alert Telescope (BAT) (Barthelmy et al.,
2005) is the primary instrument used for locating GRBs and so is sensitive to
photons with energies in the rangd5 150 keVand has an extremely large eld
of view (FoV) of 1.4 sr which corresponds to approximatelyi:4=4 10% of
the sky. After locating a GRB with BAT, Swift adjusts its position via a rapid
slew (usually of order tens of seconds) and is able to search for afterglows using its
X-ray telescope (XRT). The XRT (Burrows et al., 2005) is sensitive to X-rays in
the 0:2 10 keV energy range. The architecture of the telescope uses a Wolter-I
design whereby photons are re ected at shallow angles by 12 concentric gold-
coated nickel mirrors before landing on the silicon-based charge-coupled device
(CCD) to create a 600x600 pixel image, meaning that each pixel corresponds to
2.36 arcseconds. The XRT has a FoV of 23.6 x 23.6 arcminutes (for reference
the moon subtends about 30 arcminutes) and a point source will be spread by

20 arcseconds, meaning thaSwift XRT positions are roughly accurate to 1-3
arcseconds. The telescope is capable of operating in three modes: imaging, photon-
counting and windowed timing, the rst two of these are fairly similar, measuring
the position, energy and time on the CCD of an incident photon, while window
timing (WT) mode which only registers events along a single spacial dimension,
but allows a temporal resolution of 1.8 ms.

The nal instrument on Swift is the Ultraviolet and Optical Telescope (UVOT)
(Roming et al., 2005). The modi ed Ritchey-Chrétien telescope is co-aligned and
observes simultaneously with the XRT, the original reason for its inclusion was to
capture the early (1 minute) UV and optical photons from GRBs in the 170-600
nm band. Similar to the XRT in photon counting mode, the UVOT telescope
is capable of recording both the arrival time and position of individual photons
to sub-arcsecond. The UVOT has a slightly smaller FoV than the XRT with
only 17x17 arcminutes, this means that it is possible to detect a source in the
XRT without being able to image the same location with the UVOT. The nal
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Figure 1.9: Swift-UVOT e ective areas created fromSwift response les.

images produced by the UVOT are 2048 squared pixels, meaning that each pixel
corresponds to roughly 0.5 arcseconds, while the PSF is comparable to that of
the XRT at 2.5 arcseconds. The UVOT hosts a total of seven lters, three in the
optical (V, B, U), three in the UV (UVW1, UVM2, UVW2) and one broadband
Iter (WHITE), a plot of each of these bands e ective areas is shown in gure
1.9. What is notable is that the photometric system used by UVOT and its close
relative the Optical Monitor aboard XMM-Newton allow for the study of energies

in the 1600 - 3000A range, which would be strongly impeded at ground level.
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Chapter 2

Ultraluminous X-ray Sources

Ultraluminous X-ray sources (ULXs) are the primary target of study in this thesis.
The most common de nition for ULXs is that they are point-like X-ray sources
with observed luminosities that exceed.0*® erg s ' with the speci ¢ requirement
that they are not located in the centre of galaxies (o -nuclear) (e.g., Roberts 2007).
This chapter provides an introduction to ULXs from an observational perspec-
tive. | begin by proving a historical timeline of ULXs since their discovery in the
late 1970s, and how the understanding of their nature has evolved over time. |
then review some of the broad population-level studies that have been conducted
on ULXs before covering the various pieces of spectral and temporal observational
evidence that can signal the nature of the CO, companion star, accretion ow
and its geometry. The chapter ends by brie y mentioning some other phenomena
that although may initially appear similar in luminosity to ULXs are a result of
di erent mechanisms to the standard picture.

2.1 A Short Chronological History

2.1.1 1979 - 1989 : First Detections and Early Theories

The Einstein Observatory (HEAO-2) (Giacconi et al., 1979) launched in Novem-
ber 1978 and operated for around two and a half years before exhaustion of the
satellite's thruster fuel supply rendered the telescope inoperable in April 1981.
Despite its short lifetime, the scienti ¢ contribution of the telescope should not be
understated. Some key discoveries made with Einstein include: providing evidence
that di use X-ray background, rst observed in 1962, is created at least in part by
a summation of observed X-ray sources (Tananbaum et al., 1979), the existence
of X-ray jets observed in Centaurus A and M87 (Schreier et al., 1979, 1982), and
con rming that all stars produce X-rays to some degree (Pallavicini et al., 1981).

Being the rst X-ray instrument capable of image resolution, Einstein discov-
ered approximately 5000 X-ray sources during its operation, 16 (0:3%) of
which were considered to be ULX candidates abo®* erg s ! Helfand (1984);
Fabbiano (1989)

The source M33 X-8 (Long et al., 1981) was among the rst sources identi ed
as being above the ULX threshold 1:1 10* erg s !) and despite the authors
suspecting that the source was a low-luminosity AGN (not helped by its proximity
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to the galactic centre), they noted that the source exhibited several notable di er-
ences to typical AGN. It was observed that the size, brightness, and star formation
rate of the nuclear region of M33 closely resembled those found in globular clus-
ters. Early population synthesis models (O'Connell, 1983) predicted that perhaps
around 160 000 neutron stars could have been produced in the nuclear region of
the galaxy; could it be possible that the summed emission of binaries in the nu-
clear region could be responsible for this source, which at the time was a factor
of three brighter than the most massive binary known SMC-X1 (Schreier et al.,
1972) but simultaneously far dimmer than any known AGN (Kriss & Canizares,
1982)?

This theory was quickly ruled out by follow-up observations of M33 X-8 (Mark-
ert & Rallis, 1983) which showed that the source was strongly variable on the
timescale of months, showing changes in luminosity by a factor of 40%. This be-
haviour would have to be caused by a single object, or as Robert W. O'Connell
summarised in 1983. The X-ray emission in the nucleus is unlikely to originate
from a massive binary in the young population. If a massive compact object is
involved, it is unusually quiescent at other wavelengths. Intermediate mass bina-
ries may provide a type of X-ray source in M33's nucleus which is not common in
other environments. O'Connell 1983

These intermediate mass binaries, more commonly referred to as intermediate
mass black holes (IMBHs) are systems where the black hole mass is expected to
be in the region of1®® 10° M and became strong contenders for the possible
powering source for ULXSs.

It is worth noting that at least one NS-OB star system, known as early as 1986,
was known to have reached ULX luminosities. The aring source A0538-66 was
observed to have a maximum luminosity of:2 10*° erg s * and a period 0f0:069 s
(Stella et al., 1986) thus demonstrating that XRBs containing NS accretors could
reach, albeit for a short time, luminosities in excess of ten times their Eddington
luminosity.

2.1.2 1990 - 1999 : The ROSAT era

The launch of the Rontgensatellit ROSAT) in June 1990 marked a turning point
for X-ray astronomy and the study of ULXs. Sensitive to soft X-rays with energies
0:1 24 keV ROSAT was the rst X-ray satellite to conduct an all-sky survey, the
associated bright source catalogue contained 18,811 sources and covered around
92% of the sky (Voges et al., 1999). WitlRROSAT came an abundance of bright
X-ray sources as well as the birth of the term ultraluminous X-ray source (ULX)
appearing rst in the literature in Mizuno et al. 1999.

Colbert & Mushotzky 1999 usedROSAT and ASCA data of 13 ULXs, in
39 nearby face-on spiral galaxies to try to identify the nature of the accretor,
they provided four plausible explanations: 1) The sources could be low-luminosity
AGN, potentially due to low black hole masses or low accretion rates 2) IMBH
binaries in the soft (high) state with masses in the range 3) superluminal X-ray
sources similar to the galactic sources GRS 1915+105 and GRO J1655-40 which
show evidence of bipolar superluminal out ows in their radio images. 4) young
X-ray supernovae similar to SN 1978K in NGC1313, which has remained X-ray



2.1. A SHORT CHRONOLOGICAL HISTORY 21

bright with L > 10 erg s ! for over 30 years (Schlegel, 2017).

2.1.3 2000 - Present : The Chandra and XMM-Newton era

The 2000s were marked by the idea that ULXs were binaries undergoing super-
critical accretion as proposed by King et al. 2001. One proposition was that the
observed luminosities of ULXs could be explained via a form of beaming, either ge-
ometrical, whereby anisotropy of the X-ray emission could lead to higher observed
luminosities (King et al., 2001), or by relativistic beaming whereby one views the
source directly along relativistic jets (Kording et al., 2002). Support for this idea
came in the form of optical observations of several ULXs made by Pakull & Mirioni
2002, who identi ed optical nebulae associated with at least seven ULXs, many of
which appeared to show bubble-like structures centred on the ULX position with
radii 100 pc(much larger than supernovae remnants), possibly suggesting the
presence of a powerful out ow driving the gas outwards, many more nebulae have
since been found around ULXs (see section 2.6), and could be similar in nature to
the W50 nebula powered by SS 433.

Following detailed studies of ULX spectra (see section 2.3) made possible by
the high throughput of XMM-Newton and Chandrathe theory that ULXs were ac-
creting IMBHs would slowly begin to lose its foothold. Stobbart et al. 2006 showed
that simple models assuming a multicolour disc were not adequate to explain the
curvature between3 10 keVseen in many of the observed ULX spectra, meaning
it was unlikely that they were just scaled up XRBs. Gladstone et al. 2009 per-
formed further investigations proposing canonical ULX states distinct from those
found in sub-Eddington XRBs.

Despite this, there are some ULXs that do show strong similarities to the sub-
Eddington XRBs, the most notable example is the hyper-luminous X-ray source
(HLX dened as  10* erg s ) ES0243-49 HLX-1 (Farrell et al., 2009). The
source shows the traditional hysteresis cycle seen in XRBs as well as radio jet
emission as it transitions from the low/hard to the high/soft state (Webb et al.,
2012), and with a maximum luminosity of1:2 10*? erg s ! is a prime candidate
for an intermediate mass black hole with a mass of 16 10* M (Davis et al.,
2011).

As monitoring campaigns on ULXs continued, it was revealed that some ULXs
appeared to show long-term modulation of their X-ray light curves such as the
62-day periodicity found in M82 ULX-1 (Kaaret et al.,, 2006), these so called
super-orbital periods would appear to be pervasive among the ULXs (see section
2.5).

A major milestone in the eld came from the detection of pulsations with a
usingNuSTAR in M82 X-2, (Bachetti et al., 2014). A key feature of the pulsations
was a large negative spin derivative, indicative of linear spin-up which could not
be possible with in the case of a BH accretor that without a solid surface would
not be able to provide the necessary accretion torque the source was thus the rst
unambiguously identi ed NS ULX.

Since then, more than a dozen ULXs have also been found to host NS accretors
(see section 2.4.1) which has brought into question what the actual ULX demo-
graphic might be, and which up until this point had been widely considered to be



22 CHAPTER 2. ULTRALUMINOUS X-RAY SOURCES

Figure 2.1: Diagram of a binary system undergoing supercritical accretioR, is
the radius of the primary, Ry, the radius of the companion star with an e ective
temperature of T, .5. The objects are separated by the semi-major ax& ris :
the innermost stable circular orbit, rsp, : the spherization radius. The CO spin
axis which has been drawn misaligned from the disc axis is denoted.byFinally,
the mass transfer rate in units of Eddington at the outer radius of the disc is
labelled asm,.

BH accretors.

The gradual accumulation of new data provided su cient evidence that many
ULXs are indeed sources with supercritical accretion discs, and the discovery of
neutron stars only further increased con dence in this theory. The eld today now
has a canonical picture of ULXs (see gure 2.1), however, many open questions
still exist.

2.2 Population Characteristics

2.2.1 Catalogues

In the last 20 years, several attempts have been made to catalogue ULXs, one of the
main considerations of which is completeness. Completeness refers to the fact that
low-luminosity sources become increasingly more di cult to detect with increasing
distance, which introduces a bias towards brighter sources at large distances, which
may hamper studies of ULX population properties. One method to correct for
this bias is to de ne a ‘complete' sub-sample of sources that are within a certain
distance Do« that are above a specied luminosity thresholdL i, if Lyin IS
signi cantly below the luminosity of the sources one is interested inl(* erg s 1)
one can be somewhat sure that we are not biased by missing any sources below or
near the luminosity threshold.

Table 2.1 lists some major e orts by various authors to catalogue ULXs made
over the last 20years, the majority have been compiled using data fro@handra



2.2. POPULATION CHARACTERISTICS 23

Catalogue NULX Ngal NULX :Ngal
Humphrey et al. (2003) 22 13 1.69
Swartz et al. (2004) 154 82 1.88
Liu & Bregman (2005) 109 313 0.35
Liu & Mirabel (2005) 229 85 2.69
Swartz et al. (2011) 107 127 0.84
Mineo et al. (2012) 89 29 3.07
Earnshaw et al. (2019) 384 305 1.26
Kovlakas et al. (2020) 629 309 2.04
Walton et al. (2022) 1843 951 1.94
Bernadich et al. (2022) 779 517 151
Scott Barrows et al. (2022) 259 237 1.09

Table 2.1: Summary of ULX catalogues showing the number of ULX$y x , host
galaxiesNgy and ULXs per galaxyNy; x =Ngai.

while some more recent catalogues have also includ&¥M-Newton Earnshaw
et al. (2019) and alsoSwift data (Walton et al., 2022). | have summarised the
number of ULXs in the catalogue and the number of galaxies they were detected
in, it can be seen that the averagebservednumber of ULXs per galaxy is roughly
around 1 2, the reason for a higher abundance in Mineo et al. 2012 is due to
their focus on star forming galaxies, which are known to have an over-abundance
of ULXs see: Zezas et al. 1999; Roberts & Warwick 2000; Humphrey et al. 2003.
More speci cally it was found that ULXs were preferentially associated with star
forming regions in the arms of spiral galaxies and less likely to appear in low star
forming elliptical galaxies (Liu & Bregman, 2005), this observation makes sense
as ULXs and HMXBs are thought to have short evolutionary time-scales of order
/ 10 yr, and so their X-ray emission is thought to promptly follow the episode of
star formation. In contrast, LMXBs and SMBHs have much longer evolutionary
timescales and so their presence can not be strongly correlated with star formation,
this actually means that ULXs and HMXBs can serve as a useful probe for recent
star forming activity in a given galaxy, which may be compared to other methods
such as 60m I-band ux of the galaxy (Grimm et al., 2003; Mineo et al., 2012).
Kovlakas et al. 2020 used th€handra Source Catalogue 2.0 to locate 629 ULXs
in 309 galaxies within< 40 Mpc, with a 20% contamination from background
AGN or foreground stars, they re-con rm the relation between ULXs and SFR,
but extend the relation to include the stellar mass of the galaxy. The same authors
found that low metallicity galaxies show an excess of ULXs, an observation that
had been previously made by several authors (see: Pakull & Mirioni 2002; Soria
et al. 2005; Mapelli et al. 2010; Prestwich et al. 2013; Brorby et al. 2014; Tzanavaris
et al. 2016). Stellar evolution predicts that the more massive stars are formed if
the metallicity (Z) of the progenitor gas is low. The outer layers of massive stars
are thought to have reduced wind-loss rates due to lower opacities, leading to more
massive cores which subsequently collapse into more massive BHs (Maeder, 1992),
this explanation may explain why ULXs are associated with low-Z regions.
Bernadich et al. 2022 catalogued 779 ULXs in 517 galaxies by combining the
AXMM-DR9 catalogue with the Heraklion Extragalactic CATaloguE (HECATE),
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Figure 2.2: X-ray luminosity function (XLF) created for 1055 sources from (Mineo
et al., 2012), showing the contribution from HMXB, LMXB and the cosmic X-ray
background (CXB), 89 (8.44%) of the sources are above thé*° erg s * luminosity
(red line). The left and right plots show unlogged and logged y-axis respectively.

a massive catalogue of 204733 galaxies within 200 Mpc. An interesting analysis was
conducted into the level of intra-observation variability for a subset of 147 ULXs by
using the Gregory-Loredo variability probability, (Gregory & Loredo, 1992) which
gives the probability of the source light curve not being created from a source
with a constant ux. On average, they found that there is an 18% chance that
a ULX is not variable, meaning that 82% of ULXs are likely to be variable. The
variability is found to be highest for the subset of ULXs in late spirals with 90% of
ULXs likely to be variable and minimised for lenticular galaxies with 74% of ULXs
being variable. The bright ULXs, de ned as sources with. 5 10% erg s?,
appear to show lower levels of variability with average variability probabilities of
42% meaning that 58% of sources are likely to be variable within an observation.

Scott Barrows et al. 2022 collated a sample of 259 ULXs over the redshift

rangez = 0:002 051 ( 10 Mpc 2000Mpq, this makes it the deepest
ULX catalogue ever assembled. The catalogue was constructed via cross-matching
galaxies from the Sloan Digital Sky Survey with theChandra Source Catalogue.
A key conclusion of their study is that the Occupation Fraction (the fraction of
galaxies that host at least one ULX candidate) of ULXs is positively correlated
with redshift. The authors also estimate the contribution to the cosmic X-ray
background (CXB) atz =1 to be around 1%, meaning that ULXs are therefore
likely to contribute signi cantly to the overall ionising radiation from galaxies (see
Fragos et al. 2013b).

We are rapidly approaching the point where the upper end of the luminosity
range is no longer dominated by low statistics. Hyperluminous X-ray sources
(HLXs) with luminosities L~ 10* erg s 1, will soon warrant their own catalogue,
in fact, a catalogue of 72 HLXs is currently being prepared by (A. D. A. Mackenzie,
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et al., in preparation).

The yet unreleased ULX catalogue that will be provided byeROSITA is ex-
pected to have a profound e ect on our view of the ULX population. TheROSITA
all-sky survey, eRASS will scan half of the sky every six months for a period of
four years and will probe previously unexplored depths, Bernadich et al. 2022 ex-
trapolated the number of ULXs candidates found per unit sky area and providing
a ux cut at the eROSITA sensitivity predicted that 2000ULXs would be found
in the rst cycle of eRASS

2.2.2 Population Synthesis Simulations

| have previously alluded to the forms of bias created from survey completeness
(section 2.2.1), sometimes called the Malmquist bias (Malmquist, 1922, 1925), and
the anisotropic nature of beamed emission, the combination of these two e ects
means that the observedpopulation will be di erent from the intrinsic popula-
tion. Stellar population synthesis models can provide a tool to better understand
the intrinsic population and the evolution of systems on astrophysical timescales
inaccessible to observation. In Chapter 3 | make extensive use of results from
stellar population synthesis models, and so | will provide an explanation of their
application to ULXs here.

Wiktorowicz et al. 2017 performed binary population synthesis calculations
using StarTrack (see section 3.2.1) with the goal of trying to explain the evolu-
tionary history of the ULX class. The simulation starts by specifying initial mass
functions (IMF) of the form "(m) = m  for both the primary and secondary, the
IMF of the primary M, was sampled from a power-law with index = 2:7 in the
range6 150 M motivated by observations of young and populous star clusters
(Kroupa & Weidner, 2003), while the mass of the secondary was sampled from the
range0:08 150 M chosen to preserve a uniform mass-ratio distribution.

Distributions for the initial binary separations are given byP(a) 1=a, while
the eccentricity of the binaries follows the thermal eccentricity distribution rst
derived by Jeans (1919) the distribution functionf (€), in terms of the eccentricity,

e, is given by f (e) de = 2e de this result implies that the eccentricities will be
distributed linearly and nearly ?jrgular orbits will be rare. The median eccentricity
of such a distribution ise = 1= 2; this derivation makes the assumption that all
the stars in the sample have interacted many times and have reached statistical
equilibrium, a result that remains somewhat contested observationally (see Geller
et al. 2019).

Half of the stars with masses belotO M were set to be in binary systems,
while stars greater than this mass were always in binary systems. For each sim-
ulation, 20 million (2 10°) binary systems were evolved, from which their total
mass was calculatedM si,,) and used to calculate a scaling factor by dividing the
mass of all the systems by the mass of the Milky WaySF = M,=Mg,, where
M, 6 10°°M (Licquia & Newman, 2015).

A variety of simulations were carried out, for a range of metallicities: 4 =
0:02 0:002and 0:0002 as well as two di erent scenarios describing star formation,
1) a constant star formation rate (SFR) of6 M yr ! for a period of10 Gyr and
2) a burst star formation rate of600 M yr ! for a duration of 100 Myr.
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To calculate the source luminosity, the logarithmic dependence of bolometric
luminosity on the mass accretion ratd_,.iso Leqq[1 + IN(mMp)] (Poutanen et al.,
2007) was used and subsequently beamed by a factgr = L.iso=b (King et al.,
2001). The beaming prescription involves two cones with half opening angle®
located at opposite ends of the compact object. If one assumes a cone with half
opening angle=2, one can easily nd that the ratio of solid angles of a cone to a
sphere is given by:

= sin()dd =2 [1 cos(=2)] (2.1)
0 0
Since there are two cones, we multiply the above number by two and divide by
the solid angle of a spheré4 ).

2 2 [1 cos(=2)] _ 1
y =
for a random distribution of binary inclinations, b is the probability of looking
down a cone as a function of. e.g. a half opening angle &0 would correspond
to a beaming factor of 1 and observational probability 0100%

The binaries created in the simulation were evolved from their starting positions
on the zero-age main sequence (ZAMS). Wiktorowicz et al. 2017 nd that ULXs
containing NS accretors may be found as early as 6 Myr after star formation.
The authors nd that ULXs containing BH accretors are a minority as compared
to the NS ULXs, but would appear to dominate at early epochs in the constant
SFR model, they also nd that BHs dominate the HLX class with luminosities
> 10" erg s. Two formation pathways for a typical young NS and BH ULX
system from the simulations are illustrated in gure 2.3.

cos(=2)=b

Figure 2.3: Schematic representation of the dominant NS ULX evolutionary route
for young systems (left) and the dominant route for BH ULX evolution in star
forming regions (right). The age and mass values re ect those in a typical system.
(Wiktorowicz et al., 2017)

In Wiktorowicz et al. 2019 the authors expanded upon their previous work by
investigating how anisotropic emission of radiation a ects the observed sample of
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ULXs. Their simulations are largely similar to those found in Wiktorowicz et al.
2017 with some small di erences such as the sampling of initial distributions of
eccentricitesP(e) e %42 and orbital periods P(logP)  (logP) %°. As in
Wiktorowicz et al. 2017 the authors again emphasize that the total number of
NS ULXs is signi cantly higher than the total number of BH ULXs, however the
addition of the anisotropic emission causes the observational populations to be
comparable, this is because the BH accretors are typically found to be emitting
isotropically with b 1 and undergo nuclear timescale mass transfer, while the
NS accretors are predominantly beamed with  0:07 0:2 and have typical mass
transfer on a thermal timescale. They predict that the observed NS population
represent only 20% of the total NS population.

2.3 Spectral Characteristics

Studies of the HMXB Cygnus X-1 (Tananbaum et al., 1972) showed that the
source displayed two distinct spectral states: a high luminosity state with a soft
spectrum without radio emission, and a low-luminosity state with a hard spectrum
accompanied by radio emission. These states are found with near-ubiquity in
XRBs (along with several other sub-states see Esin et al. 1997) and are thought to
correspond to di erent modes of accretion onto the compact object. These state
transitions occur during outbursts, likely caused by the thermal-viscous instability
(see Lasota 2001), which can be traced out in the hardness vs count rate parameter
space commonly called the hardness-intensity diagram (HID) which traces out a
g-shaped path that travels in the anti-clockwise direction. Despite these state
transitions being known for over 50 years, their exact physical nature remains an
open question. XRBs spend their time in a quiescent state between outbursts.
The hard state then follows quiescence, in this state, the spectra are dominated
by a thermal component peaking at 100 keV, one model that may explain for
this state is that of a truncated accretion disc where the central regions have been
replaced with a hot inner- ow meaning that few seed photons are able to illuminate
the optically thick accretion ow (Done et al., 2007), from the hard state, state
the source moves to the soft state. In the soft state, the spectra appear dominated
by thermal emission, thought to be due to a geometrically thin, optically thick
accretion disc extending down to the ISCO (Shakura & Sunyaev, 1973), for this
reason, it is sometimes referred to as the thermal state. The soft state may also
have a non-thermal component, modelled as a power-law that extends to high
energies ( 100 keV- 1 MeV) the origin of this high energy emission is thought to
be due to scattering in optically thin material composed of a mix of both thermal
and non-thermal electrons that are probably in a region above the disc surface
sometimes referred to as the corona (Zdziarski & Gierli«ski, 2004).

One of the main distinguishing features of ULXs is that the vast majority
appear to not display transitions between the canonical "hard' and "soft’ states seen
in sub-Eddington sources Gladstone et al. 2009 extracted high resolution spectra
for 12 ULXs with > 10,000 counts and were able to rule out single component

1Some HLXs do appear to share this hysteresis cycle, further justifying their subclassi cation
from the ULX regime (see: Godet et al. 2009; Servillat et al. 2011; Webb et al. 2012)
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Figure 2.4: X-ray spectra of some of the brightest ULXs with the increasing hard-
ness ratio from the bottom to top. Figure taken from (Barra et al., 2022)



2.3. SPECTRAL CHARACTERISTICS 29

Figure 2.5: A diagram showing the two canonical XRB spectra thermal (soft) and
hard states as well as four various states proposed to exist in ULXs: soft and hard
ultraluminous; SSUL.: supersoft ultraluminous; BD: broadended disc; gure taken
from (Kaaret et al., 2017)
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power-law continuum and multicolour disc (MCD) black body models, both of
these models had previously been used to infer the existence of IMBHs from lower-
quality spectra assuming thin sub-Eddington accretion discs of temperatures of
0:1 0:2 keV (see: Colbert & Mushotzky 1999; Miller et al. 2004). Gladstone et al.
2009 found that combining the power-law and MCD models provided signi cantly
better ts to the data, but still failed to describe the “rollover' found ubiquitously

in ULX spectra above3 keV. Gladstone et al. 2009 suggested that ULXs could
instead be modelled as an optically thick corona that blocks the inner part of the
disc, such that the visible part of the disc has a much lower temperature.

The second feature in ULX spectra is a large contribution of ux at energies
below < 1 keV, known qualitatively as the soft-excess. This was proposed by
Gladstone et al. 2009 to be the sources of the seed photons that would then
be inverse Compton scattered in the optically thick corona, providing the higher
energy emission. Gladstone et al. 2009 dubbed this model the ultraluminous state
and suggested that all these sources were in a super-Eddington accretion state.

Sutton et al. 2013 expanded on the work of Gladstone et al. 2009 and proposed
three empirical classi cations based upon the best t values for a doubly absorbed
MCD plus power-law spectral model. The three classi cations were given the
names: broadened disc (BD) and soft and hard ultraluminous; gure 2.5 shows
the relative shapes of these spectra as well as the shapes of the soft and hard states
in classical X-ray binaries, gure 2.4 shows a variety of ULX spectra obtained from
(Barra et al., 2022), it may be seen that sources near the top are consistent with
the hard UL shape, moving down they become softer, more consistent with the
soft UL state, while the sources at the bottom are consistent with the super-soft
(SS) state.

Some ULXs have been found to evolve through these aforementioned phe-
nomenological spectral classi cations (Middleton et al., 2015a; Luangtip et al.,
2016). An explanation is that depending on the source inclination, the observed
ULX spectra can be divided into three cases (see gure 2.6). At low inclinations
(i < = 2) the spectra may appear as hard UL as the central hard emission can
be seen directly. If the view of the central region changes, which could occur due
to precession of the inner regions of the disc, or an increase or decrease in the
accretion rate changing the funnel opening angle, (Middleton et al., 2015a) the
wind could enter the line-of-sight leading to softer spectra since the central hard
photons are either scattered out of the line-of-sight resulting in soft UL spectra.
Alternatively, the wind could remain out of the line-of-sight (especially the case
for low inclinations) and the central hard photons are increasingly beamed up the
funnel. Theoretically, ULXs viewed at mid-inclinations should display soft UL
spectra, increasing the accretion rate for these inclinations result in increasingly
softer spectra as one looks through a greater amount of the wind. For edge-on
inclinations, the spectra are predicted to be extremely soft in X-rays giving rise to
super soft sources and sources which even may peak in the UV (see Kaaret et al.
2010).
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