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Abstract

The Fermi Large Area Telescope (Fermi-LAT) is a space instrument which
has been in orbit since June 2008, and is sensitive to photons from 30 MeV to
approximately 1TeV. I use the Fermi-LAT data, alongside X-ray and optical
data to perform an investigation of the high energy ~-ray properties of the
X-ray binaries, stellar systems where either a neutron star or a black hole
is in a close orbit with a main sequence star. The complex case of the low
mass X-ray binary, V404 Cygni, is looked at; it is determined that there is no
evidence for v-ray emission from this system. The majority of the remaining
Galactic X-ray binary population is then surveyed, and evidence for ~y-ray
emission is found from 5 systems: the high mass X-ray binaries SAX J1324 4-
6200, GRO J1008-57, 1A 05354262 and RX J2030.5+4751 and the low mass
X-ray binary GS1826-238. There are a number of additional systems where
spatially coincident y-ray excesses are identified, however evidence to associate
these with their respective X-ray binaries is weak. I examine these systems
alongside the X-ray binaries with known v-ray emission and determine that
~-ray emission in high mass X-ray binaries is highly dependent on orbital
phase, and X-ray accretion state so that many undetected systems may be
weakly emitting transients. In the case of the low mass systems, I determine
that these are nearby sources, and that almost all are known transitional
millisecond pulsars. Future observatories such as CTA, SWGO and AMEGO
are likely to discover more y-ray emitting X-ray binaries, and these facilities

are discussed.
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CHAPTER ].

High Energy Astronomy

1.1 Introduction

In this thesis I investigate the high energy ~-ray properties of the X-ray binary

population, in an attempt to answer two questions.

1) Why is only a small fraction of the overall X-ray binary population seen to emit

~y-rays?
2) Are there any other X-ray binaries with previously unidentified v-ray emission?

To answer these questions, I perform an analysis using the full sky Fermi Large Area
Telescope data at the position of every known X-ray binary system, and attempt to
identify ~-ray emission from their position, before performing a multi-variable ana-
lysis of the whole population of y-ray emitting X-ray binaries, to identify common

features, and differences between the systems.

An introduction to «-ray physics, and the science of ~-ray astronomy is given in
Chapter 1, before giving an overview of the Fermi Large Area Telescope and the
analysis of its data in Chapter 2. In Chapter 3 (and the supporting Appendix A)
I provide an introduction to X-ray binaries and the other types of y-ray emitting

compact binaries.

In Chapter 4, I provide an in-depth investigation into claims of v-ray emission




1.2. What is a vy-ray?

from the low mass X-ray binary microquasar V404 Cygni. Here I look at individual
claims of y-ray emission, and phenomena such as source confusion which may cause

false positives to arise in Fermi analysis.

The methodology and results of the survey of the X-ray binary population are
provided in Chapter 5. Chapters 6, 7 and 8 provide detailed results on individual
high mass X-ray binaries, low mass X-ray binaries, and Galactic centre low mass X-
ray binaries respectively. Additional survey information is contained in Appendices

B-H.

In Chapter 9 I consider the population of known «-ray emitting X-ray binaries, their
properties, and statistical significances, alongside any new discoveries made in the
previous chapters. I attempt to determine characteristics in the population which
determine whether v-ray emission is likely to be detectable from individual systems.
Chapter 10 provides conclusions to the previous chapters, and looks at future work

and the application of these results to future observatories and missions.

1.2 What is a y-ray?

The waveband of the electromagnetic (EM) spectrum with the highest energy,
shortest wavelength and highest frequency photons is the v-ray waveband, and the
range of energies that ~-rays take begins at 511 keV*, the rest mass energy of an
electron, and carries on up to an observed maximum of over 1 PeV (Cao et al.,
2021b), spanning over 10 decades of energy (significantly more than any other
waveband). Unlike other wavebands, where photons can be produced thermally,
no object in the universe is hot enough to produce y-rays; instead they are produced

exclusively by non-thermal interactions.

The most common means of producing ~-rays on Earth is as a by-product of the

radioactive decay of unstable atomic nuclei. The ~-rays produced by such processes

*There is debate in the scientific community over the distinction between X-rays and ~y-rays,
with energies from 100 keV to 1 MeV being commonly used depending on the field and study in
question.
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typically have energies of a few MeV, and whilst radioactive y-ray emission is seen
from astrophysical sources such as supernova remnants, y-rays are also detected

from extra-terrestrial sources with much higher energies.

The more energetic y-rays that are the subject of this thesis are by-products from
the acceleration of charged particles with magnetic fields. Both leptons (primarily
electrons) and hadrons (primarily protons®) can produce y-rays as a by-product of

their particle interactions.

1.2.1 ~-rays from Leptonic Interactions

1.2.1.1 Inverse Compton Scattering

In the case of leptons, the method of producing 7-rays is through a process called
inverse Compton (IC) scattering. In classical Compton scattering, photons interact
with electrons and change energy and direction (Compton 1923 & Christillin 1986).
Equation 1.1 shows how the final wavelength of the photon and the scattering angle
relative to the direction of travel of the initial photon () can be used to reconstruct

the original photon wavelength and thus its energy.

)\initial = (1 — CO8 0) + /\final (11)

oC

Here, c is the speed of light, my is the rest mass of the electron and h is Planck’s
constant. Like the photoelectric effect, each photon interacts with a single electron
- scattering off single electrons is known as Thomson scattering, whereas coherent
scattering off bound electrons is known as Rayleigh scattering. Both forms of

scattering are elastic.

In inverse Compton scattering, the same process occurs. In the IC case however,

the electron loses energy to the photon, and thus the scattered photon has a higher

“High energy extra-terrestrial protons and atomic nuclei are known as cosmic rays, and are
the subject of study in the adjacent and overlapping field of multi-messenger astrophysics.
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energy than the original photon. For IC scattering to occur, the electrons need to
be of high energy (typically travelling at relativistic velocities) and interact with

much lower energy photons (typically radio to optical wavebands) (Jones, 1965).

The interaction between a seed photon field (such as stellar or CMB photons) and
a high energy lepton population produces a characteristic spectrum, which depends
on factors such as the energies of the initial electron and photon populations, and

the number of particles in each population (Jones 1968 & Khangulyan et al. 2014).

1.2.1.2 Synchrotron Emission

Populations of relativistic electrons also produce non-thermal emission called syn-
chrotron radiation (also known as magnetobremsstrahlung radiation). When re-
lativistic electrons travel through a magnetic field with curved field lines, the elec-
trons will follow the field lines emitting a cone of photons in their direction of travel.
Synchrotron radiation is polarised and beamed, which leads to it being extremely
luminous. The energy range of synchrotron emission is wide, and extends from
the low-frequency radio waveband (which is completely non-thermal, like y-rays),
and rises from the radio up in flux before peaking and sharply dropping off in flux.
The peak of the synchrotron emission can vary in wavelength depending on the
energetics and environment of the emitting particle population, but can be as high

as the X-ray waveband in many cases.

Given that synchrotron emission is produced by the same populations of electrons
which can produce v-rays via inverse Compton scattering, the electrons which ra-
diate synchrotron photons can be scattered into -rays by the electron population
which produced the photons in a process called synchrotron self Compton (SSC)
emission. Sources of SSC v-rays have a very recognisable spectral energy distri-
bution, with a double hump structure. The first hump is from the synchrotron
emission, and can stretch from the radio up to the y-rays where it sharply decays,

before the smaller inverse Compton peak begins to rise and peaks in the v-ray
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waveband. The area between the two humps is known as the spectral dip (also

known as the spectral valley).

As radio emission is non-thermal in nature and typically arises from synchrotron
sources, strong radio emission often indicates the presence of y-rays, as both may

be produced by the same population.

Finally, in the case of an electron population travelling in a very strong magnetic
field, the electrons will be confined to moving along the field lines. In this case,
the radiation emitted by the particles is polarised in the plane of the field lines; as
these field lines are curved (such as in the magnetosphere of a neutron star) this
radiation is known as curvature radiation and curvature photons can extend up to

~-ray energies (Barsukov et al., 2006).

1.2.2 ~y-rays from Hadronic Interactions

When a photon interacts with high energy relativistic protons, a neutral, or positive

pion and a hadron are produced (Equation 1.2).

p+y—p+7’, pty—n+7’ (1.2)

All pions have an extremely short half life; 26 nanoseconds for charged pions and
85 attoseconds for neutral pions. Only neutral pions will decay into 7-rays, with
each neutral pion decaying into two photons of at least 67.49 MeV, half the rest
mass energy of the 7° (134.98 MeV). Charged pions will decay into either muon-
neutrino, or more rarely, electron-neutrino pairs (or their antimatter equivalents),
with no photons emitted during these decays. Charge is always conserved in these
decays, so that 7" particles decay into antimuon/positron-neutrino pairs and 7~
particles decay into muon/electron-neutrino pairs. The seed photons for photo-
hadronic ~-ray production can come from a variety of sources, including cosmic

microwave background photons or stellar photons (see e.g. Miicke et al. (1999)).
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In addition to photo-hadronic interactions, high energy protons can also collide
with nuclei, again producing pions. Similarly to the photo-hadronic interactions,
the charged pions will decay into leptons and the neutral pions will decay into -
rays. Finally, protons will also produce synchrotron emission as electrons do, and

it is also possible for hadrons to upscatter particles through the IC mechanism.

1.3 Matter and photons

To understand how to detect v-rays, it is necessary to understand their interactions
with matter, and the way in which a photon interacts with matter depends on its
energy. In this Section we discuss three mechanisms by which photons interact
with matter, the photoelectric effect, Compton scattering and pair production; all

three are illustrated in Figure 1.1.

For most photons up to baseline 7-ray energies (511 keV), photons impacting a
metal will liberate electrons via the photoelectric effect, provided the photon energy
is greater than the electron binding energy. Any excess energy that the photon has
is converted into photoelectron kinetic energy. The photoelectric effect is the basis
by which modern optical cameras work; incoming photons liberate electrons in
charge-coupled devices. Each photon liberates a single photoelectron only, and thus
photoelectron current scales directly with the intensity of the incoming photons. By
combining CCDs (which record photon fluxes) with filters (which block out certain
wavelengths of light), colour images of the sky can be built using the photoelectric

effect as the principle of observation.

Between approximately 10 keV and 10 MeV, the dominant interaction between
photons and matter becomes Compton scattering (Section 1.2.1.1). Unlike the
photoelectric effect, where the initial photon is completely absorbed by the electron,
the scattered photon in this interaction can go on to interact with electrons, by
either scattering events or the photoelectric effect, depending on the scattered

photon’s energy.
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Panel A

c €

Panel B

Panel C

Nucleus

Figure 1.1: Interactions between photons and matter. Panel A depicts the photo-
electric effect where a single photon liberates a single bound electron from a metal
surface, where a population of bound electrons exist. Panel B depicts Compton
scattering, where an inbound photon interacts with an electron at rest, scatter-
ing the electron and scattering the photon with a new energy, at a characteristic
angle §. Panel C depicts the pair production of an electron-positron pair, and their
emission angle. Whilst the lepton pair will conserve the component of momentum
of their progenitor photon, they will also move away from one another with an
opening angle ¢, depending on the initial photon energy.




1.3. Matter and photons

At high energies, pair production becomes the dominant means of particle inter-
action. Pair production occurs when high energy* ~-rays interact with the nuclei
of atoms (with the likelihood of interaction increasing with photon energy), and
produce a charged lepton pair. This charged lepton pair has a velocity compon-
ent which conserves the initial photon momentum, but each lepton also has a new
velocity component as a new momentum component is introduced for each lepton,
which sees them moving directly away from each other at the same rate (hence
conserving momentum). The angle between the velocity components, ¢, scales

inversely with the initial energy of the progenitor photon (Olsen, 1963).

The lepton pair produced by the progenitor photon can, in principle, be any of
the three charged lepton pairs: an electron-positron pair (e, e™), muon-antimuon
(u~, pT) and tau-antitau (77, 77). As muons and 7-particles have higher rest
mass energies than electrons (105.7 MeV for muons and 1.777 GeV for 7-particles)
and therefore require progenitor photons of higher energies, at least twice the rest
mass energy of the respective particle. In reality, the vast majority of lepton pairs
produced are electron-positron pairs, with a minority being made up of muon-
antimuon pairs, as seen by TeV observatories (Tyler, 2012). No 7 particles have
been detected outside of particle physics laboratory settings, due to their extremely

short lifetimes.

As the electron-positron pair travels they will further interact with their environ-
ment. As they pass by nearby nuclei, they will interact and emit Bremsstrahlung
radiation, as they change velocities, either cyclotron emission at non-relativistic
velocities, or synchrotron emission at relativistic velocities. In extreme cases sec-
ondary lepton pairs are produced, and this is the mechanism by which v-ray air

showers occur.

In addition to pair production where v-rays interact with matter, y-rays can also
pair produce by interacting with other ~-rays in a process called v absorption.

Here, two photons collide and produce a lepton-antilepton pair (typically an elec-

* Ephm‘,on 2 2m0




1.4. Astronomy with ~vy-rays

tron and a positron), provided the energy of both photons combined exceeds the
rest mass energy of the leptons being produced (1.022 MeV for an electron-positron

pair). -7y absorption is a cause of opacity in intense -ray producing regions.

1.4 Astronomy with v-rays

Observing ~-rays is less trivial than some other wavebands such as the optical or ra-
dio wavebands because the Earth’s atmosphere is completely opaque to essentially
all radiation with E > 10 MeV. Additionally, y-rays must be generally detected via
Compton scattering or pair production, as photoelectric effect-dependent CCDs
are ineffective at y-ray wavelengths, bringing additional challenges. Finally, v-rays
cannot be focused or reflected and they are rare in the universe compared to every

other waveband.

Cosmic rays were detected at the onset of the 20th century (Hess, 1912)*, and
their discovery led to predictions of astrophysical y-rays before their first detection
(Morrison, 1958). Such predictions were proved right when the Explorer 11 satellite
launched in 1961, where 22 v-rays were detected over 7 months, in addition to
22,000 cosmic rays ((Kraushaar and Clark, 1962) & (Kraushaar et al., 1965)).

This marked the beginning of space based y-ray astronomy.

1.4.1 Early Space Based Observations

Whilst Explorer 11 detected «-rays, these were isotropic and no one source of origin
could be detected; therefore it is probable that these photons originated from the
~-ray diffuse background, which itself has two components: the isotropic diffuse
and the Galactic diffuse. The ~-ray background is well-established as consisting
of unresolved point sources, emission from diffuse clouds of high energy particles,
and possibly exotic components such as dark matter decay (Fornasa and Sanchez-

Conde, 2015).

*Hess won the 1936 Nobel Prize in physics for the discovery of cosmic rays.




1.4.1. Early Space Based Observations

Figure 1.2: An artists impression of the Explorer 11 satellite, which carried a
detector which made the first detection of astrophysical ~-rays. Image credit:
NASA.

The scientific successor to the Explorer 11 mission launched in 1967 and was known
as the Orbiting Solar Observatory 3 (OSO-3), which operated for almost 3 years,
collecting both X-ray data and v-ray data with a variety of instruments. Despite
hardware failures, OSO-3 was a successful mission, capturing numerous solar flares,
and also the first X-ray source*, Scorpius X-1 (Peterson and Jacobson, 1966). In
addition to X-ray observations, OSO-3 carried a ~-ray detector capable of observing
~-rays at energies exceeding 50 MeV. Over the mission lifespan, OSO-3 detected
621 astrophysical y-rays, a significant improvement over the results of Explorer 11.
Several key results were derived from the OSO-3 mission; the principal result was

that the y-ray diffuse emission is highly anisotropic, and is much more luminous on

*Outside of the solar system.
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1.4.1. Early Space Based Observations

the Galactic plane than at higher latitudes as a result of the Galactic component,
and that softer* photons are seen at higher latitudes, as a result of the isotropic
component. It was these data from OSO-3 which first described the two compon-
ents of the y-ray diffuse emission as it is known today. Whilst OSO-3 did not
detect any discrete point sources of «-rays, upper limits were calculated for several

expected sources of y-ray emission (Kraushaar et al., 1972).

Following the OSO-3 mission, both NASA and the European Space Agency (ESA)
began production of new space-based ~-ray telescopes. The NASA mission, the
Small Astronomy Satellite 2 (or SAS B), launched aboard the 48th Explorer class
mission in 1972, operating for approximately 7 months before shutdown. The
telescope was the first to employ the principle of pair-production to detect y-rays,
by using a spark chamber, and operated in the 20 MeV - 1 GeV range (Derdeyn
et al., 1972). SAS B made a number of discoveries; in addition to confirming the
0OSO-3 results, and further constraining the ~-ray backrgound, SAS B made the
first detection of a discrete y-ray point source, the Crab Nebula, and also the Vela

X supernova remnant (Fichtel et al., 1975).

The ESA ~-ray mission was known as Cos-Bf. It launched in 1975, and operated
for over 6 years before decommissioning in 1982. Like SAS B, Cos-B used a pair
production spark chamber to detect v-rays from 30 MeV to 5 GeV, and was respons-
ible for the first catalogue of y-ray sources, which included Cygnus X-3, the first
X-ray binary to be detected at ~y-ray energies (Bennett, 1990). Following Cos-B,
numerous missions took place which improved on the results, including the NASA
High Energy Astronomy Observatory program which ran throughout the 1970s and
1980s.

*In high energy astronomy, hard refers to higher energy photons, whereas soft refers to lower
energy photons.
tCos-B was the first mission to be launched by the newly formed European Space Agency.
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1.4.2. The Compton Gamma-Ray Observatory

1.4.2 The Compton Gamma-Ray Observatory

Arguably the next major leap forward in the field came in 1991, with the launch
of the Compton Gamma-ray Observatory (CGRO); commissioned in 1977, CGRO
was one of the four missions in NASA’s Great Observatories program, and was the
second to launch after the Hubble Space Telescope in 1990. CGRO covered a vast
energy range, from the hard X-ray waveband to GeV ~v-rays, and had 4 instruments
aboard to facilitate such a wide observable energy range. A review of the CGRO
instruments, and their science results can be found in Kurfess et al. (1997). An

image of CGRO during deployment is shown in Figure 1.3.

Covering the lowest energies, the Burst and Transient Source Experiment (BATSE)
monitored photons from the hard X-ray (at 20 keV) to low energy ~-rays (at 1 MeV),
and consisted of 8 sodium iodide scintillators mounted around the body of CGRO,
providing all sky coverage. The primary science goal of BATSE was the detection,
and positional localisation, of ~-ray bursts and other transient sources. BATSE
detected, on average, one ~v-ray burst per day (detecting 2704 over the mission
lifetime) and continuously monitored 110 sources of hard X-rays and low energy

~-rays (Kaneko et al., 2006).

The Oriented Scintillation Spectrometer Experiement (OSSE) provided coverage of
the 50 keV to 10 MeV energy range, overlapping with the BATSE energy range. Like
BATSE, OSSE used scintillator based detectors (in this case Nal(Tr) - CsI(Tr)), but
was not an all sky instrument; 4 scintillators provided a 3.8° by 11.8° full width half
maximum (FWHM) field of view and significantly better angular resolution than
the BATSE afforded, providing synergies between the two instruments (Johnson
et al., 1993b). OSSE observed a great number of sources; these included supernova

remnants, active galaxies and the Galactic centre (Johnson et al., 1993a).

Covering the 750 keV - 30 MeV range was the Imaging Compton Telescope (COMPTEL),
which used the principle of Compton scattering to force medium energy y-rays into

an interaction before detecting the scattered photon with scintillators behind the
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1.4.2. The Compton Gamma-Ray Observatory

Figure 1.3: A photograph of the Compton Gamma-Ray Observatory as it is de-
ployed from the space shuttle Atlantis in 1991. The space shuttle robotic arm is
shown in the bottom of this image. Image credit: NASA.

Compton detector instrument. COMPTEL was designed to survey the entire sky
at MeV energies, as previously the MeV band had been poorly explored*, and thus
had a very large field of view of 1 steradian (Schoenfelder et al., 1993). In addition
to performing the first MeV sky survey, COMPTEL made a number of important
observations. COMPTEL observed y-ray emission from a variety of point sources
such as pulsars, active galaxies and X-ray binaries, but also captured «-ray bursts,

thanks to its large field of view. In addition, COMPTEL measured radioactive

*As a lack of instrumentation has been designed to explore the MeV band since, it remains
poorly explored since the end of COMPTEL operations. This lack of exploration has led to the
MeV range being dubbed the ‘MeV gap’.
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1.4.2. The Compton Gamma-Ray Observatory

Figure 1.4: The image of the y-ray sky at energies above 100 MeV taken by EGRET.
The central horizontal band of emission shows the Galactic diffuse emission, which
becomes more intense towards the Galactic centre. Several point sources of high
intensity y-rays are seen off the plane. Image credit: NASA

decay lines from several chemical elements in several parts of the galaxy, such as

the Cygnus region (Schoenfelder et al., 1993).

The final instrument aboard CGRO was the Energetic Gamma-Ray Experiment
Telescope (EGRET), which observed photons from 100 MeV to 30 GeV by the
principle of pair conversion. The telescope itself consisted of tungsten foils, the
nuclei of which caused ~-rays to convert into a lepton pair, which would then be
detected in a spark chamber with an energy measuring calorimeter at the base
(Nolan et al., 1992b). EGRET provided the first truly accurate look at the -
ray sky at high (GeV) energies (Figure 1.4). EGRET made numerous important
scientific discoveries over its lifespan, including that the photons emitted from
~-ray bursts extended to high energy (> 30 MeV) ~-rays (Schneid et al., 1995)
and that pulsed ~-ray emission is detected from pulsars, such as Geminga (Nolan
et al., 1992a). EGRET was an extremely successful instrument which has seen
two successors launched in the 2000s, Fermi and AGILE by NASA and the Italian

Space Agency respectively, based on similar detection techniques.
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Whilst CGRO was an extremely successful mission with regards to its science
capabilities, it suffered a number of hardware malfunctions during its lifespan. In
1992, the onboard tape recorders failed, which limited the amount of data that
could be stored aboard the satellite; to remedy this, a second data centre was built
on the ground in order to download data more quickly from CGRO. Additionally,
soon after launch, issues were detected with the fuel line of the satellite, which
prevented the frequent orbital boosting which the spacecraft was designed for. As
a result, only two reboosts took place over the lifespan of CGRO, although it was
reboosted to an altitude which was sufficient to maintain orbit until the late 2000’s.
In 1999, one of the three gyroscopes failed. As the spacecraft had a mass of 17
metric tonnes (greater than a double decker bus), the decision was made to safely
and intentionally deorbit the spacecraft, as if a second gyroscope failed there would
be no option to perform a controlled deorbit. Thus CGRO was deorbited in June
2000, and was the first of NASA’s Great Observatories to reach the end of its

mission.

1.4.3 Contemporary Space Based Observations

With the wide energy range covered by CGRO and its previously unmatched sens-
itivity, numerous areas of «-ray astronomy advanced very rapidly in the 1990s as
new discoveries abounded. As a result of CGRO’s rich science yield, four high

energy satellites launched in the 2000s, all of which still operate today.

1.4.3.1 INTEGRAL

The International Gamma-Ray Astrophysics Laboratory (INTEGRAL) was de-
signed and built by ESA (who had contributed to CGRO). INTEGRAL launched
in 2002, and contains 4 instruments onboard. The Optical Monitoring Camera
(OMC) is a refracting optical telescope with a CCD camera which covers the V-

band range of 400-500 nm (Giménez et al., 1999). The two Joint European X-ray
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Monitor (JEM-X) detectors cover the X-ray waveband between 3 and 35 keV, and
is a coded mask telescope with a 4.8° field of view, and 3 arcmin FWHM angu-
lar resolution (Lund et al., 1999). Two ~-ray instruments are on board: the first
is the Imager on Board INTEGRAL (IBIS) which images photons from 15 keV
up to 8 MeV, using two layers of scintillating pixels to capture a high resolution
image. Its 12 arcmin FWHM angular resolution was better than any other ~-ray
instrument at its launch (Ubertini et al., 1999b). Complementing IBIS is the Spec-
trometer on Integral (SPI), which provides high energy resolution between 18 keV
- 8 MeV, broadly the same energy range as IBIS. The combination of IBIS and
SPI provides INTEGRAL with high spatial and energy resolution across the hard

X-ray to medium energy v-ray regime.

INTEGRAL is a notable mission because the combination of its 4 instruments
provides coverage of the optical, X-ray and low-medium energy ~-ray wavebands,
representing one of the first truly multi-wavelength space observatories. INTEG-
RAL has produced many scientific results over its lifespan, including examining
the full sky at 511 keV to search for leptonic annihilation anisotropies across the
sky, and detecting point sources such as active galaxies and supernova remnants.
Whilst INTEGRAL data are not used in this thesis, INTEGRAL was one of the
instruments used in 2015 to perform observations of the outburst of the low mass
X-ray binary V404 Cygni, discussed extensively in Chapter 4. Additionally, IN-
TEGRAL is responsible for the discovery of many X-ray binaries discussed in this

thesis.
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1.4.3.2 Neil Gehrels Swift Observatory

The Neil Gehrels* Swift Observatory (formerly the Swift Gamma-ray Burst Ex-
plorer, henceforth Swift) is a satellite designed to observe ~-ray bursts and transi-
ent X-ray phenomena. Swift consists of three instruments. The first is the Burst
Alert Telescope (BAT), which observes the 15 keV - 150 keV range, and is a coded
aperture mask telescope with a wide field of view (1 steradian - 3 sterradians, de-
pending on observing mode). The BAT is designed to observe transient events
and rapidly provide localisation to within arcminute accuracy, and BAT alerts are
used by other observatories for rapid follow up observations of «-ray burst after-
glows (Barthelmy et al., 2005). BAT data are available publicly, and are used in
this thesis to produce multi-wavelength light-curves of X-ray binaries, which are

themselves prone to transient outbursts.

The other instruments on Swift are designed to provide higher resolution follow-up
observations of transient phenomena, following BAT triggers. The first is the X-ray
Telescope (XRT), a Wolter grazing incidence telescope which focuses X-rays onto
a CCD. The XRT is primarily used for improved positional localisation of ~-ray
bursts, however is also used for the continuous observation of X-ray sources such as
microquasars, supernovae and y-ray burst afterglows (Burrows et al., 2005). The
final instrument aboard Swift is the Ultraviolet/Optical Telescope (UVOT), which
operates between 170nm - 600nm, and is designed to detect optical/UV coun-
terparts to transient phenomena, primarily the optical afterglow of v-ray bursts.
Swift-XRT and UVOT data are not used directly in this thesis, although observa-
tions with these instruments are discussed, particularly in Chapter 4, in the context

of the microquasar V404 Cygni.

*The late Neil Gehrels was the Project Scientist of the telescope, who died in 2017 at the
age of 64, and for whom the telescope is now named. Gehrels played a leading role in ~y-ray
astronomy throughout his life as Chief of Astroparticle Physics at NASA’s Goddard Space Flight
Centre. In addition to his work with Swift, Gehrels was the deputy project scientist for the
Fermi observatory, was project scientist for CGRO, was mission scientist for INTEGRAL, and
was leading development of the Wide Field Infrared Space Telescope (WFIRST) before his death.
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1.4.3.3 AGILE

The Astro-Rivelatore Gamma a Immagini Leggero* (AGILE) is a y-ray space tele-
scope which was launched by the Italian Space Agency in 2007, and acts as a
successor to EGRET. AGILE consists of two instruments. The first is a hard
X-ray imaging detector called Super-AGILE. Super-AGILE, like the X-ray instru-
ments aboard INTEGRAL and Swift, is a coded mask telescope and is sensitive
to photons in the energy range 18 keV - 60 keV. Super-AGILE uses silicon strip
detectors, and has a wide field of view of approximately 1 steradian; it has an

angular resolution of 6 arcmin (Feroci et al., 2007).

The second instrument aboard AGILE is known as the Gamma-Ray Imaging De-
tector (GRID), which detects ~-rays through the principle of pair-conversion as
EGRET did. Whilst EGRET used a spark chamber to track the paths of the pair-
produced leptons, AGILE uses silicon strip detector technology, which eliminates
the performance deterioration that EGRET was prone to due to degradation of
gas quality in the spark chamber over timef. GRID is sensitive to v-rays between
30 MeV and 30 GeV, and largely covers the same range that EGRET did (Tavani
et al., 2009a).

AGILE data have resulted in a number of important discoveries in the field, notably
including evidence for variability from the Crab Nebula due to plasma outbursts in
the inner regions of the system (Striani et al., 2013). AGILE data, unlike that of
INTEGRAL and Swift, are not public, and are not used in this thesis; discussion

of AGILE observations is made in Chapter 4 in the context of V404 Cygni.

1.4.3.4 The Fermi Gamma-ray Space Telescope

NASA’s own direct successor to CGRO (particularly EGRET) is the Fermi ~-ray

Space Telescope, which has two instruments aboard: the y-ray Burst Monitor and

*Or, the Lightweight Astro-Imaging Gamma Detector in English.
fMore information on the Si strip detectors is found in Chapter 2, where the same technology
is discussed in the context of the Fermi mission.
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Figure 1.5: The image of the y-ray sky at energies above 1 GeV taken by Fermi.
The central horizontal band of emission shows the Galactic diffuse emission, which
becomes more intense towards the Galactic centre. Several point sources of high
intensity ~y-rays are seen off-the-plane. Compared to the EGRET emission, the
Galactic plane emission is narrower and better constrained, and more point sources
are seen sue to the improved instrument sensitivity. Image credit: The Fermi-LAT
Collaboration.

the Large Area Telescope. The latter is sensitive to photons between 30 MeV
and 1 TeV, both encompassing and extending the energy range of EGRET. Fermi
has significantly improved sensitivity and resolution compared to EGRET; whilst
EGRET detected ~-ray sources in the hundreds, Fermsi has identified them in the
thousands; these include starburst galaxies, active galaxies, pulsars, pulsar wind
nebulae, supernova remnants, binary systems and classical novae. Arguably one of
the biggest discoveries made by this observatory has been the Fermi bubbles, lobes
of high energy 7-rays extending orthogonally from the Galactic centre to kiloparsec
scales (Su et al., 2010). The Fermi Large Area Telescope view of the whole sky
is shown in Figure 1.5. The Fermi data are publicly available, and are what is
primarily used in this thesis. Chapter 2 discusses the Ferm: mission, data and

software in depth.
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1.4.4 Ground Based Observations

Whilst the Earth’s atmosphere is opaque to cosmic y-ray radiation, it is possible
to observe the interactions between cosmic ~y-rays and the upper atmosphere. As
a result, ground based observatories can reconstruct the energy and direction of
incidence of y-rays, providing a means to perform v-ray astronomy from the ground.
The energy required to produce interactions visible from the ground is significant,
meaning that only «-rays with energies of at least 5 of GeV are detectable. As a
result, ground based 7-ray astronomy complements space based astronomy (where
instrument effective areas are much lower), by observing at higher energy bands

and with better instantaneous sensitivity.

1.4.4.1 The Cherenkov Effect

As ~-rays hit the upper atmosphere, they will pair produce an electron-positron
pair by interaction with atmospheric nuclei. At very high energies (very loosely
between 100 GeV - 1 PeV), the progenitor v-ray is so energetic that the electron-
positron pair will travel close to the speed of light, and faster than the speed of
light in the medium of the atmosphere. As a result of this, the lepton pair will emit
a characteristic blue optical/UV light called Cherenkov radiation, which is akin to

the sonic boom created due to super-sonic travel.

As the electron-positron pair travels towards the ground through the atmosphere,
they lose energy in the form of secondary 7-rays emitted via Bremsstrahlung.
These secondary ~-rays further interact with atmospheric nuclei, producing fur-
ther electron-positron pairs, which emit further Cherenkov light. The resulting
cascade of Cherenkov light-emitting leptons is known as an air shower. The Cher-
enkov light from air showers is luminous, but is extremely short lived as the entire

air shower lasts only nanoseconds (Rao and Sreekantan, 1998).

In addition to ~-ray induced air showers, high energy cosmic rays produce air

showers when they collide with the atmosphere, causing a noisy background for
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~-ray observers. However, as hadronic air showers have different signatures and
cascade patterns to v-rays, it is possible to filter the noisy background out with
modern observing techniques (Hillas, 1996). Muons are also produced within the
air showers themselves, which travel down towards the ground in the shower. These
also produce Cherenkov light, however they are distinguishable from 7-rays as they

form a distinctive ring/arc pattern on the ground.

1.4.4.2 Imaging Atmospheric Cherenkov Telescopes

Imaging Atmospheric Cherenkov Telescopes (IACTs) are optical telescopes de-
signed to observe the Cherenkov light from air showers caused by ~-rays hitting
the atmosphere. TACTs are large reflecting instruments, typically with mirror sizes
exceeding 8m in diameter, and are designed to capture as much Cherenkov light
as possible in order to reconstruct the incident v-rays as accurately as possible.
The cameras of TACTs do not use CCDs as most other telescope cameras do, but
instead use photomultiplier tubes to enable the very fast light pulses of Cherenkov

showers to be detected (Sinnis, 2009).

The first IACT was a single instrument known as the Whipple 10m Telescope,
located on Mount Hopkins at the Fred Lawrence Whipple* Observatory in Southern
Arizona. The Whipple telescope pioneered the imaging technique, and detected a
wide range of sources including binary systems, active galaxies and nebulae (Kildea

et al., 2007).

There are currently 3 major IACT observatories operating across the world. These
are the High Energy Stereoscopic System (H.E.S.S.) in the southern hemisphere,
the Very Energetic Radiation Imaging Telescope Array System (VERITAS, shown
in Figure 1.6), and the Major Atmospheric Gamma Imaging Cherenkov Telescopes

(MAGIC), both in the northern hemisphere. Each of these observatories consists

*Both the telescope and the observatory were named after Fred Lawrence Whipple, an Amer-
ican astronomer who established the facility and was the head of the Smithsonian Astrophysical
Observatory.
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Figure 1.6: One of the four IACTs that make up the VERITAS array. Note the
segmented mirror design, which allows individual panels to be removed for cleaning,
maintenance and saves money compared to a larger single mirror reflector. The
scaffolding platform in the background of the shot allows for maintenance to be
performed on the telescope camera.

of an array of multiple telescopes which generally observe the same objects simul-
taneously. The result is a much better instantaneous sensitivity and much better
angular resolution than any space based instrument. However, TACTs must usually
observe at small zenith angles, at night, with minimal moonlight, and in weather
where interference from clouds is minimal. As a result, the duty cycle of an IACT
observatory is approximately 10%, compared to the near 100% of space based ob-
servatories. Today, these three observatories carry out observations of a variety
of sources across the sky, in coordination with one another and other instruments

such as Fermi and Swift.

Whilst VHE data are not used in this thesis directly, results from all three major
TACT arrays are drawn upon at various points, particularly in later chapters where

the high mass X-ray binaries (a class of VHE source) are dealt with.
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1.4.4.3 Water Cherenkov Detectors

In addition to IACTs, a second type of Cherenkov light detector is used for -
ray astronomy, the water Cherenkov detector (WCD). These consist of a large (>
100,000 litre) tank of water, built to completely exclude any light. As electron-
positron pairs from air showers pass through the water, they emit Cherenkov light
which is detected by photomultipliers inside the tank. This allows for the angle of

incidence and energy of the y-ray to be reconstructed.

Currently, two major water tank detectors operate, both in the Northern Hemi-
sphere. The High Altitude Water Cherenkov Experiment (HAWC) operates in
Mexico (Smith, 2015), and the Large High Altitude Air Shower Observatory (LHAASO)
operates in China (Cao et al., 2021b). WCD data are not used in this thesis, al-

though results from HAWC are discussed.
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Figure 1.7: The first labour of Heracles, the slaying of the Nemean Lion. By Peter
Paul Reubens (Year Unknown).
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CHAPTER 2

The Fermi Large Area Telescope

2.1 Mission Hardware

The Fermi Gamma-ray Space Telescope (henceforth Fermi) is a satellite in low
Earth orbit with two instruments aboard designed for the detection of high energy
~-rays. Originally named the Gamma-ray Large Area Space Telescope (GLAST),
development of Fermi began in the early 1990’s, Fermsi was designed as a successor
to EGRET, and the wider Compton Observatory Satellite (e.g Atwood et al. 1992 &
Gehrels et al. 1999). Fermi was launched on the 11th of June 2008 and the scientific
payload aboard was switched on several weeks later on the 24th of June. Ferms
orbits the Earth approximately once every 90 minutes, and the spacecraft has a
rocking motion so that the instruments can capture a full image of the sky once
every 2 orbits. The mission has been extended several times, and is operational to
this day. On the 16th of March 2018, the rotation drive on one of the solar panels
failed, causing downtime in observations. The observatory was moved to an orbital
position where it could maximise solar exposure with only one rotating solar panel
and full operations resumed soon after, largely due to the fact that the observatory

generates a significant amount of extra energy than the instruments use.
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Figure 2.1: An artists impression of Fermi v-Ray Space Telescope. The large silver
cuboid at the top of the satellite’s body is the Large Area Telescope. The Gamma-
ray burst monitor scintillators are located on the body of the instrument below the
large area telescope. The solar panels to the left and right are designed to rotate in
orbit in order to maximise available power to the instrument at all times. (Image
source: https://science.nasa.gov/toolkits/spacecraft-icons)

2.1.1 The Gamma-ray Burst Monitor

Fermi launched with two instruments onboard, the first of which is the Gamma
Burst Monitor (GBM) which is designed to observe transient X-ray and ~-ray radi-
ation between the energies of 8 keV and 40 MeV (Meegan et al., 2009). The GBM
consists of 12 Sodium Iodide scintillators located at intervals around the body of
the spacecraft to provide coverage of the lower energy photons, and 2 Bismuth
Germinate scintillators located on opposite sides of the spacecraft to provide cov-
erage of the higher energy photons. Whilst the GBM covers approximately two
thirds of the sky at once, localisation of transient events is relatively poor (at ap-
proximately 5°), but temporal resolution is excellent at 5us, allowing for excellent
time-resolved spectra of transient events. The GBM has detected a wide variety of
events, including solar flares and high energy emission from thunderstorms called
terrestrial vy-ray flashes; however, the primary aim of the GBM is the detection
of y-ray bursts, transient flashes of extragalactic high energy emission caused by
exotic processes in stellar systems. (e.g. Schwartz et al. 2010, Berger 2014, Chronis

et al. 2016 & Poolakkil et al. 2021). The GBM plays an important part in high
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energy astronomy and has synergies with many other instruments. It complements
several other detectors such as the Burst Alert Telescope on the Neil Gehrels Swift
Satellite which together provide a near full view of the sky, and improved localisa-
tion over one instrument via triangulation (Barthelmy et al., 2005). Alerts from
the GBM (in addition to instruments like Swift-BAT) also provide coordinates to
ground based TeV observatories which then perform follow up observations on the
afterglows of y-ray bursts. This led to the first TeV detection of a «-ray burst
afterglow by H.E.S.S. in 2018 (Abdalla et al., 2019). Finally, the GBM works in
tandem with the Large Area Telescope, the primary instrument on Fermi, and the
Large Area Telescope has also identified y-ray bursts in the MeV - GeV energy
range (Ajello et al., 2019).

2.1.2 The Large Area Telescope

The primary instrument aboard Fermi is the Large Area Telescope (LAT), which
is designed to build an image of the v-ray sky by identifying point and extended
sources of y-rays amongst the y-ray background, and their evolution over time.
The LAT is sensitive to photons roughly between 30 MeV and 1 TeV, and as
such high energy photons are targeted for detection, it is not possible to use the
same techniques which optical telescopes use. The primary description of the LAT
instrument is found in Atwood et al. (2009), however other references are given as

appropriate.

The Large Area Telescope detects y-rays based on the mechanism of pair-production
(and is referred to as a pair-conversion telescope in the literature) as AGILE does,
and EGRET did. In order to fully reconstruct a «y-ray, two pieces of information
are needed: the directional vector of the initial y-ray photon, and the energy of the

photon.

The LAT consists of 16 detector ‘towers’ (called tracker modules), arranged 4x4

into a square when viewed from the top down and each tower consists of 18 ‘layers’.
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Figure 2.2: A side on view of the LAT detector, showing the 4 tracker modules
from the 16 module structure. The Anti-Coincidence Detector (ACD) surrounds
and shields the entire detector. Layers of Germanium foil and Silicon tracking strips
make up the body of the LAT, maximising pair conversion probability and allowing
for the accurate reconstruction of incident y-ray direction. The calorimeter lies at
the base of the detector, allowing for accurate measurement of the incident y-ray’s
energy. The central tracker module partition also corresponds to the instrument
axis, where ‘on-axis’ refers to any inbound photons which are perpendicular to this
line.

Each layer first consists of a Germanium conversion foil, the point of which is
to force incoming ~-rays to pair convert into an electron-positron pair through
interaction with the Ge nuclei. Multiple layers of Ge foil are used to maximise the
likelihood of pair-conversion, and thus a photon detection by the LAT. As Ge has a
relatively high atomic number, y-rays passing through the foil are likely to interact
with this material, and most of the pair production in the LAT occurs in the Ge

conversion foils.

Below each conversion foil layer are two layers of Silicon strip detectors (SSDs)
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which measure the positions of the electron and positron as they pass through
the tracker module. As the electron and positron are travelling at high velocities
through the detector they are deflected by each layer of Ge foil, causing changes
in their direction of travel, therefore they must have their positions measured after
each layer of conversion foil in order to reconstruct the progenitor vy-ray’s direction
of origin. As a lepton moves through an SSD, it causes ionisation of the silicon
atoms, and thus a small current at a point in the strip. Each strip is only able
to track the position of a lepton in one spatial dimension, therefore each layer of
a tracking module contains two SSD layers perpendicular to one another, which
allows for the 2D localisation of a lepton within a layer in the X and Y planes. The
LAT SSDs operate with over 99.9% efficiency, thus as layers of Ge conversion foil
and SSD trackers are stacked on top of one another in each tracker module, the
2D measurement of lepton position at different points in the Z-dimension allows
for a full 3-dimensional reconstruction of the path of the pair produced leptons as
they move through the tracker module (Bregeon, 2011). This allows the onboard
computer of the LAT to reconstruct the initial direction of a ~-ray which pair-
converts within the LAT. A simplified view of the LAT detector is shown in Figure
2.2.

In order to measure the energy of the ~-ray, each tracking module tower contains
a calorimeter at the base which contains a hodoscopic array of Caesium lodide
crystals (CsI(TI)) arranged into 8 layers perpendicular to one another. The calor-
imeter works by inducing an electromagnetic air shower from the leptons entering
it, which occurs as the calorimeter has a total thickness of 8.6 radiation lengths
(compared to the SSD/conversion foils 1.5 radiation lengths for all 18 layers). This
air shower causes secondary ~-rays to be produced and thus further lepton pairs,
which continue to move through the calorimeter crystals. As the air shower leptons
move through the CsI(TI) crystals, they induce excited states in the crystal elec-
trons, which causes scintillation light to be produced; this light is then measured by

photodiodes attached to each CsI(TT) crystal, and the total intensity of scintillation
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light produced by the air shower is used to calculate the energy of the progenitor
~-ray (Grove and Johnson, 2010). This is essentially the same mechanism used by
ground based TeV observatories, where the intensity of Cherenkov light produced

by ~-ray air showers is also used to calculate progenitor photon energy.

The LAT is highly effective at converting and detecting «-ray events. Across the
effective energy range of the LAT, 63% of on-axis photons are converted to a lepton
pair, and of this 63% over 99% of conversions have a successful energy measurement
from the instrument calorimeter. Photons are also detected off-axis, however as the
off-axis angle increases, the conversion efficiency drops, as it is likely that the y-ray
will pass through less layers of conversion foil as it moves through the detector,
thus reducing the pair-conversion likelihood. The entire process of pair-conversion,
and measuring the direction and energy of an inbound photon and recording this
information as a successful v-ray event takes approximately 100 ps. This interval

is referred to as the instrument deadtime.

The largest difficulty faced when recording ~-rays is the cosmic ray flux in low
Earth orbit, primarily from high energy protons. Cosmic rays outnumber ~y-rays
by a factor of approximately 103, and like the lepton pairs produced via pair con-
version, produce air showers in the LAT calorimeter. Cosmic rays threaten to
overwhelm the LAT detector with false positives, so measures are put in place to
filter out cosmic ray noise from genuine ~-ray signals. The first line of defence
against cosmic rays is the anti-coincidence detector (ACD), a cover built of scintil-
lating tiles which surrounds the tracker modules. As a cosmic ray passes through
the ACD scintillation light is produced due to the cosmic ray’s electric charge;
as photons are electrically neutral, no scintillation light is produced when a -ray
crosses the ACD. This allows the instrument to distinguish between ~-rays and
cosmic rays. In addition to serving as a filter for cosmic rays, the ACD also shields
as a micrometeorite defence shield, and is designed to have an extremely short

radiation length to minimise y-ray absorption.

Furthermore, as a cosmic ray passes through the instrument, it will leave a single
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track through the SSD tracking layers, whereas a pair-converted y-ray will leave
two due to the lepton pair. Finally, the showers from cosmic rays in the calorimeter
tend to extend out and past the calorimeter, whereas the y-ray air showers tend to
be contained. This provides a set of criteria which distinguishes y-ray events from

cosmic ray events in the LAT detector:
1) There is no scintillation light signal for an event in the ACD.

2) Two tracks are measured in the Silicon tracking layers, which both originate

from the same point.
3) There is a well contained EM shower in the calorimeter, characteristic of a y-ray.

Despite this criteria for onboard discrimination between ~-rays and cosmic rays,
given that the rate of cosmic ray triggers is several orders of magnitude higher than
that of y-rays cosmic ray events are inevitably recorded in the data as y-rays. To
filter these out further, instrument response functions are applied during the data
reduction and analysis stage which further reduces the impact of cosmic rays on
the y-ray images, improving the signal to noise ratio beyond the hardware level

described here.

With the hardware described above, the Fermi-LAT represents a significant ad-
vance over EGRET, by offering greater instrument sensitivity, better cosmic ray
rejection, improved positional, temporal and energy resolution, and reduced instru-
ment deadtime. Given the robust design, the LAT has operated continuously for 14
years, significantly longer than EGRET did, and providing strong synergies with
other long-term high energy astrophysics missions such as AGILE, INTEGRAL
and Swift. Atwood et al. (2009) provides a summary of predicted LAT instrument
parameters in Table 1, however over the 13 years of observation, certain paramet-
ers have been refined (such as energy range) as the instrument performance has
become better understood. Therefore, the current instrument parameters based on
the detector hardware are given in Table 2.1 (Ajello et al. 2021a & Abdollahi et al.

2020).
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Total Energy Range 30 MeV - 1 TeV
Effective Energy Range 100 MeV - 500 GeV
Effective Area 9500 cm?
Energy Resolution: 100 MeV - 1 GeV 9% - 15%
Energy Resolution: 1 GeV - 10 GeV 8% - 9%
Energy Resolution: 10 GeV - 300 GeV 8.5% - 18%
Angular Resolution: 100 MeV 3.5°
Angular Resolution: 1 GeV 0.6°
Angular Resolution: > 10 GeV < 0.15°
Field of View 2.4 sr
Temporal Resolution < 10 ps
Instrument Deadtime 26.5 us

Table 2.1: The instrument parameters of the Fermi Large Area Telescope, as
understood in 2022. The total energy range refers to all energies where the LAT
is capable of detecting photons; however the effective energy range refers to the
energies where useful data are taken, and can be used for point source analysis.
The effective area is given at normal incidence, this value changes with angle. All
values of energy resolution are on-axis values. The angular resolution refers to the
on-axis single photon 68% (& l¢) containment radius, the 95% containment radius
(=~ 20) is given as 3x the value of the 68% radius for a given energy. The off-axis
resolution at 55° is given as 1.7x the on-axis value. The field of view refers to the
solid angle of the sky which the LAT observes at once. The Temporal Resolution
refers to the precision with which timestamps are applied to «-ray events detected
by the LAT, and is not to be confused with deadtime, which is the time taken
after an event for the instrument to process that event and ready itself for another
detection.

Several of the properties of the LAT detector, chiefly the energy and angular res-
olution, depend on the energy of the photon being detected, and these values vary
significantly due to the extremely wide energy range which the LAT observes over.
With regards to the angular resolution, the resolution improves from 3.5° at 100
MeV to a peak resolution of under 0.15° at energies greater than 10 GeV. Although
the LAT is capable of detecting an abundance of photons below 100 MeV, these
are generally excluded in most data analyses due to their extremely poor angular
resolutions at such energies. The energy resolution improves from 100 MeV and is
at its most precise between 1 GeV and 10 GeV, before worsening again at higher
energies. Most analyses also typically exclude photons of energies above 500 GeV
(historically 300 GeV), due to the scarcity of photons at such energies making flux

calculations difficult. The temporal resolution is not energy-dependent in the LAT.
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Full details about the observed energy dependencies for instrument properties are

given in Atwood et al. (2009).

2.2 The LAT Data

The Fermi-LAT constantly records data, both y-rays and noisy background events.
These data form a list of discrete events, which is sent on a daily basis from the
LAT itself to the Fermi Data Centre where the data undergo post-processing, and
events are assigned information such as quality flags. The LAT data and analysis
tools are non-proprietary and free to access, and an extensive suite of software is

available to support LAT data analysis.

There are two types of data file required for analysis of LAT data, both of which
are available from the LAT data server and are formatted as ‘flexible image transfer
system’ (.fits) files. The first data file is known as the photon file, which contains
a list of events, both v-ray and otherwise, detected by the LAT. Each event is
contained in a separate indexed sub-directory as part of the data directory in

Header Display Unit (HDU) 1 of the photon file*.

Each event within the photon file contains a list of properties from this event.
Some properties are universal to all events, such as the mission (labelled ‘GLAST”)
and instrument (labelled ‘LAT’) and are not of much interest to us when we are
analysing data. Some properties are technical and related to the file itself, such as
the file checksum value and the file creation date. These properties may be useful
for checking the integrity of the data files, or when creating new software tools to
manipulate the data, but are not regularly looked at during data analysis. Finally,
the remainder of the properties give the scientific properties of the event, which we

are interested in, to perform data analysis.

The scientific information regarding each event observed by the LAT allows for the

*The .fits file HDUs start at 0, where HDU 0 typically contains the astronomical images in
the data file. As our data file contains no images (only an events list) HDU 0 is left empty.
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full reconstruction of the incident ~-ray which caused it, as well as the probability
that it was, in fact, a y-ray and not a noisy false positive caused by a cosmic ray.
Each event in the photon file contains the Right Ascension (RA) and Declination
(Dec) of the incident v-ray event, reconstructed from the path of the pair-converted
electron-positron pair through the silicon trackers. The incident direction of the
event is also provided in Galactic coordinates in the file. The energy of the event
as measured from the EM shower by the instrument calorimeter is given in MeV.
The LAT data use a time system known as Mission Elapsed Time (MET), counted
as the number of seconds since 00:00:00 on the 1st of January 2001 UTC, and
this is the system I use throughout this thesis when performing analysis. As a
result, the timestamp for the event is given in MET seconds, rather than the
traditional Julian/Modified Julian scheme widely used in astronomy. Finally, the
event inclination and azimuthal angles are given, along with the zenith angle of
the event. These provide information on where the event entered the instrument,

as instrument performance varies based on event geometry.

The above information in the photon file comes directly from the event reconstruc-
tion aboard Fermi and would allow us to build a basic image of the sky alone,
using just this information. However, as previously mentioned, noisy background
events also make their way into the events list and various factors (such as the way
a photon enters the LAT) means that some 7-rays are reconstructed more accur-
ately than others. As such, two additional event properties are calculated during
post-processing and are included in the photon event data files. The first of these
is the event type (often referred to as evtype). The event type is a numerical value,
which allows one to discriminate between a number of properties for the event. The
first is whether the event has entered the instrument at the front or the back, as
front entry photons generally have better reconstruction than back entry ones due
to different effective areas. The second property is the PSF quartile. All photons
are defined by how well their point spread function (PSF) is constrained, so the

event type allows one to distinguish between photons based on the quality of their
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PSF, with all photons divided into 4 quartiles from worst PSF to the best PSF.
The same is done with energy reconstruction, and the evtype of a photon allows
one to distinguish between photons with accurate energy reconstructions based on
their assigned quartile in the overall population of events. The most widely used
event type value in analysis is 3, which allows for front and back entry photons,

and no constraint on PSF or energy reconstruction.

In addition to the event type, the event class (evclass) provides a measure of how
likely an event is to be a photon. The event classes form a nested hierarchy,
with higher classes containing fewer photons and a lower efefctive area, with a
better signal to noise ratio due to less cosmic ray contamination, and lower classes
containing more photons and a higher effective area, but also a greater degree of
cosmic ray contamination. The full hierarchy of event classes has been updated
several times, as new datasets become available®, however the most recent set of
event classes, and their uses are given below (Atwood et al. 2013 & Bruel et al.

2018).

P8R3_TRANSIENTO020 (evclass=16): This class includes all events so that the refer-
ence spectrum of this event class is twice that of the isotropic diffuse y-ray back-
ground described in Abdo et al. (2010c). This class has the highest cosmic ray
contamination in the standard event class hierarchy, and is typically used for ob-

servation of short term transient phenomena such as vy-ray bursts or solar flares.

P8R3_TRANSIENTO010 (evclass=64): This class includes all events so that the ref-
erence spectrum of this event class is equal to that of the isotropic diffuse y-ray
background described in Abdo et al. (2010c). This class is also used for tran-
sient phenomena, however has improved cosmic ray rejection rates compared to

evclass=16, and consequently a lower photon count.

P8R3_SOURCE (evclass=128): This class has a lower background spectrum than the

*The most recent dataset is called ‘Pass 8 and has seen 3 releases, hence we deal primarily
with P8R2 or P8R3 data in this thesis. The changes between R2 and R3 are small, and do not
affect the analysis in this thesis.
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transient classes, and a much better cosmic ray rejection rate. It is the standard
event class for point source analysis and extended source analysis and is used as

the standard source class throughout this thesis.

P8R3_CLEAN (evclass=256): This class is identical to evclass=128 at energies below
3 GeV, however has a 1.3x - 2x lower background rate at energies above this, thus

making this class ideal for hard spectrum sources at high Galactic latitudes.

P8R3_ULTRACLEAN (evclass=512) & P8R3_ULTRACLEANVETO (evclass=1024): These
classes are extremely similar to one another in the P8R3 release. Below 10 GeV the
background rate is 15% - 20% lower than evclass=128 and is 50% lower at 200 GeV.
This class is used to examine the systematic effect of cosmic ray contamination on
the LAT data and is not typically used for point source analysis due to the low

effective area.

P8R3_SOURCEVETO (evclass=2048): This class is a hybrid of classes 128 and 1024 as
it has the same background rate as 128 up to 10 GeV and then the 1024 background

rate beyond that energy, with 15% more photon acceptance.

The transient event classes, and several additional non-hierarchical event classes,
are not found in the typical photon files, but are instead found in the extended

photon files, which contain additional information and many lower quality events.

In addition to the photon files, a second type of data file is needed for LAT analysis,
the Spacecraft file. The Spacecraft file does not contain information about photon
or cosmic ray events, but instead contains information about the spacecraft itself
which is essential for the analysis of the photon file data. The Fermi spacecraft file
contains information on the spacecraft at 30 second intervals, and contains both the
beginning and end times of the interval in MET, and the livetime of the instrument
during this interval (in seconds). The positional coordinates and pointing of the
instrument are included from the start of each interval, as is the rocking angle of
the instrument and the satellite velocity. Data flags are assigned to each interval, so

that bad periods of data can be excluded from phenomena such as particle events

36



2.83. Modelling LAT Data

or solar flares where the instrument response functions do not accurately reflect
the data in these times. Finally, magnetic field information is included, as certain
points of the LAT’s orbit can cause observational difficulties, such as the South
Atlantic Anomaly. The spacecraft file is also presented as a .fits file, and both
the photon and spacecraft files are available for any given time period from the

Fermi-LAT data server®

2.3 Modelling LAT Data

In order to draw scientific inferences from the raw LAT data, the data must be

analysed. The data analysis comes in 4 steps:

1) Data reduction: Unnecessary photons are removed from our list of photons,
and the signal to noise ratio is improved via application of instrument response

functions.

2) Data modelling: Through the use of background models and a source catalogue,
a mathematical model is built which describes background, point and spatially

extended sources of y-rays, based on prior knowledge.

3) Model fitting: Maximum-likelihood estimation is used to fit the model to the

data.

4) Advanced analysis: Investigation of the properties of individual v-ray sources

using the best fit model to the data.

There are a number of ways to analyse LAT data, and several pieces of software
which allow for its analysis. In this thesis, I use the Fermipy analysis package
which is written in Python 2.7, although a Python 3.X version has now been
released’. Fermipy uses a set of tools written by the Fermi-LAT collaboration

called the Fermitools?, primarily for the data reduction steps of the analysis. The

“https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT /LATDataQuery.cgi
T have used the Python 2.7 version as it was the more stable of the two releases.
YFormerly the Fermi Science Tools
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Fermitools are largely written in Python 2.7* and partially in shell script. In
this Section, I will provide a breakdown of the relevant individual Fermitools,
before discussing these in the context of a full analysis with Fermipy. All of the

Fermitools begin with ‘gt’, this stands for GLAST Tools.

2.3.1 Photon Selection

gtselect is usually the first tool which is applied during any Ferm: data analysis,
and cuts down the list of events (which can be significant, particularly when using
an all sky dataset) to a desired region of interest (ROI) in space, energy and
time. This tool only operates on the photon events files, and takes either a single
‘events.fits’ file, or a list of such files provided in an ‘events.txt’ file. The output
of this tool is a filtered ‘events.fits’ file, which has the format of the photon events
file described previously, but only contains photons considered acceptable by the

gtselect filters.

The following parameters describe how photons are cut using gtselect, and the

different ways in which photons can be selected for analysis:

1) tmin and tmax define the start and end times of the range where photons are

selected in MET.

2) emin and emax define the minimum and maximum values of the energy range of

photons which are selected in MeV.

3) evtype and evclass allow photons to be selected by their event type and event
class, allowing for cuts based on photon quality, point spread function, energy

reconstruction and instrument effective area.

4) RA and Dec determine the central position of the ROI in equatorial coordinates
(measured in °), within which we consider photons. The rad parameter determines

the radius around this position which defines the ROI.

*Again, a Python 3.X is now released, but was less stable.
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5) zmax determines the maximum allowed zenith angle of photons (°). This value
is exclusively set to 90° in all analyses in this thesis, as is recommended in the

Fermi-LAT cicerone.

6) phasemin and phasemax allow photons to be sorted by the orbital phase of a
source. The photon files do not come with any phase information by default, and
this must be calculated using an ephemeris for a source and applied to the photon

files separately, before gtselect is used.

gtmktime, like gtselect, performs photon selection by applying information con-
tained within the spacecraft file to the filtered events file created by gtselect. The
tool does this by calculating a series of ‘Good Time Intervals’ where the instrument
is active and collecting data which is not compromised by any external factors. The
inputs for this tool are the spacecraft data file, the filtered events file and a filter

string which is composed of three parts:

1) DATA_QUAL indicates whether the data during a given period of of good quality
of not. A flag of 1 indicates okay data, 2 indicates that the data awaits review by
the LAT team, 3 indicates the data is okay with bad parts and 0 indicates the data

is compromised, and should not be used.

2) LAT_CONFIG indicates whether the LAT is operating normally during a given
period. A flag of 1 indicates that the LAT is in its science configuration and is
taking observations, whereas 0 indicates that the data are not recommended for

analysis.

3) ROCK_ANGLE allows cuts to be made based on the rocking angle of the instrument.
Whilst the LAT usually observes the sky in an ‘all-sky’ survey mode, pointed
observations of specific targets are made. These can be eliminated from datasets

by using this parameter.

By combining the above parts, we end up with a filter string which is used to

calculate the Good Time Intervals. Currently the recommended filter is:

(DATA_QUAL>0) && (LAT_CONFIG==1)
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This is the filter I use throughout this thesis.

2.3.2 Instrument Livetime

The instrument response functions, which are used to map the detected LAT photon
flux with the detected events list, depend on the inclination angle* of the instru-
ment. Therefore, in order to calculate accurate photon fluxes for sources, each
analysis uses a ‘livetime cube’, which contains a 3D model of the sky as a function
of inclination angle and equatorial coordinates which contains the total amount of
time the LAT spends looking at every point of the sky as a function of inclination

angle, which facilitates the use of the instrument response functions in later steps.

gtltcube is the tool which produces livetime cubes, and requires the spacecraft
file (which contains the instrument pointing history) the filtered photon events file
(which contains the start and end times of the observations), and an inclination
angle step value (as the inclination angle is approximated by a HEALPIX map,
rather than as a continuous function). Typically the inclination angle is taken as
0.025°. gtltcube produces the livetime cube as a separate .fits file to the existing
spacecraft and photon events files, and it does not alter these files in any way,
unlike the previous steps. Generating a livetime cube is typically the most compu-
tationally expensive part of a single analysis, however given that each livetime cube
encompasses the whole sky, livetime cube files can be used interchangeably between
analyses, provided that the the time periods are the same. As is demonstrated in
later Chapters, hundreds of analyses are performed over the same timescales, and
in these cases the same livetime cube can be used for each, dramatically speeding

up analysis time.

*A reminder, the inclination angle is the angle between the instrument z-axis (i.e. emerges
out of the face of the instrument) and a ~-ray source.
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Figure 2.3: The shape of the photon acceptance region after gtselect is given
by the white region within the circle, whereas the ROI after gtbin is shown by
the area within the red square. Following gtbin, all photons within the circle but
exclude from the square are removed from the model. The black dot indicates the
centre of the ROL.

2.3.3 Model Binning Schemes

Photon events must be binned, as by varying model parameters to attempt to
replicate the number of photon counts in each bin, we model our region. The tool
used for binning photons is gtbin, and is a versatile tool which can bin photons
into spatial bins across the ROI, energy bins (to create a spectrum of the ROI) and
time bins (to create a light-curve of the ROI). We do not use this last function, as

light-curves are created via a different method covered in Section 2.4.

In almost all of the analyses in this thesis, the photons are binned in both energy
and space; this is referred to as a ‘binned’ analysis, and is generally used for almost
all Fermzi analyses. In cases where photons are binned in space but not energy, this
is referred to as an ‘unbinned’ analysis. Unbinned analyses are only preferred when
looking at an ROI where there are very few events; i.e. over a very short timescales,
and unbinned analyses are not suitable where there are bright sources in the ROI,
the ROI is on the Galactic plane, or over long time periods. In the case of a binned

analysis, the output is a 3-dimensional binned events file (.fits format) called a
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counts cube, and in the case of an unbinned analysis a 2-dimensional binned events

file is produced called a counts map.

The input file required for gtbin to operate on is the filtered photon file which
has been processed by gtselect and gtmktime; the livetime cube is not needed so
gtbin may be run either before or after gtltcube. The output file must then be
specified (counts cube, counts map or light-curve), and in the case of the counts
cube and map, the central RA and Dec of the ROI must be provided along with
the number of pixels (bins) to be used in the X and Y axes of the file, and the bin
width in degrees. Additionally, the projection method must be specified, and any
rotation angles which are to be used when producing the binned events file. In the
case of the counts cube, where the file is also binned in energy, the lower and upper
energy bounds must be specified for the photon binning (these should be the same
as those given when cutting photons with gtselect), as well as the number of bins
per decade of energy to be used for binning. Whilst gtselect cuts photons within
a certain radius of the centre, resulting in a photon acceptance cone, gtbin cuts

these further so that the resultant ROI is a square; this is illustrated in Figure 2.3.

2.3.4 Calculating Instrument Exposure

Whilst Fermi-LAT observes the entire sky, it does not observe it equally; the
amount of time that the LAT spends looking at each point of the sky is referred
to as the exposure time, and instrument exposure needs to be accounted for in
LAT data models. Typically in astronomy, photons are more or less treated as
continuous, and exposure is simply the integral of telescope effective area over
time. For a telescope such as Fermi-LAT, where it is much more appropriate to
treat each photon as a discrete event, the concept of telescope exposure is slightly
different. Here, the exposure, €, is calculated by integrating the total response of

the instrument, R, over the full ROI, shown in Equation 2.1.
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e(E, p) = /ROI dE'dp'dtR(E',p', E,p,t) (2.1)

Here, primed quantities indicate the measured values of Energy, F, and directional

vector p.

Several tools have been released by the LAT Collaboration to calculate instru-
ment exposure, however the most recent, and the one recommended for use, is
gtexpcube2. gtexpcube2 operates in a reasonably simple way. It takes the in-
strument livetime cube which was computed with gtltcube, which contains the
instrument pointing history for the duration of observations, and the binned events
file produced by gtbin, and produces an exposure map of the ROI for which we
have our binned data file. gtexpcube2 can be run without the binned events file
from gtbin, however the parameters of this file (such as bin sizes and ROI pixel

count) must be manually specified instead.

2.3.5 Assembling the Model

The next step in analysis is to produce the source model, an XML file with a list of
the known ~v-ray sources in the ROI, and information about these sources, such as
their spectral parameters. There are a number of ways to produce this; in theory
the user can write this file themselves using the information from the point source
catalogues and the Galactic diffuse background model, however a Python script
called make4FGLxml.py automates this process, and adds sources to the model
from outside the field to account for the large point spread function of the LAT at

lower photon energies.

In its initial form, the source model is not very useful as the parameters of each
source are based on the catalogues and background models, i.e. prior information;
as a result, the source model is very unlikely to represent the data in our events
file very well. In order to improve how well the source model represents the events

file, the parameters of each source are changed to better reflect their real observed
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values. This is done through a technique called Maximum Likelihood Estimation
(MLE), however in order to perform MLE using our model and events file, we must

first produce a source map of our ROL.

The source map is essentially the product of the separate steps taken above, where
the livetime cube, exposure map, binned events file, spacecraft data file and source
model are convolved together with the instrument response function to produce a
file (in .fits format). This is essentially a ‘predictive’ counts cube, where the pre-
dicted counts of each bin, Np,.q comes from the expected source intensity, S;(E, p)
and the exposure of the source, €(F, p). The relationship between these quantities

is given by the integral in Equation 2.2

Nped = /R  dEdpS;(E. p)(£, p) (2.2)

The tool used to produce the source map is called gtsrcmaps, and takes the afore-
mentioned files and convolves them with the instrument response function. It is
important that the appropriate instrument response function is chosen for the re-
spective event class, and appropriate isotropic model, else significant additional

uncertainties are introduced into the model, which are difficult to quantify.

2.3.6 Modelling with Fermipy

Following the production of a source map, one may use the gtlike* tool to perform
MLE and improve the fit of the model to the data, before applying advanced ana-
lysis techniques to test scientific hypotheses with the model. Throughout this thesis
I do not use gtlike itself but use it as part of a Python package called Fermipy,
which automates the above steps, performs the likelihood fit, and provides a suite
of additional tools for statistical modelling of the data and advanced source ana-
lysis (Wood et al., 2017). In addition to Fermipy, several other analysis packages

exist which analyse Fermi-LAT data such as Enrico (Sanchez and Deil, 2013),

*https://fermi.gsfc.nasa.gov/ssc/data/p6v11/analysis/scitools/help/gtlike.txt
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easyFermi (de Menezes, 2022) and Gammapy, which is primarily built for the ana-

lysis of IACT data (Deil et al., 2017).

Fermipy is built around the Fermitools themselves, which are also written primar-
ily in the Python language; using Fermipy to complete the above steps is generally
quicker and more efficient than executing the tools one-by-one, and allows more
easily for analysis projects (such as surveys of populations of sources) to be com-

pleted.

The first step in creating a model using Fermipy is to produce a configuration
file, which is written in the YAML format. The configuration file holds all of the
information which is used to operate the Fermitools within Fermipy, rather than
specifying parameters at the point of executing each tool. Such parameters include
(but are not limited to) pointers to the data files, information regarding photon
selection (such as the event class and type), and the information to produce a source
model, such as the catalogue and background models to be used. An example

configuration file is shown in Figure 2.4.

A detailed guide to analysing data using Fermipy is given in the software docu-

mentation, detailed in Appendix I.

Having produced a configuration file, two steps need to be taken. Having imported
Fermipy into the Python environment, the first step is to define a GTAnalysis*
object, by pointing to the configuration file. Any subsequent analysis done using

this object will use the parameters specified in the configuration file.

Next, gta.setup is run. This command first creates a filtered events file by per-
forming gtselect and gtmktime using the events file and spacecraft specified in
the configuration file, before generating a livetime cube using gtltcube. Next ex-
posure is calculated using gtexpcube2, before the data is binned with gtbin and
a source map is created using gtsrcmaps, before gtlike is run. Fermipy provides

the facility for binned analysis only, unbinned analysis is not currently supported.

*Abbreviated as gta.

45



2.3.7. Likelihood Fitting

1 # NGC 1275 Configuration File

: events.txt #our List of photon files
: data/L191017@847288E15477E17_SCee.fits #our spacecraft file

: 15.8 # Let's keep a small roi
1 0.1 # bin size in degrees
dec : 10 # Ebins per decade in energy - 10 is a good estimatd

1t 1@  Four minimum energy
¢ : 30@0ee Hour maximum energy
: 98 #our zenith angle
: 128 #our event class
> 1 3 #our event type
N i 283996802 #Hour minimum time
1 315532802 #our maximum time
* : DATA_QUAL>@ && LAT_CONFIG==1 #4 standard filter for gtmktime
target : 'NGC 1275"' # As NGC 1275 is in our 4FGL catalogue, we can simply type its name 1in,
instead of the ra and dec of the source.

: True # Enable energy dispersion
'P8R2_SOURCE_V6"
edisp_disable : ['isodiff', 'galdiff'] # Never enable energy dispersion for the isodiff or

1 25.9 #Includes sources outside of the ROI
'gll iem_ve7.fits' # The most recent and up to date model of the galactic diffuse

emission

31 isodiff : 'iso_P8R3_SOURCE_V2_vil.txt' # The most recent and up to date model for the
isotropic diffuse emission, and for our event class

32 catalogs : ["4FGL'] # The 4FGL catalogue, 8 year Fermi-LAT point source catalogue.

Figure 2.4: An example of a Fermipy configuration file written in the YAML
format. This configuration file describes the parameters for an analysis of the
radio galaxy NGC 1275, located within the Perseus cluster. The nested structure
of the YAML file shows that the parameters are grouped; these groups are the
input data files; the binning parameters; the data selection criteria; the parameters
for the likelihood fit, and the source model parameters. The turquoise text located
after # signs indicate comments which are not read by the YAML interpreter.

2.3.7 Likelihood Fitting

Maximum Likelihood Estimation has been a method used to model y-ray data for
decades, and was used in the data analysis of the LAT’s predecessor, EGRET,
described in Mattox et al. (1996). MLE revolves around the Likelihood function
L, defined in Equation 2.3, which provides the link between the data (i.e. photon
count) X = z;, and the model (© = 6;) (i.e. predicted photon count) in each bin
(Fisher, 1922).
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2.3.7. Likelihood Fitting

L(6|X) = P(X|0) (2.3)

Thus the likelihood represents the probability of the observed data being a function
of a set of parameters of a given model. Through maximising the likelihood, we
maximise this probability. In a practical setting, it is easier to work with the
natural logarithm of the likelihood (the log-likelihood, ¢), and to maximise this
instead, as most common probability distributions are logarithmically concave.

The log-likelihood is given by Equation 2.4.

(=InL(O|X) = InP(z]0) (2.4)

In a practical sense, improving the fit of a Fermi-LAT model to the dataset is
done by varying the parameters (such as spectral shape, normalisation, index) so
that the log-likelihood value is maximised, indicating that the sources in the model
accurately reflect those which are observed in the data. A large ROI can have 100
sources or more, each with many parameters, making the MLE calculations non-
trivial, and numerous sources often contribute y-rays to each bin. Several tools are
available to fit source models to LAT data using MLE Fermipy; both of these are

based on the pyLikelihood module.

Following the gta.setup command, the next step is usually to run gta.optimize.
gta.optimize is an iterative tool which takes the 5 brightest sources in the ROI
(although this number can vary), and simultaneously fits the parameters of these
sources before moving on to the next 5 sources. This process sees the parameters
of the sources within the model pushed close to their global log-likelihood maxima,

and therefore usually significantly improves the fit of the model to the data.

Whilst gta.optimize improves the general accuracy of the model parameters
greatly, they can often be improved further. A second tool called gta.fit performs

a full likelihood fit, adjusting all freed parameters in the model and recalculating
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the model log-likelihood until a maximum is found, and the fit is of sufficient qual-
ity. As the parameter space of the model grows very rapidly with additional sources
being added, typically only select parameters (such as spectral normalisation), or
select sources (such as bright or variable sources) have their parameters freed, else
gta.fit may fail to converge. A number of computational optimization routines
can be used within both gta.optimize and gta.fit; throughout this thesis, I use

MINUIT*.

2.3.8 Likelihood Ratio Hypothesis Testing

Having used MLE methods within Fermipy to improve the model fit quality, it is
possible to test scientific hypotheses using it. Given we use Likelihood modelling
as our statistical framework, the simplest way to test scientific hypotheses with our
model is by using the Likelihood ratio test. The Likelihood ratio test is one of a
number of hypothesis tests, other examples being the score multiplier test and the
Wald test, and as we generally have no unknown parameters in our model it is the
most powerful of these tests according to the Neyman-Pearson lemma (Neyman

and Pearson 1933, Silvey 1959 & Gregory and Veall 1985).

The Likelihood ratio test is mathematically the ratio of the likelihoods between
two hypotheses, the alternative (©1) and a null hypothesis (©2), which results in

the log-likelihood test statistic (TS), given in Equation 2.5.

TS =2In

(2.5)

Via Wilks’ Theorem, the TS value is distributed as x? with k degrees of freedom,
where the degrees of freedom are equal to the difference in the number of paramet-
ers between the models used for the null and alternate hypotheses (Wilks, 1938).
Therefore, as the TS value is distributed as x?, the TS value can be used to calcu-

late a z-score for a hypothesis which reveals how many standard deviations away

*https://root.cern.ch/download /minuit.pdf
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from the mean value of the null hypothesis distribution the alternate hypothesis
is, therefore indicating the statistical significance of the alternate hypothesis. For

k =1 degrees of freedom between the two hypotheses, the z-score is distributed as

z=+TS.

Log-likelihood ratio testing is the statistical backbone of Ferms: analysis, and is
used in numerous ways, including to test whether sources are temporally variable
(T'Syar), or spatially extended (7'Sey¢). The most common use however is to test
the hypothesis that a point source of y-rays exists at a particular position (simply
the T'S with no suffix), and therefore the TS value of a source is used as a statistical
indicator of the significance of this source. Across most fields of science a z-score
of 20 (corresponding to p = 0.05 and T'S = 4) is considered statistically significant,
with only a 5% chance this result is a false positive. In v-ray astronomy, the -
ray background is poorly understood, hence a higher threshold of 50 is used for a
point source to be conventionally ‘detected’. In this thesis we deal with many y-ray
point sources with z < 5o significances; these are referred to as y-ray excesses to

distinguish them from the conventionally detected sources.

2.4 Advanced Source Analysis

In addition to hypothesis testing, Fermipy provides functionality to examine nu-
merous properties of v-ray in Fermi-LAT models. These are all used at various
points throughout this thesis, and therefore description of each advanced analysis

technique is given below.

2.4.1 Identifying New Sources

When building a source model, a catalogue (usually the 4FGL) is used to popu-
late the model with sources, however it is often the case that the catalogue will

not include every point source in the dataset; hence any additional, uncatalogued
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sources should be added in order to increase the model’s accuracy. Fermipy has
a tool designed for the identification of new sources known as gta.find_sources.
The tool produces a TS map of the ROI, and iteratively fits point sources to the 4
highest TS peaks identified, before repeating this process 4 times so that 20 point
sources are added under standard operating conditions, although the number of
iterations and sources to be fit simultaneously can be changed. These sources all
have a pre-determined spectral shape, the fit of which can be improved by freeing
the spectral parameters of the added source and refitting using gta.fit. In ad-
dition to improving model accuracy, gta.find_sources can be used as a means
to survey the sky for new sources; each added source has a positional error box
surrounding it, and thus if this uncertainty region overlaps with an expected ~-ray
emitter, then this source may represent emission from that object, although more
evidence than simple spatial coincidence is needed to typically associate a ~y-ray

source/excess with a potential object seen at other wavelengths.

2.4.2 Spectral Energy Distributions

The spectral energy distribution (SED) of an astronomical object reveals how the
flux of a source varies as the energy at which it is observed changes. SEDs can
either be single band, such as those shown in this thesis which just cover the ~-ray
energies, or broadband covering a larger swathe of the EM spectrum. The primary
insight that plotting and modelling the spectra of «-ray sources yields is information
about the particle populations which emit the ~-rays, as different populations yield

different observed spectral shapes (Section 1.2).

The tool which calculates source SEDs in Fermipy is gta.sed; this tool will cal-
culate the flux of any source in the model in each of the model’s energy bins (or a
factor of the number of energy bins), and will also provide a diagnostic plot of the

SED with flux plotted against energy.

In addition to plotting the SED itself gta.sed will also calculate the best fit shape
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of the spectrum. A wide range of spectral shapes are used in Fermi modelling*,
however two are primarily used throughout this thesis: the power-law and the

log-parabola.

The power-law model is essentially a straight line (as SEDs are plotted in logar-
ithmic space) given by Equation 2.6, where Nj is the source normalisation, I" is
the spectral index, and Ej is the scale energy. The spectral index can be positive
(a hard power law) or negative (a soft power law), depending on the source; most

power-law sources are soft.

dN EN"

The second commonly used spectral model is the log-parabola, which as its name
suggests, is a parabola in logarithmic space. Equation 2.7 shows the equation for
the log-parabola. Here Ny is the normalisation, Fj is a scale parameter and « and
B are shape parameters.

N E\ —(a+BIn(£))
() 2.7

dE E,
2.4.3 Light-curves

Just as spectral energy distributions plot how the flux of a source varies with
observed energy, a light-curve shows how the flux of a source varies over time. Light-
curves do not tend to be broadband, as many objects vary differently at different
energies, hence multiple light-curves of a single source at different wavelengths are
commonly used, as opposed to a single light-curve. In this thesis I use primarily
~-ray light-curves computed with Fermipy, however also use precomputed X-ray

light-curves from Swift-BAT and MAXI, and optical light-curves from AAVSO.

*A full list of spectral models used for Fermi-LAT analysis can be found here: ht-
tps://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source__models.html
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Light-curves are powerful tools in the analysis of LAT sources; not only can multi-
wavelength correlated variability associate v-ray sources with their counterparts
at other wavelengths, but variability (such as rapid flux increases) can indicate
physical changes in a system, such as outbursts from an X-ray binary system,

which are examined in Chapter 4.

Fermipy has a tool for producing light-curves of sources called gta.lightcurve;
this tool produces a light-curve by doing a full likelihood analysis in each spe-
cified time bin and calculating the flux of the source during each. Unlike gta.sed

Fermipy does not fit variability models to light-curves.

In addition to observing flux changes over time, separate SEDs can be calculated
to examine whether the parameters of the spectral shape vary over time. Sources

with variable spectral parameters are referred to as being spectrally variable.

In both light-curves and SEDs, photons are binned by time/energy which reduces
the number of source photons available for the flux calculation in each bin, increas-
ing the uncertainty on the flux, and decreasing the TS values of the bins compared
to the overall energy/time range. Therefore it is common for bins to have very
large uncertainties on their flux measurements. Therefore throughout this thesis
when the TS value of a particular bin in either an SED or light-curve is below 4
(20), a 95% upper confidence limit on flux is used instead, rather than an imprecise

value of flux (Helene, 1983).

Many sources vary in a cyclical way, with their observed flux being a function of
some other physical parameter such as rotation phase (commonly seen in pulsars) or
their orbital phase (commonly seen in compact binaries). Therefore light-curves can
also be produced where instead of examining an object by time, flux is calculated
by orbital phase; the resultant product is a phase-folded light-curve, and Fermipy
can produce these by selecting photons by phase, provided that the events file have

already been altered to include the ephemeris of the source to be observed, with a
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tool such as gtophase *.

2.4.4 Spatial Extension

All Fermi-LAT source models are made up of three types of sources: the diffuse -
ray background components, the point sources, and the spatially extended sources.
Extended sources are rare, and the vast majority are Galactic sources such as
supernova remnants or pulsar wind nebulae. Being able to determine whether
a source is spatially extended or not provides information about its nature, as
many sources (such as stellar scale systems) are not extended, allowing for easier

identification of Fermi-LAT sources.

Fermipy has a tool for extension testing called gta.extension, which performs a
likelihood ratio test between an extended source alternate hypothesis and a point
source null hypothesis, resulting in a TS value (the T'S,;;) which can be converted
into a significance value. Two extended models can be fitted, a radial Gaussian
model, and a radial disc model, and it is generally advisable to test both models

against the point source hypothesis when testing for source extension.

2.4.5 Source Localisation

The final advanced analysis technique is source localisation, which is a smaller scale
likelihood fit centered on one single source with the aim of adjusting the source’s
position in the model to it’s most likely position. This is done with a tool called
gta.localize, which operates in two steps. The first sees a T'S map produced
around the source in question where a 99% uncertainty region on the position of
the source is then calculated. The second step sees a likelihood scan of this region
alone performed, and the sees the source adjusted to the new best fit position and
new uncertainties on that position calculated (which are typically smaller than

the uncertainties on the original position). The primary use of source localisation

“https://fermi.gsfc.nasa.gov/ssc/data/p7rep/analysis/scitools/help/gtophase.txt
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is that the improved positional fit and correspondingly smaller uncertainties on
this position means that it is easier to determine whether a y-ray source is truly
spatially coincident with an object thought to be producing the emission. Therefore
localisation is especially useful to constrain the positions of uncatalogued sources,

such as those identified by gta.find_sources.
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Figure 2.5: The second labour of Heracles, the slaying of the Lernaean Hydra with
Iolaus. By Hans Sebald Beham (Year Unknown).
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CHAPTER 3

Compact Binaries

In this chapter, I detail the basic features of stellar remnants and the mechanics of
binary star systems, before discussing the populations of binary star systems which
produce vy-ray emission detectable with Fermi-LAT. Special emphasis is placed on
the X-ray binaries, their sub-classes and different morphologies, as these objects are
the focus of the subsequent chapters of this thesis. In addition to in-text references
to the scientific literature in this Chapter, I have also referenced undergraduate
level equations and material covered in Tipler and Mosca (2007), Ostlie and Car-
roll (2007) and Ryden and Peterson (2020). Additional background information

regarding the basic principles of stellar evolution can be found in Appendix A.

3.1 Stellar Remnants

What remains of a star after a supernova, or a planetary nebula phase, depends
on the original mass of the star. For stars with m < 8Mg, electron degeneracy
pressure will halt the core collapse and prevent any further collapse resulting in
a white dwarf. Most white dwarfs have carbon cores, however as progenitor stars
approach the m = 8M, limit layers of heavier elements begin to build up inside
the star in the ‘Russian Doll’ structure. It is not until this limit is reached that
an iron core is formed which prevents any further fusion, and causes a core col-

lapse supernova. For stars in the mass range 8Mo < m < 20Mg a core collapse
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supernova will occur and the core collapse will be halted by neutron degeneracy
pressure. The subsequent stellar remnant is known as a neutron star, and they are
much smaller and denser than white dwarfs are. Neither white dwarfs nor neutron
stars produce any elements within them via nuclear fusion. For stars which exceed
the m > 20Mg* limit, the gravitational force of the collapsing core overcomes neut-
ron degeneracy pressure, and hydrostatic equilibrium is unable to be reestablished.
The stellar core collapses into a gravitational singularity, and the resulting object

is known as a black hole.

All three types of stellar remnant (also known as compact objects) are important
objects in astrophysics, due to their interactions with other objects. Black holes
in particular are known to evolve to astonishing sizes, and influence processes such
as star formation on galactic scales. Furthermore, it is possible for neutron stars
to collapse into black holes when these systems gain mass either through stellar
mergers, or through accreting matter from their local environment. All three types
are seen in some form of ~-ray emitting star system, and as a result it is necessary

to explore the basic properties of each class.

3.1.1 White Dwarfs

White dwarfs represent the endpoint of the majority of stellar systems, and are
approximately the mass of the sun. They were the first stellar remnants to be
detected in observations where 40 Eridani B was identified to have a spectral type
of A (corresponding to a hot white star in the Hertzsprung-Russell diagram) des-
pite being less luminous than a typical main sequence A-type star (Adams, 1914).
More observations of white dwarfs followed, and now they are recognised to be an
observationally distinct class of stars with the typical colour and temperature of
massive main sequence stars but much lower luminosities and therefore occupy a

unique region of the Hertzsprung-Russell diagram (Figure A.1), below the main se-

*Whilst T use a 20My value for the mass boundary between neutron star and black hole
progenitors this figure is an estimate, and the true mass boundary is still a subject of debate.
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quence. Such systems are relatively common compared to neutron stars and black
holes, with over 100 white dwarfs identified within 20 parsecs of Earth (Sion et al.,
2009).

These systems are composed of carbon, and smaller amounts of other heavier ele-
ments (mainly oxygen), up to but excluding iron depending on the mass of the
progenitor star. These systems are extremely dense at 109 kg m? and hot, at tem-
peratures up to 2 x 10° K, however do not produce any meaningful amount of
energy themselves. White dwarfs instead remain hot from the pressure and heat of
the nuclear fusion which occurred during the main sequence and red giant phases,
and as the white dwarf ages it cools down (Althaus et al., 2010). The hypothetical
endpoint of a white dwarf is a cold, dark, dense star called a ‘black dwarf’ which is
in thermal equilibrium with its surroundings; however, the expected cooling times-
cales of white dwarfs mean that the time taken to produce a black dwarf is much

longer than the age of the universe (Salaris et al., 2013).

When taken in isolation, white dwarfs are not considered to be a source of y-ray
emission, as they lack magnetic fields powerful enough to accelerate particles to
the required energies to emit y-rays. A subclass of white dwarf system known as

Cataclysmic Variables (CVs) which can emit v-rays is discussed in Section 3.2.2.

3.1.2 Neutron Stars

When the iron core of a star exceeds 1.44Mg, the Chandrasekhar limit, electron
degeneracy pressure is no longer sufficient to prevent core collapse (Chandrasekhar,
1931). What remains of the star is the extremely dense core which is now held in
hydrostatic equilibrium by neutron degeneracy pressure, which allows for a much
denser star than electron degeneracy pressure does. These remnants are known
as neutron stars, they have densities comparable to atomic nuclei, temperatures

exceeding 6 x 10° K and stellar radii of approximately 10km (Zdunik et al., 2016).

When the stellar core collapses the rotational rate of the core increases dramatically
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in order to conserve rotational angular momentum, hence newly collapsed neutron
stars have initial spins of approximately 1ms. As the stellar core collapses, the
magnetic field of the core is conserved, and hence the field lines are forced much
closer together in the neutron star, leading to neutron stars having extremely high
magnetic field strengths. The magnetic field strength of a neutron star after collapse
is given by Equation 3.1, and is of order 10° times stronger than the progenitor

star (Peng and Tong, 2007).

RC’ore
Rns

2
BNS = ( ) BProgenitor (3'1)

If the rotational and magnetic poles do not align (as is the case with Earth), this
leads to the beamed emission sweeping across the sky, and hence many neutron stars
appear to have ‘pulsed’ emission when observed. Such stars are known as pulsars®,
and it was the identification of pulsed radio emission which led to the first detection
of a neutron star (Hewish et al., 1968)f. Whilst pulsed emission is typically seen
at radio wavelengths, it is also seen at optical and ~-ray wavelengths (Grenier and
Harding 2015 & Ambrosino et al. 2017). They are detected with Fermi-LAT which

has software developed to resolve neutron stars by their rotational phase.

Observationally, neutron stars are far rarer than White Dwarfs, which is to be
expected given that they require more massive progenitors which are rarer. Whilst
over 100 white dwarfs are observed within 20 parsecs of Earth, the nearest neutron
star (1RXS J141256.0+792204) is approximately 200 parsecs away. Known neutron
stars order in the thousands (e.g. Manchester et al. (2005)), and y-ray emitting
neutron stars number just over 100 in the latest Fermi-LAT catalogue (Abdollahi
et al., 2020). It is now generally accepted that ~-rays are produced by pulsars

near their magnetic poles through inverse Compton emission of cyclotron X-rays

*According to Jocelyn Bell-Burnell, the name ‘pulsar’ comes from a Daily Telegraph reporter
who shortened ‘pulsating radio source’ in their article.

TThe discovery of the first pulsar was by Jocelyn Bell-Burnell, not her supervisor Antony
Hewish as the naming convention of this paper suggests. Whilst Hewish (and and the first Nigerian
radio astronomer Samuel Okoye) discovered radio emission from the Crab nebula, Hewish was
solely (and wrongly) awarded the 1974 Nobel Prize for Physics for the discovery of the pulsar,
without Bell-Burnell who played a key role.
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produced by particles accelerated in the powerful magnetic fields of the pulsar, and
given that y-ray pulsations are seen to be synchronised with radio pulsations, the

~-rays are produced in the same region as the radio emission (Lyutikov, 2013).

As neutron stars age, they radiate both energy (in the form of broadband EM radi-
ation) and matter in the form of a pulsar wind. This wind can form a gaseous cloud
around the star, known as a pulsar wind nebula (PWN), within the supernova rem-
nant of the progenitor star. As the particles within the wind are relativistic, they
form a shock front against the interstellar medium where particles are accelerated,
and inverse Compton scatter photons up to «-ray energies (Keshet et al. 2003 &
Fiori et al. 2022). PWN are therefore also a class of Fermi-LAT ~-ray source inde-
pendent of the pulsar population, and are associated with young, rapidly rotating,
pulsars. As pulsars radiate matter and light, their rotation rate slows down as they
lose rotational energy. Consequentially, older neutron stars have slower spin rates
(on the order of 10s of seconds) compared to the millisecond rotations of younger
pulsars. The lengthening of the rotational period does not mean a decrease in
magnetic field strength; a subclass of neutron star called magnetars are character-
ised by exceptionally powerful magnetic fields, and long rotation times (Kaspi and

Beloborodov, 2017). These sources are associated with repeating soft v-ray bursts.

It is possible for older pulsars to increase their rotation rates through interactions
with other stars. These older spun-up pulsars are called millisecond pulsars (Lor-
imer, 2008), and are seen to be 7-ray emitters with Fermi-LAT (Espinoza et al.,
2013). They are concentrated within the inner reaches of the Galaxy, and in globu-
lar clusters where older stellar populations exist. Millisecond pulsars are associated

with spider binaries, discussed in Section 3.2.3.

It is possible for neutron stars to gain mass through either the accretion of matter,
or through mergers with other stars. Like white dwarfs with the Chandrasekhar
limit, there is a maximum mass a neutron star can attain before the force of gravity
overcomes the neutron degeneracy pressure and the neutron star collapses further

into a black hole. This limit is currently understood to be 2.3 My from recent
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analysis of gravitational wave events, and is known as the Tolman-Oppenheimer-

Volkov (TOV) limit (Shibata et al., 2019).

3.1.3 Black Holes

In cases with very massive stars (m > 20Mg) or where a neutron star grows to
exceed the TOV limit, not even the pressure from neutron degeneracy is capable
of preventing collapse, so instead of a neutron star, a gravitational singularity is
formed where the core mass of the star is collapsed into an infinitely small space,
causing a breakdown in relativistic spacetime called a singularity. Singularities
cannot be observed directly, as the spacetime around them bends so that the grav-
itational escape velocity in a region around the singularity exceeds the speed of
light. This leads to a horizon from which light cannot escape surrounding the sin-
gularity called the event horizon, which takes the shape of a sphere in 3 dimensions.
The size of the event horizon is determined by the mass of the singularity, and the

radius of the sphere is given by Equation 3.2

(3.2)

As the singularity is surrounded by a spherical event horizon, this type of stellar

remnant is known as a black hole.

Black holes are predicted as a consequence of the Einstein field equations, where
four different solutions describe four different ‘types’ of black hole. In reality, as-
tronomical black holes are expected to be Kerr black holes, rotating systems (as
like neutron stars, angular momentum is conserved upon core collapse) with an
an approximately zero charge (as in most real situations the positive and negative
charges would cancel within the singularity itself) (Kerr, 1963). Black holes them-
selves do not emit radiation, apart from the theoretical Hawking radiation which

arises from quantum fluctuations at the surface of the event horizon and is expected
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to be negligible on the macroscopic scales of astronomical black holes (Hawking,

1974).

Two types of black hole are seen to exist*: the stellar mass black holes with masses
between the TOV limit and approximately 100M¢ (Farr et al., 2011), and the
supermassive black holes with masses in the range of 10°M and 10° Mg found
in the centres of almost all galaxies, including the Milky Way (Cattaneo et al.,
1999). Both types of black hole are seen to exist by their interaction with in-
falling matter (accretion); the process of accretion onto a black hole releases an
extraordinary amount of energy per unit mass, more so than nuclear fusion, due to
the extremely high gravitational potential energy around a black hole. As a result
the radiation from stellar mass black holes seen from systems such as Cygnus X-1
comes from accretion, rather than the black hole itself. The same can be said for
the supermassive black holes at the centre of most galaxies, infalling matter from
the galactic core causes a significant amount of radiation to be emitted from the
matter itself, which when it reaches a certain level can cause the galactic nucleus
to become disproportionately brighter than the rest of the galaxy. Such a galaxy
is known as an active galaxy, and active galaxies are a major area of study across

astrophysics, and within «-ray astronomy (Frank et al., 2002).

3.2 Binary Star Systems

Many star systems contain more than one star, with this phenomenon known as
stellar multiplicity (Duchene and Kraus, 2013). Multiple star systems are found
throughout the universe, with a common form being the binary star system, where
two stars orbit a common gravitational barycentre. The idea of a binary star
system was first described in 1802 by William Herschel, based on his earlier obser-

vations of optical double stars (Herschel and Watson, 1782). Herschel discovered

*A third type, the intermediate mass black hole, is now also established to exist within globular
clusters and dwarf galaxies, with masses between stellar and supermassive black holes (e.g. Kiziltan
et al. 2017 & Patruno et al. 2006).
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changes in the positions of certain optical double star systems which could not be
explained simply by the motion of the Earth alone, and therefore concluded that
this unexplained motion was due to the mutual gravitational attraction between

the two stars in the binary system (Herschel 1802).

The properties of a binary star system depend on the initial mass of each star and
the orbital mechanics of the system. Both stars in a binary are typically born in
the same stellar nursery as one another at approximately the same time, but may
evolve at different rates, as it is commonplace for binary stars to be of different
masses to one another. Therefore we see systems where a main sequence star is
in a binary with a stellar remnant such as a black hole, which burned through its
hydrogen more quickly and experienced core collapse before the main sequence star
even moves onto the red giant branch. Binaries contain both Population I and II
stars; however, binaries with massive stars tend to be concentrated amongst the

Population I stars (Hurley et al., 2002).

The orbital periods of binary systems vary greatly. In the case of the binary Cygnus
X-3, there is an extremely short orbital period between the massive main sequence
star and compact object (probably a black hole) of 4.8 hours (Bhargava et al., 2017).
Longer than this system is the pulsar binary PSR J2032+412 which has a 50 year
orbital period (Ho et al., 2017). Longer again is the Proxima Centauri system which
orbits around the Alpha Centauri system with a period of 547,000 years (Kervella
et al., 2017). Cygnus X-3 exhibits signs of constant interaction between the star
and the black hole, whereas the further away PSR J2032+412 and its companion
exhibit signs of interaction only at periastron. Proxima Centauri exhibits no signs

of interaction at all with Alpha Centauri beyond being gravitationally bound.

The frequency of particular orbital periods is represented by a log-normal dis-
tribution, with its peak located at approximately an orbital period of 100 years
(Raghavan et al. 2010 & Korntreff et al. 2012). Therefore many binaries see inter-
actions between their stars at periastron, such as shocking between stellar winds or

exotic interactions such as accretion onto a compact object. Some binary systems
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are close enough that the two stars play a significant role in each other’s evolution
through phenomena such as accretion of stellar matter, supernova kicks and stellar
wind interactions. Such systems where at least one component is a compact object
(a white dwarf, a neutron star, or a stellar mass black hole) are known as compact

binaries (e.g. Postnov and Yungelson 2014 Ivanova et al. 2006 & White 1989).

Compact binaries make up the vast majority of y-ray emitting binary systems,
spread across multiple system morphologies. They are multi-wavelength sources,
emitting EM radiation from the radio up to the ~-ray wavebands, and multi-
messenger sources, with gravitational waves having been detected from the coales-
cence of objects in compact binary systems, together with the coincident detection
of a y-ray burst in at least one case. Compact binaries are seen both within the
Milky Way and in other galaxies, and represent the most energetic stellar-scale

astronomical objects.

3.2.1 Double Compact Object Binaries

Double compact object binaries consist of two compact objects in an orbit around
one another, some combination of two black holes, white dwarfs or neutron stars.
Such systems are rare; very few double neutron star or neutron star-white dwarf
systems are observed within the Galaxy, and there are no known Galactic black

hole binaries (Hulse and Taylor 1975*, Lyne et al. 1988 & Burgay et al. 2003).

Whilst no double stellar mass black hole binaries have been observed in our Galaxy,
there is evidence in a number of galaxies for supermassive black hole multiplicity
at the galactic centre (e.g. Valtonen et al. 2008 & Rodriguez et al. 2006). These
systems are thought to have originated as a consequence of galactic mergers, and
the black holes are expected to eventually in-spiral’ and coalesce (Salcido et al.,

2016).

*This paper, the first discovery of a double neutron star system, won the 1993 Nobel Prize in
Physics.

fThe exact mechanisms for the black hole in-spiralling is still under debate; i.e. the ‘final
parsec problem’.
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Double compact object binaries are notable objects as mergers in these systems
have caused the first detections of gravitational wave signals, hence confirming one
of the predictions of General Relativity. Detections of double black hole (Abbott
et al., 2016), double neutron star (Abbott et al., 2017) and black hole-neutron
star (Abbott et al., 2021) mergers have been made with the Laser Interferometer
Gravitational-Wave Observatory (LIGO), and electromagnetic counterparts (i.e.
kilonovae) have been observed (Troja et al., 2018). Whilst white dwarf mergers have
not been previously detected, the merger between two white dwarfs would likely
cause the resulting star to exceed the Chandrasekhar limit, triggering a Type Ia
supernova. In this scenario the resulting explosion would unbind the freshly merged

white dwarf and no stellar remnants would remain.

3.2.2 Cataclysmic Variable Stars

Cataclysmic variable (CV) stars are binary systems where a white dwarf is in a
binary orbit with a main sequence or red giant companion. Traditionally referred to
as classical novae, due to their extreme variability, the white dwarf accretes matter
(primarily hydrogen) from the outer layers of its companion star. This hydrogen
then forms a layer on the surface of the white dwarf, which grows until the hydrogen
is hot enough to begin nuclear fusion via the pp chain or CNO cycle, causing the
white dwarf to brighten significantly (Smith, 2006). Novae from CV stars are a
relatively rare source of y-rays, with only a small percentage being ~-ray emitters.
Given the lack of any obvious common features between the v-ray emitting novae,
it is likely that those observed are simply those which are nearby (Morris et al.,

2017).

As the mass of a white dwarf increases via accretion it approaches the Chandrasekhar
limit (1.44Mg), at which the mass of the white dwarf is sufficient to ignite carbon
fusion in the stellar core. The rapid increase in temperature that such fusion brings

causes a Type la supernova, where the white dwarf completely explodes leaving no
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stellar remnant (in contrast to a Type II supernova where a neutron star or black

hole remains) (Maoz et al., 2014).

3.2.3 Spider Binaries

Spider binaries are a subclass of binary system where a pulsar orbits a stellar com-
panion, and the pulsar wind causes ablation of the atmosphere of the companion
star. The pulsars within spider binaries are non-accreting sources, and typically

have very short orbital periods of less than 24 hours (Roberts 2012).

The archetypal spider binary is PSR B1957+20; discovered in 1988 (Fruchter et al.,
1988), PSR B1957+420 consists of a pulsar in orbit with either a super-Jupiter
exoplanet, or a brown dwarf, with an orbital period of 9.2 hours. PSR B1957+420
is an eclipsing binary (i.e. 6; = 90°), with an eclipse duration of approximately
20 minutes. The very compact nature of this binary, together with the very low
mass system, means that the small companion is gradually being destroyed by the
pulsar wind (e.g. Huang et al. 2012 & van Kerkwijk et al. 2011). The destructive
relationship between PSR B1957420 and it’s companion has led to the system
being nicknamed the ‘Black Widow’ pulsar, due to the apparent similarity between
the pulsar ablating its companion with the cannibalism observed in a very few

species of black widow spiders.

Many spider binaries are now known, and are divided into two subclasses: the black
widow binaries with very small companions (M < 0.1M) and the redback binaries*
with slightly larger companion stars (0.2Mg < M < 0.4Mg). Many spider binaries
are y-ray emitters as seen by Fermi (Hui and Li, 2019), including both black widow
and redback binaries. In both cases, the collision between the pulsar wind and the
matter of the companion star is expected to produce synchroton emission, while
self Compton interactions subsequently produce y-ray emission as exemplified by

PSR B1957+20 (Wu et al., 2012).

*The Redback is a large highly venomous black widow spider, native to Australia.
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Finally, black widow binaries are linked to a class of «-ray emitting neutron stars
called Millisecond Pulsars (MSPs). Pulsars typically form during supernovae due
to the conservation of angular momentum of the in-falling matter during core col-
lapse; the resulting neutron star has a very rapid spin which allows us to see the
characteristic pulsed emission typical of these sources. This pulsar then emits a
wind, and angular momentum is carried away over time, thus the pulsar’s period
lengthens and the spin becomes less rapid as the neutron star ages. MSPs are aged
neutron stars which have an unusually rapid spin for their age, and are thought to
be the aftermath of a spider binary. As the companion orbits the pulsar, the effect
of the companion star’s gravity increases the rotation rate of the pulsar, causing a
‘spin-up’ to occur (di Salvo et al., 2008). The pulsar subsequently ablates and des-
troys the companion, and what remains is an aged pulsar with an accelerated spin,
but no companion star, resulting in an isolated MSP (Kong et al., 2012). MSPs,
like core collapse pulsars, are y-ray emitting systems seen with Fermi-LAT, and
are found in number in globular clusters, which typically contain old stars (King

et al., 2003).

3.2.4 Colliding Wind Binaries

Colliding-wind binaries are rare systems, where two (or more) massive stars orbit
close to one another. Due to the massive nature of both stars they both lose matter
in the form of stellar winds - a typical process for massive stars. Such winds collide
with one another, and due to their proximity, a shock front forms (e.g. Pittard
and Stevens 1997, Moffat 1998 & Walder 1998). The particles within this shock
front undergo Fermi acceleration, gain energy and subsequently radiate in the form
of synchrotron emission; consequently colliding wind binaries are seen from the
radio waveband (Dougherty et al., 2003) through to X-rays (Corcoran, 1996). The
presence of powerful winds causes the expansion of the stellar material beyond the
locality of the binary itself, and thus nebulae commonly surround colliding wind

binaries, such as the Homonculus Nebula around n-Carinae, where the structure of
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the stellar winds from each star can clearly be seen.

Two colliding wind binaries are known to be ~y-ray emitters: the aforementioned
n-Carinae and 7-Velorum (Abdo et al. 2010a & Pshirkov 2016). In these systems
the accelerated particles in the shock fronts produce y-ray emission not through
inverse Compton mechanisms, but by hadronic means; protons are accelerated in
the shock fronts between stellar winds leading to the collision of nucleons and
subsequent 7¥ particle decay, producing v-rays (Grimaldo et al., 2019). In both of
these systems the ~v-ray emission is modulated by the orbit, although it peaks at
periastron in n-Carinae and at apastron in y-Velorum (Marti-Devesa et al. 2020).
Furthermore, VHE emission is seen from 7-Carinae but not from +-Velorum, and no
synchrotron emission is seen from n-Carinae, at odds with the bulk of the colliding
wind binary population. These observed behaviours suggest some fundamental

differences between the two systems (Abdalla et al., 2020).

3.3 X-ray Binaries

X-ray binaries (XRBs) are binary star systems where a main sequence star (i.e. one
that is undergoing nuclear fusion through one of the processes discussed in Section
3.1) is in a close enough orbit with a compact object (either a neutron star or a
black hole, but not a white dwarf*) that the compact object accretes matter from
the companion star. The terms ‘primary’ and ‘secondary’ are used throughout the
literature to refer to the more and less massive members of the binary, however
I will avoid these terms in favour of ‘companion’ and ‘accretor’ as in high mass
systems the primary tends to be the more massive donor star and the secondary is

the compact object, whereas in low mass systems the converse tends to be true.

The accretion of matter from the companion onto the black hole causes the matter

to heat up, and thermal energy is released in the form of X-ray radiation, hence

*These are the aforementioned CV stars, and although they do share many characteristics
with the X-ray binaries, and are often referred to as symbiotic X-ray binaries, they are not ‘true’
X-ray binaries due to the nature of their accretor.
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the name ‘X-ray binary’ (Verbunt 1993 & Casares et al. 2016). X-ray binaries
are an extremely diverse group of systems and can be categorised based on their
morphologies and phenomenological properties. The most common subdivisions
are based on the mass of the companion star; high mass systems typically have late
A, O or B type stars, whereas low mass X-ray binaries typically have M dwarf to
early A type stars. Additionally, microquasars and y-ray binaries are two subclasses
of X-ray binary which span the high and low mass regimes; both produce v-ray

emission but from different mechanisms (Dubus, 2013).

3.3.1 High Mass X-ray Binaries

High mass X-ray binaries (HMXBs) are X-ray binary systems where a massive
star is in orbit around a compact object. As massive stars are extremely hot
and luminous, matter within the outer layers of their atmospheres is accelerated
to velocities greater than the local escape velocity, and subsequently escapes the
surface of the star. This accelerated material is called a stellar wind. The most

L. in the most extreme cases

massive stars can lose matter at a rate of 1073 Mgyr~
stars can lose up to 50% of their initial mass over their lifetimes through winds
(Crowther 2001 & Pauldrach et al. 2012). In HMXBs, a fraction of this stellar wind
is captured by the gravitational pull of the compact object, which then falls into
an accretion disc around the object due to the angular momentum of the system.
The matter then in-spirals around the disc, liberating the gravitational potential

energy in the form of X-ray radiation before falling onto the compact object. This

is shown in Figure 3.1.

The vast majority of known HMXBs are Galactic sources, and are hence predomin-
ately distributed along the Galactic plane. However as they are young stars, they
are relatively local (within a few kpc) and are not found concentrated in globular
clusters, nor in the Galactic bulge or Galactic centre. Over 100 Galactic high mass
X-ray binaries are known (Liu et al., 2006), and extragalactic HMXBs are also

known in local galaxies, particularly the Large Magellanic Cloud (LMC) and the
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Figure 3.1: A typical high mass X-ray binary system showing stellar winds moving
away from the stellar surface in all directions, and a portion of those winds being
captured by the gravitational pull of the accreting compact object, and forming an
accretion disc before falling onto the compact object.

Small Magellanic Cloud (SMC), and face-on systems. All of the detected ~y-ray
emitting HMXBs are found in our Galaxy with the exception of LMC P3 which is
found in the LMC.

HMXBs are variable sources across the EM spectrum, with much of their X-ray, ra-
dio and ~-ray variability linked to the accretion rate (Section 3.3.3), and additional
~-ray variability linked to the orbital interactions between neutron star accretors

and the companion stars (Section 3.3.4).

HMXBs typically have a short lifespan, as it is limited by the rapid burning of
nuclear fuel in the companion star, and as a result a number of evolutionary changes
may happen to a HMXB as it ages. If a neutron star HMXB gains sufficient mass
to exceed the TOV limit, core collapse will occur in the neutron star and the system
will evolve into a black hole HMXB. Regardless of the nature of the accretor, if the
companion star depletes its reserves of nuclear fuel, a second Type II supernova will
occur in the system (the first having produced the accretor) and the companion star
will collapse into a second compact object, resulting in a double compact object
system (Section 3.2.1) such as the double neutron star systems that have been

observed in our Galaxy (Hulse and Taylor, 1975).
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Finally, as objects in a binary orbit one another, the orbit very slowly decays
over time, emitting gravitational waves as it does so. In rare cases, it may be
possible for a super-giant star to merge with a neutron star, resulting in a giant
star with a neutron core (Thorne and Zytkow, 1977). Such an object is known as
a Thorne-Zytkow object, and whilst there are no confirmed objects of this nature,
a few candidates have been identified in the SMC (Levesque et al. 2014 & Beasor
et al. 2018). It is eventually expected that Thorne-Zytkow objects will breakdown,
and the envelope around the neutron star will collapse into a giant accretion disc
around the neutron star, which will eventually be accreted onto the star itself.
The accretion of such a disc may push the mass of the neutron star over the TOV
limit, causing collapse into a black hole (Brandt et al., 1995). It is likewise possible
for black holes to spiral in towards their companions, although in such cases the
black hole will not fall into the star and form a (relatively) stable core, unlike a
neutron star. The intense gravitational field of a stellar mass black hole will cause
tidal disruption to the star, as different parts of the star are subjected to the black
hole’s acceleration due to gravity at different rates. The result of this is a tidal
disruption event, where the star is subjected to spaghettification, and may end in
the destruction of the star and the formation of a giant accretion disc around the
black hole. Such tidal disruption events are observed around supermassive black
holes in the centres of galaxies, however they are thought to be rarer and more

complex on a stellar scale (Kremer et al., 2021).

3.3.2 Low Mass X-ray Binaries

Low mass X-ray binaries (LMXBs) are X-ray binaries in which a few solar mass
star is in orbit around a compact object. Due to their comparatively lower energy
output, low mass companion stars have a far lower mass loss rate in the form of
stellar wind, and therefore whilst wind material does fall onto the accretor as in
HMXBs, it is only a fraction of the overall accreted material. It is not the dominant

method of mass exchange between the companion and accretor, instead it is Roche
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Figure 3.2: A typical low mass X-ray binary showing the overflow of matter from
the companion star through the L1 point and into the gravitational field of the
accreting compact object, forming an accretion disc due to the angular momentum
of the rotating accretor.

lobe overflow (Van Paradijs and Van der Klis, 2001). In binary systems, the Roche
lobe (Paczynski, 1971) is defined as the gravitational region around a star to which
matter is orbitally bound and the radius of the Roche lobe is given in Equation 3.3
as a function of ¢, the mass ratio of the two stars in a binary where the semi major

axis of orbit is set to unity (Eggleton, 1983).

0.49¢%
2 1
0.6¢3 +1n (14 ¢3)

Tlobe = , 0< q < oo (33)

Both the companion and accretor in the binary have their own Roche lobes defined
by this equation, and the point where they meet in the binary is the L1 Lagrangian
point, where the net gravitational force between the stars is zero. In LMXBs, the
masses of the companion and accretor are more comparable to one another than
HMXBs where the companion is significantly more massive, so in these systems
the matter of the companion star exceeds its own Roche lobe. This excess matter
is therefore siphoned from the surface of the star through the L1 point, and onto
the Roche lobe of the accretor, where the matter forms an accretion disc around

the accretor. This is depicted in Figure 3.2

There is no sharp distinction between the HMXBs and the LMXBs, and a class
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of ‘in between’ objects known as the Intermediate Mass X-ray binaries (IMXBs)
exists, typically main sequence A-type (or early B-type) stars. In these systems, it
is common for both Roche lobe overflow and stellar winds to play a part in accretion
(Podsiadlowski et al., 2002). For the purposes of this work however, I follow the
simple distinction of high and low mass and treat systems by their designation
in the Liu et al. (2006) and Liu et al. (2007) catalogues of HMXBs and LMXBs

respectively.

Compared to HMXBs, LMXBs contain older stars. They are also found on the
Galactic plane, however are concentrated towards the Galactic bulge and Galactic
centre, correlating with the lower metallicity Population II stars. LMXBs are also
found concentrated in globular clusters, which are themselves dense gravitational
clusters of old Population II stars, in which a recycled millisecond pulsar popula-
tion is found and expected to contribute to the globular clusters’ y-ray emission
(Ivanova 2013 & Lloyd et al. 2018). As would be expected from the Initial Mass
Function, LMXBs are more common than HMXBs, with more than 200 having been
discovered (Liu et al., 2007). However, given that many of the LMXB companion
stars are both less luminous and further away, far fewer have clearly identified
companion stars in the optical or infrared wavebands and many are only known
through the X-ray emission of their accretion discs, where they are brightest. Cur-
rently, eight LMXBs are identified as v-ray emitters by Fermi-LAT, and these are
all Galactic sources (Abdollahi et al., 2020). Unlike the HMXBs where some of
these systems are detected at very high energies by TeV detectors, no LMXBs are

identified with such instruments.

Like the HMXBs, the LMXBs are variable in the X-ray, optical and radio wave-
bands (as well as theoretically the y-ray waveband) due to changes in their accretion
state (Section 3.3.3). Neutron star LMXBs also display a unique kind of variab-
ility known as Type I X-ray bursts, generally unseen in HMXBs. In neutron star
LMXBs, matter from the companion star builds up on the surface of the neutron

star and increases in density until sufficient temperature and density is realised to
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ignite nuclear fusion of the matter. The resulting fusion causes a thermonuclear
explosion on the surface of the neutron star resulting in a rapid brightening in the
X-ray waveband in a similar manner to the cataclysmic variable systems (Lewin
et al., 1993). Unlike the CV binaries where ~-rays have been seen from such ther-
monuclear processes, no y-rays have been discovered from Type-I X-ray bursts in

LMXBs.

LMXBs are much longer lived systems than HMXBs, and their evolutionary path-
ways are less exotic than those of the HMXB population. If the accretion rate in
a system is low, it is likely that the companion star will continue to evolve until it
runs out of nuclear fuel, at which point a planetary nebula will form and the result-
ing system will become a double compact binary, with a white dwarf remnant from
the companion star and a neutron star/black hole accretor. If the accretion rate is
high it is, in principle, possible for a star to be completely disrupted and accreted
onto the compact object, however physical limits on the accretion rate make this
unlikely in the majority of cases. In-spiralling on the compact object and compan-
ion star would result in a tidal disruption event regardless of whether the compact
object was a black hole or a neutron star, as the weaker gravitational field of the

less massive companion would prohibit the formation of a Thorne-Zytkow object.

3.3.3 Microquasars and the Accretion Cycle

X-ray binaries do not accrete matter at a constant rate as seen by variations in
the X-ray flux of these systems. As a consequence of accretion, X-ray binaries
(regardless of the nature of the accretor) may emit collimated astrophysical jets
of matter and radiation extended from the rotational poles of the compact object,
caused by the rotation of the magnetic field of an accretor. Whilst neutron stars
have their own magnetic fields, black holes in the physical universe are expected to
be electrically neutral, but matter falling onto a black hole is largely ionised causing
a magnetic field of its own. Several proposed mechanisms have been established

for the formation of jets, including the Blandford-Znajek process which is linked
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to the warping of magnetic fields (Blandford and Znajek, 1977), and the Penrose
process which is linked to relativistic frame dragging (Penrose and Floyd, 1971). It
is thought that the Blandford-Znajek process is responsible for most astrophysical
jets seen in the universe, and jets are seen from a variety of accreting sources
including protostars and active galaxies (Anez-Lépez et al. 2020 & Blandford et al.
2019).

The link between the accretion disc and the astrophysical jet of an XRB is known
as disc-jet coupling, and both the jet and the disc behave in a broadly cyclic
way although the timescales and exact behaviours vary from system to system.
Observationally, changes in both the X-ray hardness (i.e. the spectral index) and
intensity are seen, leading to this observed behaviour being dubbed the ‘Hardness-

Intensity Cycle’ (Figure 3.3) (Fender et al., 2004), described below.

1) The XRB is in a low intensity/hard state, also known as ‘quiescence’. Transient
XRBs* are not observed during this time. At this point, matter is draining onto
the compact object, and a compact jet exists, the luminosity of which is the square
root of the overall X-ray luminosity. The majority of the X-ray emission at this
time comes from a hot corona of matter surrounding the compact object, and the
accretion disc is optically thin. At this point the Lorentz factor of the jet is very

low, and the jet is not relativistic.

2) As the jet builds in size, the intensity rises and the spectrum begins to soften
slightly. This state is known as the very high intensity /intermediate hardness state.
At this point, the jet still has a Lorentz factor of I' < 2, and X-ray corona emission

still contributes significantly as the accretion disc is still optically thin.

3) The spectrum of the source softens and the intensity drops slightly, referred to
as the high intensity/soft state. The jet becomes decoupled from the disc, and
the accretion disc is no longer contributing matter to the jet. The jet becomes

relativistic, with I' > 2, and internal shocks propagate through the jet. With the

*Transient XRBs are those which are only seen in the X-ray waveband during periods of X-ray
brightening, and are typically LMXBs. Also referred to as ‘X-ray Transients’ in the literature.
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cessation of disc contribution to the jet, an optically thick accretion disc builds,
and X-ray emission from the disc begins to contribute significantly to the overall

emission from the system.

4) Some sources, such as the LMXB GRS 1915+105, will oscillate between states
2 and 3. In this case jet production restarts and multiple episodes of relativistic

jets/jet termination are seen.

5) The source drops in luminosity, however the spectrum remains soft thus the
object enters the low intensity/soft spectrum state. At this point a jet is no longer
being produced at all, and the emission from the jet produced in stage 3 has become
optically thin and fades over time. The accretion disc builds to become optically
thick, and X-ray emission from the accretion disc dominates over X-ray emission

from the corona.

6) The source hardens, and dips again in intensity, reentering the low intensity /hard
state and quiescence. The accretion disc which has built up around the compact
object in the low intensity/soft spectrum state begins to drain onto the compact

object, and the production of a low-luminosity, compact jet resumes.

When an X-ray binary moves between the very high intensity/intermediate hard-
ness state and the high intensity soft state, and a relativistic jet is produced, the
X-ray binary is known as a microquasar, due to the observed similarities between
these systems and the quasar population of active galaxies. Of the hundreds of
X-ray binaries, only tens of these are known to be microquasars. Whilst the X-ray
emission from the X-ray corona and the accretion disc is thermal, due to energy
liberated from the accretion process itself, the emission in a jet originates from
charged particles accelerated by a magnetic field, making this non-thermal emission
(Bosch-Ramon, 2012). Microquasars (Mirabel and Rodriguez, 1994) are extremely
luminous sources from the radio up to the y-ray wavebands and are detected both
in our Galaxy and others (Middleton et al., 2014). They can be both high and

low mass sources, and are established as the stellar mass analogues to the active
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Figure 3.3: A diagram which graphically shows the hardness-intensity microquasar
cycle. The horizontal axis shows spectral hardness and the vertical axis shows
X-ray luminosity, both with arbitrary units. the numbers represent the different
stages of the diagram described in the text. The cycle occurs in an anticlockwise
manner, with the curved branch (4) showing the oscillation between states 2 and
3.
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galactic nuclei (AGN), a form of which (the blazars) makes up the most numerous
identified source class in the LAT catalogue (Abdollahi et al., 2020). Due to the
relativistic properties of their jets, and the geometry of the systems, these sources

often appear superluminal from the Earth’s frame of reference.

As electrons are accelerated along the jet at relativistic velocities, they emit syn-
chrotron radiation. This synchrotron radiation is broadband, but is particularly
powerful in the radio waveband thus astrophysical jets are spatially well-mapped
by radio instruments. This synchrotron radiation then re-interacts with the re-
latavistic electron population via inverse Compton scattering, where the electrons
transfer energy to the synchrotron photons, and the photons are upscattered to
become v-rays. Additionally, for inverse Compton scattering close to the compact
object, corona/disc photons may be upscattered as well as photons from the com-
panion star. The acceleration of protons to relativistic velocities in the jet is also
hypothesised to cause the hadronic emission of y-rays. In this scenario, high energy
protons interact with photons to produce a proton-7° pair. The pion has a short
lifespan, and will decay causing ~y-ray emission. Of the two mechanisms, the inverse
Compton scenario is thought to be the dominant means of y-ray production in mi-
croquasars, however hadronic contributions may be non-negligible (Bosch-Ramon
et al. 2006 & Orellana et al. 2007). Three microquasars (all HMXBs) are con-
firmed v-ray emitters, Cygnus X-1, Cygnus X-3 and SS 433 which are all discussed
in depth in Chapter 9. Reports of y-ray emission from the LMXB microquasar

V404 Cygni are discussed in depth in Chapter 4.

As previously mentioned, there is a constraining factor to the accretion rate of
X-ray binaries, known as the Eddington limit. As gravitational potential energy is
liberated in the form of thermal photons during accretion, these thermal photons
then subject the accreting matter to a radiation pressure, carrying away some of
the accreting material slowing the accretion rate down. The Eddington limit is
the maximum luminosity which can be achieved by an accreting source before the

radiation pressure is sufficient to completely halt accretion onto the compact object
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(Frank et al., 2002). The calculation of the Eddington luminosity of an accretion
disc is non-trivial due to the geometry of the system, however almost all X-ray

binaries are sub-Eddington sources (Heinzeller and Duschl, 2007).

The first microquasar discovered, and one of the best studied, is SS433, a HMXB
system with resolvable jets (Fabian and Rees, 1979). SS433 is thought to be a
unique object, with persistent jets due to a persistently super-Eddington accretion
disc (Fabrika, 2004). Several studies have identified evidence for ~-ray emission
from the jets of SS433 (e.g. Bordas et al. 2015, Rasul et al. 2019, Li et al. 2020),
including notably at TeV (Abeysekara et al., 2018b). However, neither the binary
nor any components of the jets are catalogued v-ray sources in the 4FGL due to
the fact that this emission does not reach the typical z = 50 level required for a
conventional claim of detection at the catalogue position of SS 433 over the energy

range used in the production of the 4FGL.

In addition, a class of extragalactic X-ray sources called the ultraluminous X-ray
sources are known to emit at super-Eddington luminosities (Kaaret et al., 2017).
These sources can be either persistent or transient. No persistent ULXs are seen
in our galaxy (although transient Galactic ULXs are seen (Wilson-Hodge et al.,
2018)), however a hypothesis for their existence is that these are super-Eddington
X-ray sources like SS433, although one system, HLX-1 is established to be the
central black hole of an accreted dwarf galaxy (Farrell et al. 2009 & Atapin 2018).
ULXSs are not known to be sources of observable y-rays; if they are microquasar-
like systems the ~-rays should, in theory, be produced in the relativistic jet in the
high intensity/soft state, although whether this emission could be resolved from

the background emission of the host galaxy is highly questionable.

3.3.4 The y-ray Binaries

Whilst ~-rays are established to be produced in the jets of microquasars, the ma-

jority of y-ray emitting XRBs do not produce their «-rays through this mechanism.
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As previously established, neutron stars emit winds (Section 3.1.2), which in the
case of an isolated neutron star will go on to form a pulsar wind nebula. In the
case of a binary system the circumstellar matter, particularly from massive stars,
is a much more dense environment and hence these winds will shock against the
stellar material, in a similar manner to the massive stars in the colliding wind bin-
aries (Section 3.2.4) (Mirabel 2007 & Dubus 2013). All of the currently detected
~-ray binaries are HMXB systems. Whilst the label y-ray binary originally referred
to any X-ray binary which had the majority of its energy released in the form of
~-rays i.e. a purely phenomenological label, it is now used to refer to any X-ray
binary where y-rays are produced through wind-wind interactions, and this is the

definition I use throughout this thesis.

In the y-ray binaries, the shock front between the pulsar wind and stellar wind
causes the acceleration of electrons, resulting in synchrotron photons, which are
then upscattered via the inverse Compton mechanism. Unlike the colliding wind
binaries, there is little evidence to suggest hadronic processes play a major role in
the y-ray emission in the y-ray binaries. Unlike the microquasars, v-ray binaries
are also known to be TeV ~-ray emitters, where the y-ray emission is constrained
to the apex of the bow shock of the pulsar wind. The high energy GeV emission is
expected to originate throughout the bow shock, whereas the lower energy v-rays
and X-rays from the shock are expected to be synchrotron photons emitted by
Fermi accelerated particles across the whole system (Dubus et al., 2015), although
alternative proposed origins for different components of the high energy emission
exist, such as GeV emission occurring due to the Fermi acceleration of particles in

pulsar magnetospheres (Chernyakova and Malyshev, 2020).

A key feature of the v-ray emission in these systems is orbital modulation. As the
binary approaches periastron, the shocking between the two wind fronts increases
in magnitude, and «-ray emission peaks just after periastron, before decaying away
again. This is seen in every ~-ray binary, with Fermi-LAT and with TeV detectors,

and indeed some of these systems have detectable y-ray emission only at periastron
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(Dubus, 2015).

In addition to peaking at periastron, some systems discussed in this thesis, notably
including LST+61 303, also see a v-ray peak at apastron. LSI+61303 displays
apparently unique® interactions between the neutron star accretor and companion,
where pressure on the neutron star magnetosphere at periastron causes the pulsar
wind to shut off and the neutron star to subsequently enter an ejector regime at
apastron, where the pressure is lowest causing the observed y-ray peak (Ahnen
et al., 2016). Such a unique system in combination with a small overall population
of y-ray binaries suggests that the overall picture of their behavior is complicated,
and whilst there general picture seems to be understood, there are many unknown

factors to the behavior of these systems.

In total, there are 9 ~-ray binaries detected with Fermi-LAT, one of which is an
extragalactic source which is located in the LMC. An additional system is also
detected only at periastron with TeV instruments, however is not detectable with
Fermi-LAT (Abeysekara et al., 2018a). The properties of the known ~-ray binary

population are discussed along with the microquasars in Chapter 9.

*The orbital solution of thi system is under debate.
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Figure 3.4: The third labour of Heracles, the capture of the Ceryneian Hind. By
Lucas Cranach the Elder (After 1537).
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CHAPTER 4

The Curious Case of V404 Cygni

In this chapter I consider the possibility of the X-ray binary microquasar V404 Cygni
being a y-ray emitting source. V404 Cygni has a history of massive outbursts, with
the most recent being in 2015, and was observed across the EM spectrum. Here,
I look at the Fermi-LAT data before, during, and since this outburst and explore
the concepts of the look-elsewhere effect and source confusion, both of which cause

false positive results (Type I errors) in Fermi-LAT data analysis.

4.1 V404 Cygni, a Microquasar

V404 Cygni (GS2023+338) is a low mass X-ray binary system consisting of a K-
type star with a mass just below 1Mg (Wagner et al., 1992) and a black hole with
a mass of approximately 9 Mg (Khargharia et al., 2010). V404 Cygni is located on
the Galactic plane with at LII = 73.11°, BII = —2.09°, away from the Galactic
centre. V404 Cygni is visible across the EM spectrum but peaks in the X-rays,
which are produced from accretion of the donor star’s atmosphere onto the black

hole via Roche lobe overflow.

V404 Cygni is a microquasar, which means that rather than observing ~-ray emis-
sion from wind interactions one would expect to see «-ray emission associated with

particle acceleration from internal shocks within the jet, like other «-ray emitting
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microquasars such as Cygnus X-1 (Bodaghee et al. 2013, Zanin et al. 2016 & Zdzi-
arski et al. 2017) and Cygnus X-3 (Tavani et al., 2009b), where orbital modulation
is seen in the ~-ray flux due to the very short binary orbital period of 0.2 days
(Abdo et al., 2009d). In the cases of Cyg X-1 and X-3, we see y-ray emission at the
transition between the hard and soft states of the hardness-intensity cycle (Fender
et al., 2004) which corresponds to the formation of a relativistic jet and the classic
X-ray outbursts which microquasars are seen to produce, and in Cyg X-1, y-ray
emission is also seen during the hard state before this transition (Zdziarski et al.,
2017). A third 7-ray microquasar has been detected, SS433 ; this is not a cata-
logued Fermi-LAT source but numerous studies have identified v-ray emission from
this system (Rasul et al. 2019 & Li et al. 2020). SS433 is discussed in Chapter 9
and it is a unique object which appears to be in a constant super-Eddington accre-
tion regime which constantly supports the production of relativistic jets (Fabrika,

2004), unlike the rest of the microquasar population.

Throughout the 20th century, there have been at least 3 historic outbursts of
V404 Cygni thought to correspond to the hard to soft state transition. The first
occurred in 1938 and was detected only in the optical waveband, and was desig-
nated Nova Cygni 1938. There was a possible outburst in 1979, identified through
archival imaging plates, and the very well studied outburst of 1989 (Richter 1989,
Makino 1989 & Han and Hjellming 1992). During the 1989 outburst the Ginga
X-ray Astronomy Satellite captured X-ray emission from V404 Cygni, leading to
the designation GS2023+338 (Kitamoto et al., 1989). The X-ray emission was

accompanied by optical variability (Wagner et al., 1989).

In June 2015 the Swift-BAT team reported that V404 Cygni had begun an outburst,
the first since 1989, with enhanced fluxes from the radio up to the X-ray wavebands.
Fermi-GBM also triggered on this outburst, approximately 30 minutes after Swift-
BAT. This outburst was the direct consequence of higher accretion rates leading to
the formation of a relativistic jet, causing V404 Cygni to begin its transition from

the hard state to the soft state of the hardness intensity cycle. A coordinated multi-
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wavelength campaign was undertaken to observe V404 Cygni during this time, with
INTEGRAL, Swift, AGILE, MAGIC, VERITAS all taking observations at high
energies, and the all-sky coverage of Fermi-LAT also capturing the position of
V404 Cygni during this time. While it returned to its pre-outburst luminosity
in August 2015, there was also a small outburst in December 2015. Such sequel
outbursts are not uncommon, as it is possible for the relativistic jet of a microquasar

to restart after it has been quenched.

Swift-XRT detected a variable X-ray flux which, at times, exceeded 40 times the
luminosity of the Crab (Barthelmy et al. 2015 & Motta et al. 2017), in addition to
enhanced and variable optical and UV emission reported from Swift-UVOT (Oates
et al., 2019). INTEGRAL showed enhanced fluxes from the V-band optical up
to the soft y-ray regime (40 - 100 keV) (Rodriguez et al. 2015 & Roques et al.
2015). AGILE reported a 4.30 y-ray excess in the 50 - 400 MeV energy range
which was contemporaneous with a giant X-ray and radio flare occurring between
MJD 57197.25 and MJD 57199.25, though no significant emission above 400 MeV
was reported. A similar excess is reported with Fermi-LAT in Loh et al. (2016),
although the more recent study, Xing and Wang (2020) is in conflict with this result.
The VHE observatories MAGIC (Ahnen et al., 2017) and VERITAS (Archer et al.,
2016) both took observations (10 hours and 2.5 hours respectively) of V404 Cygni
during the outburst, however report only upper limits, suggesting that the high
energy emission cuts off below the GeV energy range, consistent with the report of

a 400 MeV cutoff.

No studies detected any ~y-ray emission during the December 2015 outburst, how-
ever Xing and Wang (2020) report a significant (= 7o) y-ray excess in August 2016,
and a marginal y-ray excess of (=~ 3.90) during August 2015 towards the end of

the initial outburst period, both using Fermi-LAT data.
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4.2 V404 Cygni as seen with Fermi-LAT

V404 Cygni is not a listed source in any of the Fermi-LAT catalogues. This is
unsurprising as one would only expect to see y-ray emission from an X-ray binary
when there is a jet to accelerate particles, which occurs at the transition between
the hard and soft states. Over the years-long observation times used to generate
the Fermi-LAT point source catalogues, any emission over the period of a month

is rendered insignificant.

As V404 Cygni is located on the Galactic plane, there are challenges to identifying
transient y-ray emission from this X-ray binary, particularly if the «-ray emission
is reasonably faint, or occurs over short timescales, which appears to be the case
for the excesses described in the literature. The Galactic plane is itself a luminous
source of y-ray emission, and in the case of V404 Cygni there is a luminous nearby
source of y-rays: 4FGL J2025.34-3341. This is the v-ray source associated with
the BL lac type blazar B2023+336 (Kara et al., 2012), which is a significant (160)
source of variable emission, with a variability index of 116 in the 4FGL-DR2. As
B2023+336 is located only 0.3° away from V404 Cygni on the sky, this is problem-
atic as the resolution of the LAT varies from between an optimal 0.15° at energies
> 10 GeV, down to a substantially poorer resolution of 3.5° at 100 MeV* This is a
particular issue for any analysis of V404 Cygni, as B2023+4-336 may also flare in a
way that appears superficially similar to V404 Cygni, and this only becomes a non-
issue if photons are observed the highest detectable energies, where the resolution

of the LAT is such that the two sources can be distinguished.

In this chapter I present a thorough analysis of the region surrounding V404 Cygni,
discussing the results and analysis techniques of previous works, and some of the

key issues with attempting to detect y-ray emission from X-ray binaries.

*see Figure 17 in Atwood et al. (2009) for a full breakdown of the energy dependent resolution
of the LAT.
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4.2.1 Loh et al. 2016

Loh et al. (2016) (referred to as Loh 16 throughout this chapter) explore the Fermi-
LAT data together with multi-wavelength data from the position of V404 Cygni

during the 2015 outburst.

Loh 16 perform a variability analysis of the position of V404 Cygni by first car-
rying out a binned analysis from 4th August 2008 to 17th July 2015, considering
photons in a 15° radius around V404 Cygni. They use ~-rays across Fermi-LAT’s
entire effective energy range at the time, 100 MeV - 100 GeV, however discard
the quartile of photons with the worst PSF label. Whilst this improves the posi-
tional accuracy of an analysis, when attempting to examine emission that is both
faint and transient, the optimal approach is usually to maximise the available
photons in order to maximise the significance of any observed emission. There-
fore, by removing 25% of the available y-ray photons, Loh 16 may have under-
stated the statistical significance of their analysis. The SOURCE photon class was
used, together with the P8R2_SOURCE_V6 instrument response function, and the
iso_P8R2_SOURCE_V6_v06.txt isotropic diffuse model. The 4 year point source
catalogue, the 3FGL, and the associated Galactic diffuse model g1l1_iem_v06.fits
were used. Loh 16 use a standard zenith angle cut of 90° in their analysis. This
choice of catalogue and background models reflect the most up-to-date choices
available at the time, and their analysis was performed using an earlier version of
the Fermitools, the Fermi Science Tools (v10rilpl), predating the publication

of Fermipy.

To model the ROI around V404 Cygni, Loh 16 perform a binned maximum like-
lihood analysis using the optimization routine included in gtlike to fit sources
from the 3FGL within a 25° radius of V404 Cygni together with the background
components using the NewMinuit optimiser. They leave all sources within 5° of

V404 Cygni’s position, or which are variable*, with free normalisations during this

*Loh 16 define ‘variable’ as having a 3FGL variability index > 72.44.
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optimisation, with the normalisations of the background components also being
free. Loh 16 find that the parameters of their ROI are consistent with those given
in the 3FGL, and that B2023+-336 does not appear to be flaring during the time

of V404 Cygni’s outburst.

Loh 16 construct light-curves of the ROI using two binning schemes, 12 hour bins
overlapping each other by 6 hours, and 6 hour bins overlapping each other by 1
hour. Both light-curves cover the time range MJD 57140 - 57225 (28/04/2015 -
22/07/2015). Each bin represents a separate unbinned likelihood analysis executed
over the 12/6 hour period. To model V404 Cygni, Loh 16 add a point source with
free spectral index and normalisation, with all other parameters left fixed to the

values computed in the 7 year binned analysis.

Loh 16 report a peak TS of 15.3 in the 6 hour bin on MJD 57199.2 £ 0.1, and
measure a photon flux of (2.3 & 0.8) x 1079 photons cm=2s™1. Loh 16 describe this
excess as having an approximately 2% chance of occurring randomly based on 320
trials. This excess is also coincident with a peak in the Swift--BAT hard X-ray
light-curve, which corresponded to a transition to a softer X-ray state, and also
follows a massive radio flare recorded by OVRO. Loh 16 claim that the probability
of this excess occurring at this time by chance is 4 x 10™%. In order to test for source
confusion, Loh 16 also generate a light-curve of B2023+4-336 using a 12 hour binning
scheme. They make no detection of the blazar over a 30 day period, and note that,
given the intensive multi-wavelength study of the field around V404 Cygni, there is
no reported activity at any other wavelength either. Loh 16 do note that a TS of
8.1 is recorded in the time bin coincident with the y-ray excess they associate with
V404 Cygni, however state that this is likely due to V404 Cygni’s photons being
misassigned to the blazar. We will henceforth refer to the excess discussed here
as the June 2015 excess, in order to distinguish it from other, later y-ray excesses

observed at the position of V404 Cygni.
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4.2.2 Piano et al. 2017

A second paper discussing the June excess, Piano et al. (2017) (referred to as Pi-
ano 17 throughout this chapter) described an analysis using data from the AGILE
~-ray Imaging Detector (GRID) (Barbiellini et al. 2002 & Prest et al. 2003) and also
an analysis of the Fermi-LAT data independent of that of Loh 16. AGILE operates
at a lower energy range than Fermi-LAT (30 MeV - 30 GeV), with a comparatively
poorer PSF at 100 MeV of 4.2° (Sabatini et al., 2015) compared to Fermi-LAT’s
3.5° (both PSFs are the 68% containment radius). Like the Fermi-LAT team, the
AGILE collaboration uses the maximum likelihood method of Mattox et al. (1996)
to model their data and perform hypothesis testing by calculating a T'S. Unlike
Fermi-LAT, AGILE data are not public and thus studies with AGILE are not

independently reproducible.

Piano 17 analyse the AGILE data in two energy bands, 50 MeV - 400 MeV and
> 400 MeV. In both energy bands, a light-curve is generated covering 6am on 20th
June 2015 to 6am on 30th June 2015, a 10 day period which overlaps the ~v-ray
excess noted by Loh 16 and the giant X-ray flare observed by Swift-BAT. The
light-curve is binned in 48 hour intervals, and is unstated whether a binned or
unbinned analysis is performed. In the modelling of the region around V404 Cygni,
three nearby and luminous pulsars are accounted for, however B20234-336 is not
mentioned despite the fact it is the nearest source to V404 Cygni and is also listed

in the Second AGILE catalogue (2AGL) (Bulgarelli et al., 2019).

Piano 17 report no excess y-ray flux in the > 400 MeV energy band, however in the
time range from 6am on 24th June 2015 to 6am on 26th June 2015 (MJD 57197.25
- 57199.25). They report a y-ray excess with TS = 18.1 (4.30 for k = 1) and a
peak flux of (4.6 £ 1.5) x 107% photons cm=2s~!. The time range and position of

this y-ray excess are consistent with that of Loh 16.

In their Fermi-LAT analysis, Piano 17 use the Fermi Science Tools (v10rOp5)

together with the Enrico analysis pipeline. They produce a light-curve of a 25°
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ROI centered on V404 Cygni using daily bins from 6pm on 17th June 2015 to
6pm on 2nd July 2015 (MJD 57190.75 - 571205.75), which encompasses the ex-
cess observed by both AGILE, and Fermi-LAT in Loh 16. Piano 17 use a differ-
ent set of photon cuts to Loh 16; they analyse all 4 PSF quartiles, but with the
P8R2_TRANSIENT_v16 photon class, together with the gll_iem_v06.fits Galactic
background model, the iso_P8R2_SOURCE_V6_v06.txt isotropic background model

and the 3FGL catalogue. A zenith angle of < 90° is used.

To fit their model, Piano 17 free all sources within 6° of V404 Cygni, and execute
a likelihood fit using the Minuit optimiser. They then fix all sources, and the
background components, except for a source added at the position of V404 Cygni
(with a power law spectral shape) before running a second likelihood fit with only
the V404 Cygni source freed. It is unstated whether a binned or unbinned analysis
is used. Loh 16 again produce their light-curves in two different energy bands: 60

- 400 MeV and > 400 MeV.

Piano 17 report no excess y-ray flux in the > 400 MeV energy band; however, in the
time range from 6pm on 25th June 2015 to 6pm on 26th June 2015 (MJD 57198.75 —
59199.75) a y-ray excess is reported with TS = 13.3 (3.70 for k = 1) and a ~-ray flux
of (1.440.4) x 107% photons cm~2s™!, a result consistent with that of Loh 16. The
Fermi-LAT analysis of the V404 Cygni field in Piano 17 is sub-optimal, particularly
when compared to that of Loh 16 and the analysis I will present in this chapter.
This is primarily due to the choice of photon class and the associated files which
should accompany it. Each Fermi-LAT photon class has a corresponding isotropic
model and instrument response function, and it is good practice for these to be used
together when carrying out LAT analysis. Piano 17 use the PSBR2_TRANSIENT_v16
photon class together with the iso_P8R2_SOURCE_V6_v06.txt isotropic diffuse
model and an unspecified IRF. The use of a mismatched isotropic background and
photon class will cause the misidentification of cosmic rays, and therefore introduce
further systematic uncertainty into their analysis which is difficult to quantify given

that they do not state which IRF they use. Consequently, throughout this chapter
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I deal with the more reliable results of Loh 16 as these do not have this additional
uncertainty, their LAT analysis is described in greater detail, and they observe a
more significant excess coincident with V404 Cygni (although still consistent with

that of Piano 17).

4.2.3 Xing and Wang 2020

The most recent work on V404 Cygni, Xing and Wang (2020) (henceforth referred to
as Xing 20) carried out an analysis of the Fermi-LAT data which is independent to
those of Loh 16 and Piano 17. Xing 20 is admittedly confused, with incorrect state-
ments regarding V404 Cygni and previous studies of the 2015 outburst* throughout
the text. Xing 20 perform a wider study of the V404 Cygni system: in addition
to searching for a ~y-ray signal from the 2015 outburst as Loh 16 and Piano 17 do,

they also search for y-ray emission from the entire Fermi-LAT mission.

Xing 20 use the 10 year 4dFGL-DR2 catalogue together with the 8 year gl1_iem_v07.fits
Galactic diffuse model and the iso_P8R3_SOURCE_V2_v1.txt isotropic diffuse model
and an unstated instrument response and photon class to model a 20° ROI centered
on V404 Cygni over the energy range 100 MeV - 500 GeV and time range 4th Au-
gust 2008 to 5th March 2020. Xing 20 populate their ROI with sources within 20°
and free sources within 5° of V404 Cygni, the normalisations of the two background
components. The routines used to fit their model to their data are not described,
and the software used by Xing 20 is unstated. It is not clear whether a binned or

an unbinned analysis is performed when producing their light-curves.

Xing 20 first attempt to reproduce the June 2015 excess by following the method
of Loh 16, but with the more up-to-date catalogue and background models. They
perform a binned likelihood analysis using the same 11.5 years time range, but with

an energy range of 100 MeV - 100 GeV: consistent with the energy range of Loh 16.

*For example, the abstract refers to GeV emission whereas Loh 16 and Piano 17 clearly es-
tablish the emission is very soft and that there appears to be a cutoff at approximately 400 MeV.
In addition, they refer to a 4.50 excess reported in Loh 16, this is not the case. I would urge the
reader to carefully review Loh 16 and Piano 17 before Xing 20.
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Sources within 5° of V404 Cygni are freed during this fit, then fixed afterwards, but
it is unclear whether the background components are freed. In a similar manner to
Loh 16, Xing 20 generate an unbinned light-curve with 12-hour bins, overlapping

one another by 6-hours each.

Xing 20 identify a source coincident with the June 2015 excess with a significance
20 < z < 30 (for k = 1) (no TS value is given). Additionally, they re-run their
analysis without the quartile of photons with the poorest PSF and find that the T'S
in this bin increases to approximately 10 (3.20 for kK = 1). Xing 20 also repeat the
analysis of Piano 17 with the TRANSIENT photon class, obtaining TS=5, however it
is unclear whether they replicate the mistakes of Piano 17 in choosing an isotropic

background model and IRF.

Xing 20 argue that given that Cygnus X-1 and Cygnus X-3 both show detectable
variability on timescales of days (Corbel et al. 2012, Bodaghee et al. 2013 & Zanin
et al. 2016) V404 Cygni may also display detectable variability on such timescales.
Xing 20 generate at least 3 different light-curves across the 11.5 year dataset, using
1 day, 3 day and 6.5 day binning, and determine that the 3 day binning shows
the most promising results. There are many bins in these light-curves leading to
statistical issues from the Look-Elsewhere effect, which are not discussed. Xing 20
determine that the only source nearby which shows any variability is B20234-336;
they generate light-curves with 3 day, 15 day and 60 day binning schemes and
determine that no source confusion occurs, except for when B2023+4336 flares,

close to MJD 55000.

Xing 20 identifies two events as evidence for y-ray emission from V404 Cygni, in-
dependent of the June 2015 excess. The first occurs close to the end of the 2015
X-ray outburst in August 2015, where a 12 hour bin is identified with TS = 15 and
a flux of (0.7 4 0.7) x 1077 photonscm~2s~! in the energy range 300 MeV - 500
GeV. They do not consider data at energies below 300 MeV. I refer to this excess

as the August 2015 excess.
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The second of the two excesses reported occurs during August 2016, when V404 Cygni
appears to be in quiescence, specifically between MJD 577623 - 57625. The peak
TS of this excess is observed to be 45 (6.70 for k = 1) and a y-ray flux of
(2.6 +0.6) x 107 photons cm~2s~!, again in the 300 MeV - 500 GeV energy range.

This excess is reported as the August 2016 excess.

Overall, a lack of information regarding the analysis setup used in Xing 20 make it
impossible to reproduce their results. Furthermore, the curious choice to exclude
photons in the 100 MeV - 300 MeV energy range will impact the significances of

the reported excesses.

4.3 LAT Observations of V404 Cygni

The goal of my analysis is to detect evidence for y-ray emission from V404 Cygni,
during both the 2015 outburst and during August 2016 where Xing 20 report their
flare. T use 11.5 years of Fermi-LAT data across a 100 MeV - 300 GeV energy
range, which at the time of analysis was the full effective energy range of the
instrument® to focus on an ROI centered on V404 Cygni. The dataset used is Pass 8,
which has improved analysis methods and event reconstruction when compared to
previous versions. I use Fermitools (v1.2.23) together with Fermipy v0.19.0

for advanced analysis techniques.

Given that V404 Cygni is located both on the Galactic plane and near a bright point
source of y-rays (B2023+336), I use a binned likelihood analysis as recommended
by the Fermi Cicerone. I use spatial bins of 0.1° width (approximately the LAT’s
optimal resolution at high energies) together with 8 energy bins per decade. Having
reduced the data following the cuts described in Table 5.1, I then follow the method

of Mattox et al. (1996) to populate the model with point sources from the 4FGL and

*Tt should be noted that Xing 20 use a different energy range and more recent catalogue than
I do in my analysis. This is because my analysis predates the release of Xing 20 on arxiv.org, and
the release of the 4FGL-DR2. My study was adapted to include Xing 20 during the latter stages
of research.
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4.8. LAT Observations of V404 Cygni

Observation Period (Dates) 04/08/2008 - 10/01,/2020
Observation Period (MET) 239557417 - 600307205

Observation Period (MJD) 54682 - 58423
Energy Range (GeV) 0.1 - 300
evtype 3 (FRONT + BACK)
evclass 128 (P8R3_SOURCE)
Data ROI width 25°
Model ROI Width 30°
Zenith Angle < 90°
Instrument Response P8R3_SOURCE_V2
Isotropic Background Model iso_P8R3_SOURCE_V2_vi1
Galactic Background Model gll_iem_vO7
Point Source Catalogue 4FGL

Table 4.1: The parameters used in the likelihood analysis of the region of interest
around V404 Cygni.

the Galactic and isotropic diffuse background components, resulting in a prediction
of photon counts for each bin. Following this, I then improve the fit of the model to
the data by running gta.optimize which iteratively pushes the model parameters
close to their maxima with the Minuit optimiser. The normalisation of all sources
within 5° are freed, as are all parameters of the background components and a full
likelihood fit is executed with respect to the freed parameters. To further improve
the fit, I run gta.find_sources to calculate a TS for each bin in the model, and
then fit a point source if the TS exceeds 9 (for the 20 highest TS peaks in the
model). This populates the model with point sources which are not catalogued in

the 4FGL, and further increases the accuracy of the model.

Given the proximity of V404 Cygni to B20234-336 I test for spatial extension. Spa-
tial extension is not expected from B2023+336 given it is a blazar, all of which
are point sources. The TS of extension when a radial Gaussian spatial fit is tested
against a point source null hypothesis is -0.01, which strongly favours the point

source model as one would expect.
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4.8.1.  Spectral Analysis of the V404 Cygni Field

4.3.1 Spectral Analysis of the V404 Cygni Field

4.3.1.1 Spectral analysis of B2023+4336

B2023+336 is a notable y-ray blazar, as it is one of the few that is seen through
the Galactic plane, itself a luminous ~-ray emitter. Although some contamination
of photons from B2023+336 with those from the Galactic plane (which has a soft
spectrum) is expected, use of the 8 year Galactic background model should minim-
ise this. In this section, I detail the spectral analysis of B2023+336, and compare
it with the spectral analyses of the three y-ray excesses. If the spectrum of any ex-
cess is significantly different from that of the blazar, this is evidence that the excess
is not a product of source confusion between B2023+336 and any emission from
V404 Cygni. If the spectra are similar, this may imply source confusion, but this
could be circumstantial. Further evidence, such as correlated variability between

B2023+336 and V404 Cygni, would be needed to draw a firm conclusion.

In order to generate the SED of B2023+336, I use gta.sed and, as B2023+336 is
a luminous source, the full 8 energy bins per decade of the analysis are used when

producing the SED.

The spectral energy distribution of the blazar B2023+336 is given in Figure 4.1,
where 95% confidence upper limits are fixed to bins with a z-score of less than
2. The best fit to the bins is a log-parabola spectral shape, with a z-score of 4.40
against a power law model*. For the photon index of the SED, I use the log-parabola
index, I'tp = 2.74 + 0.08, which is in reasonable agreement with the photon index
if a power law was fitted instead (I'pr, = 2.65 &+ 0.05). For the power law with
exponential cutoff there is a slightly lower photon index (I'pppc = 2.20 £ 0.05)
with an exponent index of 0.66 £ 0.19. All models describe the spectral shape in a
similar way: flux generally anti-correlated with energy, i.e. a soft y-ray spectrum.

There is a peak flux of 9.22 x 1075 MeVem™2s7! in the energy range 133 MeV

*A power law with an exponential cutoff (PLEC) model fits to a 4.00 significance, so the
difference in the goodness of fit between the log-parabola and PLEC is marginal.
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4.8.1.2. Spectral Analysis of the V4,04 Cygni Excesses

102 10° o 10°
Energy (MeV)

Figure 4.1: The Spectral Energy Distribution of the blazar, B2023+336, with E2%
energy flux plotted against bin energy. The best fit to the bins is a log-parabola
spectral shape, with a z-score of 4.40 against a power law model. The dotted line
shows the log-parabola best fit, using the parameters described in Section 4.3.1.1,
with a good fit to the data. This is unsurprising as a log-parabola spectral shape
is common amongst the LAT detected blazar population. We calculate an upper
limit on energy flux for any bin which does not have a TS of at least 4.

to 177 MeV, with a cut-off at energies above 9.7 GeV. This fit is compatible with
that described in the 4FGL-DR2 (Abdollahi et al., 2020), where the log-parabola
index is given as I'rp = 2.73 £ 0.07. I find no evidence for variability of the
spectral shape of B2023+4-336, suggesting that the best fit spectral parameters are

an accurate description at all times.

4.3.1.2 Spectral Analysis of the V404 Cygni Excesses

The most significant of the three excesses reported in Loh 16 and Xing 20 is the
August 2016 excess. The authors fit a power law spectral model to this excess,
although there are only 4 energy bins significant enough to be plotted. Their
spectral fit has a power-law photon index of I'p, = 2.9 4 0.3, indicating soft ~-ray

emission.
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4.8.1.8. Comparison of the Spectral Analyses
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Figure 4.2: A comparative plot of the spectral indices for the Log-Parabola fit of
B2023+336, compared to the power law indices of the June and August 2015 and
August 2016 ~y-ray excesses observed to be coincident with V404 Cygni.

The other two excesses from June and August 2015, observed during the mi-
croquasar outburst of the binary system, also have published spectral analyses
available. The June 2015 excess described by Loh 16 had a maximum flux of
1.440.5x 107 photonsecm =2 s71, and a soft power law spectrum (I'pz, = 3.540.8).
These spectral parameters were derived from the highest T'S bin in their light-curve.
Piano 17 do not report the spectral parameters associated with their Fermi-LAT
analysis, and assume a power law spectrum of I'p;, = 2.1 for their AGILE analysis,
which is the default for an AGILE source with low photon-statistics or an unknown
spectrum (Pittori et al., 2009). Piano 17 show that the AGILE spectral parameters

are consistent with the Fermi-LAT spectral parameters from Loh 16.

The August 2015 excess described by Xing 20, Figure 4 has an SED calculated in
the same way as the August 2016 excess. A soft power law is fitted (I'py, = 2.54+0.4),

although only two bins are used.

4.3.1.3 Comparison of the Spectral Analyses

Figure 4.2 shows the a comparison between the spectral index of B2023+4336, and

the three ~-ray excesses; these have large uncertainties compared to that of the
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4.8.2. Variability Analysis of V404 Cygni

blazar, which was detected over a much longer period, with much greater signi-
ficance. There is overlap between the uncertainties of the photon indices of the
putative excesses and the blazar index; this similarity between the excesses and
the blazar spectra means there is insufficient evidence to determine whether the
origin of these excesses is B20234-336 or V404 Cygni. The similarity does suggest
the possibility of source confusion, particularly in the case of the Xing 20 August
2015 and 2016 excesses, where the photon indices lie closer to that of the blazar

with smaller uncertainties than those determined during the June 2015 excess.

4.3.2 Variability Analysis of V404 Cygni

As is generally true for blazars detected with Fermi-LAT (Meyer et al., 2019),
B2023+4-336 is variable, with a variability index of 116 (Ballet et al., 2020). A
variability index greater than 72.44 indicates variability on the timescale of months.
This long-term variability is illustrated in Figure 4.3, which shows a rise in flux from
the start of the LAT data, with a peak flux of approximately 8 x 10> MeV cm ™2 s+
in early 2010, followed by a sharp drop-off, with flux levels between 1 and 3 x
10 MeV ecm 257! for succeeding bins. From June to December 2015, the flux
of B2023+336 plateaus at between 1 and 2 x 107° MeV cm 25! with all points
within the 95% confidence limit of one another, indicating a broadly steady v-ray

flux during the two apparent outbursts of V404 Cygni.

The three y-ray excesses reported from V404 Cygni are reported on timescales of
less than 12 hours rather than months. In general only the brightest sources seen
with Fermi-LAT have variability that is detectable on short timescales, one ex-
ample being Cygnus X-3 (Abdo et al. 2009d, Corbel et al. 2012). For V404 Cygni
to be regarded as a y-ray emitter, its emission must reach the 5o level which is con-
ventional for a discovery over this timescale. For reference, the blazar B2023+336
reaches a 5o significance over 12 hours in August 2016, with a flux of approximately

5x 107*MeV em 2571,
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4.8.2. Variability Analysis of V404 Cygni
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Figure 4.3: The light-curve of the blazar B2023+336, with approximately 6 month
time bins spread out across the observation period given in Table 5.1. The grey
dotted line indicates a constant-flux model, which results in a poor fit to the ob-
served data. This is expected given the blazar’s 4FGL catalogue variability index
of 116.

The June and August 2015 excesses reported by Loh 16 and Xing 20 respectively
do not reach the 50 level. Furthermore, the fact that the June 2015 excess was
identified using a now outdated model and an older catalogue necessitates a repeat
analysis of this period with the most recent models. Such an analysis, performed
by Xing 20 failed to detect the 2015 events significantly, although as I have noted,

differences in the analyses may explain this discrepancy.

Using the gta.lightcurve routine, I perform a binned light-curve analysis of the
Fermi-LAT data between June 2015 and September 2015, a time period which
covers the outburst of V404 Cygni. For this analysis, both background components
are freed in the model, along with the normalization of all sources within 5° of
V404 Cygni’s position (including B2023+336). I use a 12 hour independent binning
scheme, and place a 95% confidence upper limit on flux in any bin where the bin

TS is less than 4 (corresponding to 20, or p = 0.05).
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4.3.2.1. June 2015 Excess

It is established that any potential excess may have a soft spectral energy distri-
bution. The angular resolution of the Fermi-LAT is energy dependent, such that
the point spread function (PSF) is worse at low energies. This is several degrees
in the MeV range, where one would expect both the flux of the blazar and that of
the binary to peak. As a measure to test for source confusion between the binary
and the blazar, I produce an identical light-curve, but at the position of the blazar

0.3° away from V404 Cygni.

4.3.2.1 June 2015 Excess

Figure 4.4 shows a comparison between the V404 Cygni light-curve (black) and
B2023+336 (red) ~-ray flux and the TS value of each bin during the June 2015
outburst period, as well as the Swift-BAT light-curve of V404 Cygni for this time.
There is no ~-ray excess from the position of V404 Cygni during June 2015, when
Loh 16 report a 4o excess at the peak of the Swift-BAT light-curve highlighted
by the TS map in Figure 4.5. This is not entirely surprising, as both Loh 16 and
Piano 17 used older background models and an older catalogue for their analysis.
A key difference between the 3FGL used by Loh 16 and the 4FGL used in this
analysis (and Xing 20) is the addition of weighting in the maximum likelihood
method employed in LAT analysis. The weighted maximum likelihood method
better reflects the systematic uncertainties of the instrument, and results in larger
parameter uncertainties and correspondingly smaller TS values. This could explain
why an apparently significant time bin in the Fermi-LAT results of Loh 16 and
Piano 17 is no longer seen when using the 4FGL, although this does not explain
the AGILE result described in Piano 17. This result is in agreement with Xing 20,
who similarly find no 40 «-ray excess in June, although there is a lack of information

regarding the analysis parameters of Xing 20.

A further difference between this analysis and that of Loh 16 is that Loh 16 use an

unbinned analysis. A binned analysis is preferred for sources on the Galactic plane;
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4.3.2.1. June 2015 Excess
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Figure 4.4: The light-curves of V404 Cygni and B2023+4-336 during the 2015 out-
burst. Panel A shows the Swift-BAT light-curve for V404 Cygni with daily inde-
pendent binning. Panels B and C show the Fermi-LAT light-curve and TS values
respectively for this period for V404 Cygni with 12 hour independent binning.
Panels D and C show the Fermi-LAT light-curve and TS values respectively for
B2023+336 with 12 hour independent binning. Units of time are Gregorian, and
Modified Julian dates. The vertical grey dotted lines indicate the beginning and
end period of the June 2015 excess, whereas the vertical pink dotted lines indicate
the beginning and end period of the August 2015 excess.

101



4.3.2.2. August 2015 FExcess
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Figure 4.5: A TS map of the position of V404 Cygni over the 12 hour period (MJD
57199.25-57199.75) where Loh 16 describe their «-ray excess (coincident with the
peak in X-ray brightness). We observe no excess of y-rays from the position of
V404 Cygni during this time that cannot be accounted for by any of the neighbour-
ing 4FGL sources, or the background models. This TS map is taken over the full
effective Fermi-LAT energy range of 100 MeV to 300 GeV with 0.1° spatial bins.

however, I also performed an unbinned analysis over the 12 hour period shown in

Figure 4.5, and find that this analysis agrees with the binned result.

4.3.2.2 August 2015 Excess

Xing 20 report a separate 40 y-ray excess in August 2015 through use of independ-
ent binning. Two bins in my V404 Cygni light-curve have significances above the
upper limit threshold in August 2015, (~ MJD 57521), which is the same time
period as that reported by Xing 20 in their analysis. Whilst Xing 20 reports this

excess at the 40 level, I find that one bin reaches the 2¢ level, and the second,
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4.3.2.8. August 2016 Excess

consecutive, bin reaches 30, with no corresponding rise in the count rate of the
Swift-BAT light-curve. There is no corresponding flux increase in the light-curve
of the blazar. Given that I use the same LAT catalogue and background models as
Xing 20, it is likely that this discrepancy in results is down to the photon selection
(I use energies greater than 100 MeV, and Xing 20 use energies greater than 300

MeV), and potentially other differences between our analysis and that of Xing 20.

It is necessary to consider the likelihood of an apparently significant result arising
simply by chance. The binomial distribution provides a suitable representation of
our 184 bins, and I calculate that the chance of finding exactly one 3¢ bin out of
184 is 30.3%, with a probability of finding at least one 3o result rising to 39.2%.
We therefore do not believe this August 2015 excess to be significant, as despite the
fact these bins are adjacent to one another, the low TS of these indicates that they
are likely to reflect a Galactic plane background fluctuation rather than genuine

~-ray emission from a point source.

4.3.2.3 August 2016 Excess

Xing 20 also claims a more significant 7o ~-ray excess from V404 Cygni during
August 2016, a year after the X-ray outburst finishes. This is by far the most sig-
nificant excess in their light-curve. Figure 4.6 shows the light-curves of V404 Cygni
and B2023+336 during August 2016. Using independent 12 hour binning, I do not
find such high TS values as Xing 20 (although, as for the analysis of the August
2015 event, the photon selection and analysis parameters differ to those of Xing 20).
Nevertheless, there are three bins at the 30 to 40 level over a short period, with
measurable fluxes. However, when one looks at the light-curve of B2023+336,
similar fluxes are detected in these bins and others around this time, suggesting

confusion as to whether the flare originates from V404 Cygni or B2023+336.

There are no available multi-wavelength observations of B2023+336 during the time

of this apparent detection of V404 Cygni. However, neither the optical AAVSO or
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4.3.2.8. August 2016 Excess
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Figure 4.6: The light-curves of V404 Cygni and B2023+336 during August 2016,
when Xing 20 claim their detection of V404 Cygni. Panel A shows the Swift-BAT
light-curve for V404 Cygni with daily independent binning. Panels B and C show
the Fermi-LAT light-curve and TS values respectively for this period for V404
Cygni with 12 hour independent binning. Panels D and E show the Fermi-LAT
light-curve and TS values respectively for B2023+336 with 12 hour independent
binning. Units of time are Gregorian, and Modified Julian Dates. The vertical grey
dotted lines indicate the beginning and end of the 3-day time bin Xing 20 used to
identify the August 2016 excess. We also observe 7-ray emission outside this time
period at comparable TS values.
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4.4. Statistical Analysis

X-ray Swift-BAT light-curves of V404 Cygni (Figure 4.6) show any enhancement
during August 2016, nor is there any significant enhancement since the December
2015 flare. For V404 Cygni to form a jet which emitted y-rays, an enhancement in
the X-ray flux similar to that seen in June 2015 would be expected (Figure 4.4). As
this is not seen, this suggests that there was no outburst from V404 Cygni at this

time, supporting the hypothesis that the flare is from the blazar, not the binary.

4.4 Statistical Analysis

4.4.1 Statistical Tests of Similarity

In order to look for similarity between the y-ray emission of V404 Cygni and the
blazar, B2023+336, I perform a 2-sample Kolmogorov-Smirnov (KS) test (Kolmogorov
1933 & Smirnov 1948) in order to explore the hypothesis of source confusion. This
tests whether two numerical distributions are drawn from some common overall

distribution by calculating a KS statistic using Equation 4.1.

Da, b = Sup ‘Fl,a(x) - F2, b(:t)| (41)

Here, D, ; is the KS statistic for two samples a(x) and b(x), where the KS statistic
is equal to the supremum of the absolute difference between the empirical distri-
bution functions (EDFs) of the two samples. The EDFs for all of our samples are

shown in Figure 4.7*.

For the 2015 outburst period, I calculate D = 0.11 indicating a p-value of p = 0.23
for the hypothesis that the samples are drawn from separate distributions. This
is unsurprising, as Figure 4.7 shows that the EDFs for the blazar and binary at

this time are not substantially different and, although B2023+336 is a luminous

*Alternative tests of similarity exist, such as the Mann-Whitney test (Mann and Whitney,
1947), or the well known Student’s t-test. However, I use the KS test as it is more powerful in
detecting changes in the shape of the distribution, which is essential when analysing time series
data.
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4.4.1. Statistical Tests of Similarity
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Figure 4.7: The empirical distribution functions of V404 Cygni and B2023+4336
during the 2015 outburst and the 2016 flare for the TS of each time bin. The
B2023+336 and V404 Cygni distributions in 2015 are very similar, and are domin-
ated by the noisy background. During 2016, the V404 Cygni distribution reaches
a higher peak TS, with a higher probability of increased TS values over 2015. The
most significant emission comes from B2023+4-336 during 2016, where there is a TS
peak higher than the V404 Cygni distribution.

~-ray source, it is not known to be regularly detected on timescales as short as 12
hours. Both sources are likely dominated by the same noisy y-ray background on
the Galactic plane during the outburst, which provides the most likely source of

the common distribution of T'S values during the 2015 outburst.

For the 2016 excess period, I calculate D = 0.425 corresponding to p = 0.001 for
the same hypothesis, indicating a significant difference in the TS distributions of
both the blazar and binary system. In Figure 4.7 there is an increased probability
of higher TS values for both systems when compared to the 2015 outburst period
where both systems are noise dominated, indicating increased y-ray emission from
both B2023+4-336 and the position of V404 Cygni. The plots of TS against time
shown in Figure 4.6 for August 2016 also show that the increased TS (and therefore

flux) occurs for both systems at the same time, with the peak of both light-curves
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4.4.2. Degrees of Freedom with Overlapping Bins

occurring in the same bin indicating that this emission could have the same origin.
Given that the EDF of B2023+4-336 shows an increased probability of higher TS
values, and therefore more significant y-ray emission than from V404 Cygni, this
serves as statistical evidence at the 3o level that the origin of the August 2016 flare

is B2023+336 rather than V404 Cygni.

In conjunction with the lack of X-ray emission observed by Swift-BAT from V404 Cygni
during August 2016, there is sufficient evidence to state that the August 2016 ~-ray
flare originates from B20234-336 and not V404 Cygni. Any 7-ray emission observed
from the position of V404 Cygni is a product of source confusion with B20234336,
due to the properties of the LAT itself (resolution, point spread function etc),
which are less precise at the lower energies where this flare occurs, as established
in Section 4.3.1. Given that the LMXB system was in quiescence at this time, a

blazar origin for this emission is much more likely.

4.4.2 Degrees of Freedom with Overlapping Bins

Loh 16 (and Xing 20 in replicating their study) use light-curve bins which overlap
one another, rather than an independent binning scheme. Whilst the majority
of light-curves produced in ~-ray astronomy (including all the light-curves in this
thesis) are independent, dependent light-curve binning has a key advantage, and

two key drawbacks.

Dependent light-curve binning allows for greater resolution in measuring changes
in the flux levels of a source by increasing the number of measurements taken,
whilst not incurring the penalties associated with shortening the light-curve bins,
which would be the usual way to increase the number of measurements taken in an
independent binning scheme. A downside of this is increased computational cost
associated with the analysis of more time bins. Whilst the computational cost is

of no consequence here, the second drawback to dependent binning is.

In independent binning, each singular photon belongs exclusively to one bin, and
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4.4.2. Degrees of Freedom with Overlapping Bins

no others. This is true in both spectral and temporal analysis for the Fermi-LAT
data as each photon has a discrete energy and arrival time associated with it in
the Fermi-LAT data files. This is no longer the case for dependent binning as each
photon can be binned multiple times, as its energy or arrival time meets the criteria
for multiple bins. Dependent binning in astronomy in general is rarely used, and
there is little literature discussing the statistical impact of counting photons in
~-ray analyses multiple times, however a study by Orford (1990) reveals that the
simplest way to account for the impact of double counting photons is through the
treatment of statistical degrees of freedom when applying Wilks’ theorem to the

calculated TS values of each bin*.

Assuming that each photon is counted the same number of times, the number
of degrees of freedom scales as the number of times a photon is counted. This
is because increasing the number of bins increases the amount of sampling done
without increasing the sample size, thus increasing the chances of an apparently

significant false positive result arising and increasing the degrees of freedom.

Neither Loh 16 nor Xing 20 account for the higher number of degrees of freedom
present in their dependent light-curves, and both (mistakenly) take the degrees of
freedom to be k = 1, which corresponds to an independent binning scheme. In the
cases of the 12 hour, shifted by 6 hour, light-curves of both Loh 16 and Xing 20
this means a relatively minor correction to both significances as both need to be
recalculated with k = 2, rather than £ = 1. In the case of the 6 hour, shifted by 1
hour, binning scheme of Loh 16 this is a more significant change as each photon is

counted 5 times, so that k = 5.

As a result, both Xing 20 and Loh 16 overstate the significance of their results
by improperly dealing with the degrees of freedom which arise from their binning

schemes. This likely explains, in part, why the light-curves shown in this chapter

*Whilst (Orford, 1990) makes reference to statistical searches for periodicity in VHE pulsar
data, the techniques discussed are broadly comparable to the Fermi data given the use of hy-
pothesis testing. Furthermore, (Orford, 1990) use the term ‘oversampling’; this simply refers to
dependent binning.
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4.4.8. The Temporal Look-Elsewhere Effect

fail to reproduce such high TS values: fewer trials were used in order to obtain

them.

4.4.3 The Temporal Look-Elsewhere Effect

Xing 20 find the August 2015 and August 2016 excesses by running a light-curve
over 11.5 years with 3-day independent binning, having also created but discarded
light-curves using 1-day and 6.5-day binning. This light-curve is shown in Xing 20
Figure 3. Given the very large number of bins used in this light-curve, one must
consider the Look-Elsewhere effect, where significant time bins may appear as a

result of the number of bins searched.

In addition to the June 2016, August 2016 and August 2017 ~-ray excesses, which
are attributed to the large number of bins searched and source confusion with a
B20234-336 flare, Xing 20 find 10 other 3-day bins with TS values at the 3¢ level
or above. The first four of these excesses (in time), labelled Period 1 in Xing 20
Figure 3, occur during the first 18 months of the Fermi-LAT mission. From our
mission-long light-curve of B2023+336, one can see that for the first 18 months of
the Fermi-LAT mission, the flux is in an enhanced state with respect to all later
bins. Both Loh 16 and the Fermi All-Sky Variability Analysis team (Ackermann
et al., 2013) report on the enhanced state of the blazar. Considering the previously
established evidence with regards to source confusion, particularly during flares, it

is likely that the y-ray flux enhancement during Period 1 is from the blazar.

Having accounted for the flux excesses in Period 1 and the August 2015 and 2016
excesses, 6 other y-ray excesses are described in Xing 20 Figure 3. As this light-
curve covers 11.5 years, with 3 day binning, there are approximately 1400 bins in
this time. Using the binomial distribution to predict how many v-ray excesses are
likely to occur at the 3o level, I find that there is an 9.25% chance of finding these
6 ~v-ray excesses by chance, indicating a strong possibility that there is no ~-ray

emission from V404 Cygni that cannot be accounted for either by source confusion
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with B20234-336 or by considering the effect of apparently significant bins arising
by chance. Given how poorly the Galactic y-ray background is understood, that
it is non-uniform and often sees small local fluctuations in time, it is also possible

that these bins are caused by background fluctuations.

4.5 V404 Cygni, Discussion and Future Prospects

The definitive identification of novel «-ray emission from an X-ray binary would be
a scientifically important result, particularly from V404 Cygni: an LMXB and a mi-
croquasar. Hence, given that the multi-wavelength campaign to observe V404 Cygni’s
2015 outburst is one of the largest in history, intense interest in the ~-ray prop-
erties of the system has abounded. Three ~-ray excesses have been linked with
V404 Cygni across multiple papers; my reanalysis has not been able to convin-

cingly associate V404 Cygni with any of these excesses.

The first of these excesses is described by Loh 16 and Piano 17, and occurred in
June 2015 coincident with the hard X-ray peak of the outburst, during the peak
of the AAVSO optical light-curve, and shortly following the peak radio emission.
The background models, catalogue and instrument response functions used in this
analysis are now superseded by more accurate models, and when I carry out binned
(and unbinned) analyses, I find no significant «-ray emission. This y-ray excess is
likely to be a product of the older models available at the time for Fermi-LAT data
analysis supported by the fact that the peak significance reaches only 40. The
Loh 16 analysis also contains a miscalculation with the degrees of freedom of the
light-curve, causing an over-estimation in significance. The excess observed within
the AGILE data discussed in Piano 17, remains the strongest independent evidence

for y-ray production in V404 Cygni in June 2021.

The next of these excesses is a separate 40 at the end of the outburst in August 2015,
claimed by Xing 20. Unlike the first, there is no corresponding X-ray enhancement,

but we do also see this excess in my own analysis. However, a wider issue with
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apparently significant bins arising by chance both in my own light-curve (Figure
4.4) and the work of Xing 20 leads us to believe that this is probably a chance

occurrence.

The final, and most significant, claim of v-ray emission occurring from V404 Cygni
was the 7o August 2016 excess reported by Xing 20, after the X-ray outburst had
finished. I find that this is more than likely a product of source confusion with
B2023+336, which also appeared to be active at this time. Given that the ~-ray
emission from B2023+-336 is present longer, more consistently, and more signific-
antly than that reported from the position of V404 Cygni, and the spectral sim-
ilarity between this excess and the spectrum of B2023+336, this y-ray excess is
likely a product of source confusion between the blazar and V404 Cygni. This is
supported by the fact that V404 Cygni was in quiescence at this time, and is not
likely to become an active microquasar again for another decade or two, based on

its history of outbursts.

Whilst the lack of detection of y-ray emission from V404 Cygni could be considered
a negative result, it is still an interesting one. Three microquasars are seen with
Fermi-LAT (CygX-1, Cyg X-3 and SS433), and only SS 433 has evidence for emis-
sion at VHE (Abeysekara et al., 2018b). These objects enter outburst much more
frequently than V404 Cyg does, with SS433 being persistently supercritical, sug-

gesting fundamental differences in the makeup of these systems.

Since the V404 Cygni outburst other microquasars have also undergone outbursts.
One such outburst, that of MAXI J18204+070* in 2018, was comprehensively stud-
ied at y-ray wavelengths with combined observations from VERITAS, MAGIC and
H.E.S.S. supplemented by Fermi-LAT all-sky data presented in Abe et al. (2022).
Like V404 Cygni, these observations covered the state transitions in the outburst,
where no significant detection of y-ray emission was made. This study suggests
that the emission from this particular microquasar during outburst was approx-

imately 20 times lower than the threshold for detection with current instruments,

*Like V404 Cygni, MAXI J1820+070 is an LMXB with a black hole accretor.
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and that prospects remain positive for future detections with upcoming instru-
ments such as CTA. Given the similarities between the outburst of V404 Cygni
and MAXI J18204-070, it is possible that many microquasars are simply not lu-

minous enough to be detected in ~-rays with current instruments.

An interesting prospect for the future detection of V404 Cygni is AMEGO (McEnery
et al., 2019), proposed to launch in 2030. AMEGO will operate in the MeV range,
where one would expect V404 Cygni to emit y-rays, and will operate with greater
sensitivity and resolution than Fermi-LAT. It is very possible that, if V404 Cygni
becomes active again, AMEGO will make a significant detection. The 2030 target
launch date, and the 1 to 2 decade microquasar cycle of V404 Cygni, means the
next time this system becomes active the scientific community will hopefully have
a clearer picture as to the high energy physics involved in such a system. AMEGO,

alongside other observatories in development, is discussed further in Chapter 10.
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Figure 4.8: The fourth labour of Heracles, the capture of the Erymanthian boar.
By Lucas Cranach the Elder (After 1537).
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CHAPTER 5

Surveying the X-ray Binaries I:

Methodology and Results

In Chapter 4, a detailed analysis of V404 Cygni was presented, including indi-
vidual investigations into each claim of -ray emission/excesses given in different
studies. V404 Cygni is just one of hundreds of X-ray binaries, and it is impractical
to conduct such an in-depth investigation into all of these systems. Therefore, this
Chapter details a survey of the X-ray binary population, which investigates each
X-ray binary in a more efficient and systematic way. Coordinates, orbital periods
and other information on each system is taken from Liu et al. (2006) and Liu et al.
(2007), which were published in the mid 2000’s, when a large number of new X-ray
binaries had been discovered by INTEGRAL. As a result, whilst these catalogues
do not encompass the entire known X-ray binary population, they do encompass
almost all of it. The proceeding Chapters (6 - 8) provide an in depth look at the
systems where the survey indicates that there is a reasonable probability of y-ray

emission from an X-ray binary.
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5.1 Methodology

5.1.1 Data Reduction and Modelling

To perform the survey of the XRB population, Fermipy 0.19.0 and Fermitools
1.2.23 are used to analyse the Fermi-LAT data. Like V404 Cygni which was
discussed in Chapter 4 the vast majority of the XRB population lies on the Galactic
plane. The Galactic plane itself is a luminous, non-uniform, source of diffuse v-ray
emission and is additionally overlaid with a dense field of point, and extended, y-ray
sources. As shown in Chapter 4, if one searches for ‘novel” «-ray emission close to
a known source of y-rays, especially at low energies (as Fermi-LAT has an energy
dependent point spread function), it can be difficult to resolve one source from
another and source confusion occurs. In the case of V404 Cygni source confusion
is identified as being responsible for the apparently significant August 2016 excess
through simultaneous variability and spectral analysis of the blazar and the position
for the binary, and in order to survey the X-ray binary population, the techniques
explored in Chapter 4 are vital in correctly identifying whether any potential y-ray

emission from XRBs is a product of source confusion.

Compared to the analysis of Chapter 4, where the 8-year 4FGL catalogue is used,
for the XRB survey presented in Chapters 5, to 8 a more recent catalogue is used,
the 4FGL-DR2 (Data Release 2) (Ballet et al., 2020), which encompasses 10 years
of data providing a more accurate reflection of the nature of the y-ray sources seen
by Fermi-LAT. A third version of the 4FGL, the DR3 (with 12 years of data) has
since been released, however given that the entire XRB survey detailed here took
approximately a year to perform the analysis for, it would be impractical to repeat
the analysis with a newer catalogue. In addition to the 4FGL-DR2, the 8-year
extended model templates are used to provide the most up-to-date parameters for
extended sources, which are particularly common on the Galactic plane, and the 8-

year Galactic and isotropic diffuse background models are also used to provide the

115



5.1.1. Data Reduction and Modelling

most accurate and up-to-date parameters for the v-ray background (Acero et al.,

2016).

To survey the XRB population, I use the Mattox et al. (1996) maximum-likelihood
estimation method to construct a binned model of the ROI around each XRB
independently, with each model centered on one particular XRB. Whilst there is a
substantial amount of overlap between XRB ROIs, by analysing each independently
I am able to build a smaller, more accurate model for each XRB, as opposed to
trying to fit multiple new sources to one large model which is likely to be less
accurately modelled (due to the larger number of parameters that will need to be

estimated).

The parameters for the analysis of each ROI are the same, and are given in Table
5.1, with the only difference between each being the coordinates that each ROI
is centered on; these coordinates are those of each XRB given in the Liu et al.
(2006) and Liu et al. (2007) XRB catalogues. These coordinates, and the waveband
from which they are derived are given in Appendix B for the HMXB sample, and
Appendix D for the LMXB sample. Additionally, as the analysis of the LMXB
sample was performed several months after the analysis of the HMXB sample,
several more months of data was available for analysis, hence the observation period
for the LMXB sample is several months longer than the HMXB sample. This is
reflected in Table 5.1, where dates for both the HMXB and LMXB samples are

provided.

Following the gta.setup command, I initially perform photon selection using
gtselect to cut down the photon sample to only the required energy range, and
ROI followed by computing good time intervals using the mission long spacecraft
file with gtmktime. Having pre-computed an instrument livetime cube for both
the HMXB and LMXB time periods, I skip the gtltcube step of gta.setup, as
this step is the most computationally expensive of the algorithm and the livetime
cube for each ROI is identical, provided that the analysis time period is the same

(which it is). I subsequently bin the data using gtbin and generate a source map
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LMXB Observation Period (Dates) 04/08/2008 - 26/07/2021
LMXB Observation Period (MET) 239557417 - 648950405
LMXB Observation Period (MJD) 54682 - 59421
Energy Range (GeV) 0.1 - 500
Data ROI width 10°
Model ROI Width 15°
Zenith Angle < 90°
GTI Filter DATA_QUAL>0 && LAT CONFIG==
Instrument Response P8R3_SOURCE_V2
Isotropic Diffuse Model iso_P8R3_SOURCE V2 vi
Galactic Diffuse Model gll_iem_vO7
Point Source Catalogue 4FGL-DR2
Extended Source Templates 8 Year Templates

Table 5.1: The parameters used in the likelihood analysis of the regions of interest
around the X-ray binary systems in the Liu et al. catalogue.

for each source in the model using gtsrcmaps.

Following the completion of gta.setup on a ROI centered on each of the approxim-
ately 300 XRBs in the sample, there is an unoptimised model for each of the XRBs.
In order to improve the fit of the model to the data I initially use gta.optimize, a
fitting routine which iteratively pushes the parameters of the model close to their
global maxima. This significantly improves the accuracy of the model in describing
every point, and extended source as well as the background components. In order
to populate the model with any point sources that are not included in the 4FGL-
DR2*, T use gta.find_sources to iteratively fit point sources to test statistic peaks
in the model where TS > 9, with the caveat that the algorithm will not fit a point
source to a peak where a more significant source is in the model within 0.5° angu-
lar offset. Finally, to improve the fit of the model in the immediate vicinity of the
XRB position (i.e. at the centre of the ROI), I free the normalisation of all sources
within 1° of the centre of the ROI, including the isotropic and Galactic background
components, and execute a full likelihood fit, using the MINUIT optimiser, until an
optimal fit quality of 3 is obtained. This ensures that any sources close to the

XRB position, and that are likely to cause source confusion at the XRB position

*T use 12.5 - 13 years of data compared to the 10 years of the DR2 so there will be sources in
the data not included in the catalogue, which will need to be added to the model.
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are modelled as accurately as possible. Having modelled the data for each XRB’s
ROI, I generate a TS map of each ROI in order to highlight any significance peaks
which have not been modelled, and residual maps as a quality check to test for

systematic under/over-modelling.

5.1.2 Testing for persistent y-ray emission

To assess whether y-ray emission is detected from the position of an X-ray binary,
I use the likelihood ratio test to perform a hypothesis test with the null hypothesis
(©2) being that no «-ray point source is present at the position of the XRB, and
the alternate hypothesis (©1) being that there is a significant y-ray point source

present at the position of the XRB.

As with previous uses of the test statistic, the T'S value can be translated into a
z-score as the TS is distributed as a x? statistic for k statistical degrees of freedom
between the two hypotheses (Wilks, 1938). As the alternate hypothesis has 1
additional degree of freedom than the null hypothesis (the XRB source), the z-
score for this hypothesis test, and therefore the significance of the ~-ray source at

the position of the X-ray binary is given by Equation 5.1

z=VTS=,/2In igg;; (5.1)

In order to perform this hypothesis test, a ‘test’ source must be added to the

position of the XRB for which a TS value can be calculated with a likelihood fit,

using gta.fit. There are two ways in which I can add and fit such a test source.

The first way to fit a test source has already been described in the previous section,
and occurs with the use of the gta.find_sources algorithm which is ran during
the fitting of the model to the data. This algorithm will fit point sources to the 4
highest T'S peaks, and then repeat either 5 times, or until there are no more peaks

above a user-defined minimum TS value, which I set to TS = 9, being equivalent to
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z = 30. As a measure to avoid source confusion, I define a minimum separation for
the algorithm, whereby a source cannot be fitted within 0.5° of a higher TS peak.
Each source added to the model with gta.find_sources algorithm has a positional
uncertainty, which reflects the systematic uncertainty of the LAT instrument itself.
I define a ~-ray source as being spatially coincident with the position of a XRB
if the angular offset from the position of the XRB is less than the 95% angular
positional uncertainty* of the point source, i.e. the XRB lies within the positional

uncertainty of the y-ray source.

The gta.find_sources algorithm has limitations in how it fits sources to excesses
of ~-rays. For instance, In each ROI I am limited to fitting point sources of the
20 most significant TS peaks, which excludes any sources that are not necessarily
one of these 20, but still have a TS > 9 and would otherwise be considered ~-ray
point sources within the survey. Additionally, with a minimum separation of 0.5°,
it is entirely possible for a HMXB to be emitting detectable and distinguishable
~v-ray emission, but to be within this minimum angular separation. This is a
particular issue on the Galactic plane, where catalogued point sources are packed
closely together, and would exclude many of the HMXBs from the discovery of

y-ray emission.

Therefore, in ROIs where no test source is fitted by gta.find_sources, I add a
point source manually with gta.add_source. This added source has an initial soft
power law spectrum with spectral index I' = 2.0, which is the same as the sources
added by gta.find_sources. I then free all parameters of this added source and
the normalisation of the sources within 1° of it, and both components of the y-ray
background. I then execute a maximum likelihood fit which calculates a TS for

this added source.

Adding a source to the position of the central XRB in each ROI either with

gta.find_sources or with gta.add_source results in the same hypothesis test

*The PSF of Fermi-LAT is large and energy-dependent and therefore the ‘position’ of a source
is simply the point where the origin of the v-rays is most likely to be, given the PSF. The angular
positional uncertainty is the statistical uncertainty on this likely position.
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either way; the only difference being that there is usually a small (approximately
0.1°) angular offset between the sources fitted by gta.find_sources and the po-
sition of the XRB, whereas the test sources added with gta.add_source will be
fitted exactly to the XRB coordinates from Liu et al. (2006) or Liu et al. (2007).
Regardless of which way the hypothesis test is done, the difference between the two

due to the offset is usually negligible.

As is conventional in 4-ray astronomy, I use a TS threshold of 25 (2 = 50) to
claim full detection of a «-ray source coincident with the position of an XRB. I also
report y-ray fluxes for y-ray excesses in the 9 < TS < 25 (30 < z < 50) range as,
while these do not meet the conventional significance for detection and often lack
the photon statistics for further analysis, they may be worthy of further study. For
those sources (either detected using the gta.find_sources algorithm, or added
later) which exceed the 30 threshold, I carry out further investigation detailed in
Chapters 6, 7 and 8 in order to explore whether this ~v-ray emission is likely to

originate from the X-ray binary in question.

5.1.3 Testing for transient/variable ~-ray emission

As XRBs (both low and high mass) are generally variable sources across a variety
of wavebands, therefore in addition to testing for persistent +-ray emission, it is
also necessary to test for variability within this persistent y-ray emission, and also
test for transient ~-ray emission from these systems. To do this, I construct a
light-curve at the XRB positions using either the coincident source found by the
gta.find_sources algorithm or the source added afterwards. I use approximately
6 month time bins (25 bins over the observation period) in all cases*. To produce the
light-curves I use the gta.lightcurve algorithm which carries out a full likelihood

fit of the ROI in each time bin to calculate an integrated flux and TS value for the

*As the HMXB and LMXB observation periods differ, the LMXB bins are marginally longer
than the HMXB ones.
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source on a bin-by-bin basis. For each bin I report an energy flux value if TS > 4,

or a 95% confidence limit otherwise.

In order to see whether a light-curve shows evidence for ~-ray emission in any
bin(s), I use a mathematical ‘light-curve condition’ which, when satisfied, indicates
that there are bins in a light-curve with significant v-ray flux. If the condition is
satisfied, I can then examine these bins to see whether «-ray emission is constant
(non-variable), the flux values vary (variable), or a y-ray flux appears only during
a certain time interval (transient). The likelihood fitting used in gta.lightcurve
results in a TS value for each bin giving us a measure of how significant the y-ray
flux is in this bin. Using Wilks’ Theorem, I then calculate a p-value for each bin,
which gives the probability that each bin arises by chance. I then take all of the p-
values for each bin with T'S > 4, and use Equation 5.2 below to calculate a p-value

for all the significant (> 20) bins:

n
pie=1x[]m, (5.2)
i=1

Here, n is the number of bins with TS > 4, and p; is the p-value of each bin.
Bins with TS < 4 are excluded, because these have insufficient photon statistics
to provide a reliable flux value and are therefore generally less useful for trying to
understand the properties of a source. This is particularly true on the Galactic
plane (where most of the XRB population lies) where the luminous diffuse ~-ray
emission and crowded field mean that bins with TS < 4 are likely to be noise-

dominated.

I consider a source to have satisfied the light-curve condition and to have evidence
for significant emission in its light curve if p;. < 5 x 1077, the p-value for z = 50.
This is consistent with the threshold for testing for persistent y-ray emission. It is
important to note that the light-curve condition does not provide information on
the nature of any transient emission or variability, but only that significant ~y-ray

emission is present in the light-curve itself.
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5.1.4 The Look-Elsewhere Effect

In Chapter 4, the look-elsewhere effect was discussed in depth with regards to
spurious claims of y-ray emission from V404 Cygni. In searching for emission from
hundreds of XRBs in one survey, this invites the likelihood of seemingly signific-
ant y-ray detection arising through chance. Furthermore, searching for transient

excesses from the position of each of these XRB increases this likelihood further.

Given that the surveyed XRBs are distributed across the sky, some on-the-plane
and some off the plane, the probability of a false positive varies from XRB to
XRB, as the likelihood of source confusion or background fluctuations depends on
the region of the sky the XRB is located within. It is therefore impractical to
perform a ‘catch all’ calculation to quantify the look-elsewhere effect across the
entire survey, as the required knowledge of the ROI around each XRB makes such

a calculation extremely complex with a very large number of parameters involved.

To mitigate the impact of the look-elsewhere effect, a conservative approach to
modelling and observation is taken. A detection of «-ray emission is not claimed
unless a Ho persistent excess can be localised to the position of the XRB, some
evidence for multi-wavelength variability is observed between an excess and the
XRB, periodicity in an excess is seen matching the XRB, or ideally several of
these. If any of these are true, then it is very unlikely that the observed excess is
a false positive. Observations of sources near to XRB coincident excesses are also

performed to identify cases of false positives.

These steps reduce the impact of the look-elsewhere effect, and increase confidence
in the survey methodology so that genuine detections of ~-ray emission an be

distinguished from false positives.
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5.2 Survey Results

Here I present the results for the survey analysis, indicating whether ~-ray emission
(either persistent or transient) has been found at the position of each XRB. Where
spatial coincidence between a y-ray excess and an XRB is identified, further analysis
of the excess, and surrounding ROI, is required in order to verify that the excess is
indeed produced by the XRB, and is not an artefact of the y-ray background nor
caused by source confusion. Such further analysis generally falls into two categories:

temporal and spatial analysis.

In temporal analysis I analyse the light-curve of the excess and attempt to correl-
ate features with those of other nearby ~-ray sources in order to identify source
confusion, or I produce a multi-wavelength light-curve using data from the Amer-
ican Association of Variable Star Astronomers (AAVSO; optical V-band data), the
Monitor of All-Sky X-ray Image (MAXI; 2-20 keV X-ray data) and the Swift Burst
Alert Telescope (Swift-BAT, 15-50 keV X-ray data), the latter of which is used
in a similar fashion to the analysis in Chapter 4. Given that previously detected
~-ray binaries have displayed orbitally modulated +-ray emission with a peak at
periastron and a minimum at apastron, I am also able to perform a phased analysis
of select binary systems with coincident ~-ray emission, as the detection of phased
emission would be powerful evidence to associate an excess with a binary. For
phased analysis to be performed however, a precise orbital period must be known,
with a precise ephemeris for peri/apastron in order to match any y-ray peaks with
features in the orbit. Additionally, the orbit itself must be reasonably long (10’s to
100’s of days), otherwise the systematic error in measuring the orbital period will
be propagated through the analysis when the phase folding is performed, rendering
the analysis too noisy to be useful. These conditions therefore generally restrict the
systems upon which such analysis can be performed to select HMXBs, as LMXBs

generally have far too short a period for such an analysis.

Spatial analysis is a simpler process than temporal analysis but still an extremely
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powerful way of determining whether a vy-ray excess can be associated with an XRB.
I use gta.localize to generate a TS map of the ROI around a source, and then
performing a full likelihood fit, with all parameters free, of the region immediately
around, and centered on, the source providing a refined positional fit. This method
also provides uncertainty contours for position, and I once again consider 95% to
be the threshold for spatial coincidence. In order for source localisation to work,
there must be sufficient photon statistics to identify a significant peak during the
likelihood scans. Therefore I usually only consider significant excesses where z > 5

for spatial analysis.

I consider any ROI from the modelling which has a source coincident with the
position of the binary and TS > 25 to show significant evidence for y-ray emission
from the binary’s position. These excesses are significant enough (and have enough
photon statistics) for further spatial and spectral analysis. For ROIs where a ~-ray
excess coincident with the position of the binary lies in the 9 < TS < 25 range
it is often impossible to carry out meaningful spectral analysis or localisation.
Additionally, these sources lie below the threshold for a conventional detection,
and therefore ascertaining the presence of ~-ray emission from such systems is
challenging. Nonetheless, temporal qualities such as flares or phased emission can
still be used to associate a sub-threshold vy-ray excess with an X-ray binary. For
ROIs from which no significant y-ray flux (TS < 9) is detected, I report a 95%

confidence upper limit on flux in the Appendices.

I present the high mass X-ray binaries as discussed in Liu et al. (2006) in Section
5.2.1 and the low mass X-ray binaries as discussed in Liu et al. (2007) in Section
5.2.2. Further discussion and analysis of each case where an excess is coincident
with an XRB is provided in Chapter 6 for the HMXBs, 7 for the LMXBs outside the
Galactic centre and 8 for the LMXBs within the Galactic centre. These chapters
contain the details of the temporal and spatial analysis of each excess as described

above.
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5.2.1 High Mass X-ray Binary Results

In total, I find 20 HMXBs with evidence for a spatially coincident persistent ~y-ray
excess, or where the light-curve condition is fulfilled, or both. 14 HMXBs have
both a persistent excess and the light-curve condition fulfilled, 2 HMXBs have no
persistent spatially coincident excess, but the light-curve condition is fulfilled any-
way, and 4 HMXBs have a persistent excess but the light-curve condition is not
fulfilled. Of these HMXBs with a persistent y-ray excess, 5 of these excesses are
significant with z > 5, and 11 are weaker, with significances in the 30 < z < bo
range. The remaining 2 excesses are very weak (z < 30), and are only included as
the light-curve condition is fulfilled at the position of the source. Table 5.2 gives
the names of all HMXBs with a coincident excess, along with their significance
statistics, the energy flux of their respective excesses, and other relevant informa-
tion. Upper limits on energy flux are calculated for each HMXB without a spatially

coincident excess, and these upper limits are given in Appendix B.

Several X-ray binaries with known ~-ray emission are also included in the Liu et al.
(2006) HMXB catalogue. These are the microquasars Cyg X-1, Cyg X-3 and SS433,
and the ~-ray binaries LS 5039 and LS I +61 303. With the exception of SS433,
I detect all of these sources with a z-score within a factor of 3 of their 4FGL-
DR2 values. These values are shown in Table 5.3. That I do not detect SS433
in my analysis in contrast to previous studies is unsurprising as Li et al. (2020),
the most recent study of the system, used a phased analysis in order to resolve
the extended emission of SS 433 from the highly luminous, nearby pulsar PSR
J19074-0602, which I do not use here. Previous studies, including Rasul et al. (2019)
use different background models, and a different catalogue without the inclusion of
maximum likelihood weighting, which makes a direct comparison difficult. Finally,
the position of the ~-ray emission from SS433 appears to correspond to the jet
termination lobe, itself offset from the central position of the binary which I analyse

(Rasul et al., 2019). I discuss these XRBs further in Chapter 9.
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5.2.2. Low Mass X-ray Binary Results

Binary name TS z-Score  4FGL z-Score Energy Flux (MeV cm 25~ 1)

LS 5039 18000 1300 620 2.14 x 107*
Cyg X-1 88 9.40 8.60 3.49 x 1076
Cyg X-3 860 290 110 2.42 x 107°
LST+61303 170000 4100 2500 4.67 x 1074

Table 5.3: The four 4FGL sources included in the HMXB catalogue, together with
the TS value and corresponding z-score from the analysis over the full 12.5 years of
LAT data. For comparison, I include the detection z-score for each source provided
in the 4FGL-DR2. It should be noted when comparing the z-score values that the
photon selection for the computation of the 4FGL parameters is different (100 MeV
- 1 TeV compared with 100 MeV - 500 GeV for my analysis), and the observation
time is lower (10 years vs. 12.5). The analysis methodology is also different.

5.2.2 Low Mass X-ray Binary Results

In total, I find 44 LMXBs with evidence for a spatially coincident persistent y-ray
excess, or where the light-curve condition is fulfilled, or both. Thirty-two LMXBs
have both a persistent spatially coincident excess, and the light-curve condition is
fulfilled. Five LMXBs have a persistent y-ray excess but the light-curve condition is
not fulfilled, and seven have the no persistent excess but the light-curve condition is
fulfilled. Of these LMXBs with a persistent «-ray excess 10 are significant with z >
50, and 17 are weaker, with significances in the 30 < z < 50 range. The remaining 9
excesses are very weak (z < 30), and are only included as the light-curve condition
is fulfilled at the position of the XRB. Tables 5.4 and 5.5 give the names of all
LMXBs with a coincident excess, along with their significance statistics, the energy
flux of their respective excesses, and other relevant information. Upper limits are
calculated for each LMXB without a spatially coincident excess, and these upper

limits are given in Appendix D.

Whilst the detailed analyses of the HMXBs are split across one Chapter and a
respective Appendix, the LMXBs (being a larger population) are split across 2
Chapters, and two Appendices. Chapter 7 gives LMXB analyses for those binaries
not within the Galactic centre, and Chapter 8 gives an analysis of the Galactic

centre region. Appendix E gives analyses of those LMXBs within globular clusters,
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5.2.2. Low Mass X-ray Binary Results

and Appendix F gives analysis of those LMXBs with a confirmed false positive.

Unlike the HMXBs where several 4FGL sources are included in the survey, none

are included in the LMXB survey.
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5.2.2. Low Mass X-ray Binary Results

Figure 5.1: The fifth labour of Heracles, the cleaning of the Augean stables. From
"The House of Heracles” mosaic.
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CHAPTER 6

Surveying the X-ray Binaries |l:

High Mass X-ray Binaries

In this chapter I detail the advanced analysis of each HMXB included in the survey
where there is either a spatially coincident y-ray excess or the light-curve condition
is fulfilled, as detailed in Chapter 5. Twelve such HMXBs are discussed in this
chapter, with a further 8 systems discussed in Section 6.13 and Appendix C; these
eight additional systems are those where a false positive is confirmed, rather than

a genuine signature of v-ray emission from an HMXB.

6.1 SAXJ1324.4-6200

SAX J1324-6200 (henceforth SAX13) is an X-ray pulsar, thought to be an accreting
high-mass neutron star in orbit with a Be star (Angelini et al. 1998, Mereghetti
et al. 2008, Kaur et al. 2009). No orbital period is known for this system. I report a
persistent TS of 12.8 over the full 12.5 year dataset; however, there is some evidence
for sustained y-ray emission from the position of SAX13 over an 18 month period
throughout 2018 and 2019 (MJD 57972 - 58520), at the 20 to 3o level, suggesting
this emission is likely transient. The ~-ray light-curve for this source is shown in

Figure 6.1. There is no Swift-BAT or MAXI light-curve for SAX13, nor are there
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6.1. SAXJ1324.4-6200

any optical photometric measurements in the AAVSO database for the time period

in question.

There are several catalogued sources near SAX13. The closest of these are 4FGL J1328.4-
6231 (TS = 69.7 at an angular offset from SAX13 of 0.690°), 4FGL J1321.1-6239
(TS = 116, offset: 0.749°), 4FGL J1320.5-6256¢ (TS = 22.4, offset: 1.033°) and
4FGL J1329.9-6108 (TS = 545, offset: 1.093°). Additionally, I add a new source
to the model with the gta.find_sources algorithm, PS J1317.8-6157 (TS = 20.0,
offset: 0.779°). None of these have a 4FGL variability index high enough to in-
dicate variability on monthly timescales. I generate light-curves for each of these
sources (with the exception of the faint 4FGL J1320.5-6256¢ and PS J1317.8-6157
because these sources are sufficiently faint and have a large enough angular distance
from SAX13 that I can be confident that they are not causing source confusion at
the position of SAX13) using identical binning to the SAX13 light-curve, and do
not see any significant enhancement in these light-curves at the time of the 18
month apparent SAX13 v-ray excess, meaning that it is likely that this excess is

independent of these sources.

Considering only the photons detected within the 18 month excess I carry out an
independent analysis of the same ROI over this 18 month period (using the same
parameters, other than observation time, as in Table 5.1). I generate a TS map
(Figure 6.2) of the centre of the ROI, and find that the peak of this excess is
approximately spatially coincident with the position of SAX13. Fitting a power-
law point source to the position of SAX13, I free this source and those within
1° of the central position of SAX13 and execute a likelihood fit. I then run the
gta.localize algorithm on the added SAX13 source, and find that the optimal
position of the added source is LII = 306.8362° 4+ 0.0699°, BII = 0.5534° 4+ 0.0826°,
offset from SAX13 by 0.0707°. Considering that this offset is less than the 95% and
68% containment radii of the added source (0.1859° and 0.1152° respectively) this
excess can be regarded as spatially coincident with the location of SAX13. With

the point source at its optimal position, I calculate a TS of 28.7 over this 18 month
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Figure 6.1: The Fermi-LAT 6-monthly binned light-curve of SAX J1324.4-6200,
showing the energy flux in the top panel, and the corresponding TS of each bin in
the bottom panel. For bins with TS < 4 I calculate a 95% confidence upper limit
on flux. The vertical dotted lines indicate the beginning and the end of the ~-ray
excess.

period. Over the same period, there is no significant detection of 4FGL J1256.1-
5919 or 4FGL J1320.5-6256¢. 4FGL J1321.1-6239 is detected with a TS of 24.9 and
4FGL J1329.9-6108 with a TS of 49.4, making the SAX13 source comparable to

these objects in terms of statistical significance during this time.

Given that the TS of the SAX13 source exceeds 25, there are sufficient photon
statistics to carry out a spectral fit, shown in Figure 6.3. I find the best fit spectrum
is a power-law with normalisation Ny = 1.95 x 10712 & 5 x 10~!, spectral index

I' = —2.43 £ 0.10 and scale energy Ey = 1000 MeV.

The power law spectral fit and calculated spectral index are consistent with those

known HMXB systems in the 4FGL with lower detection significances (the more

134



6.1. SAXJ1324.4-6200

-60°30’

SAX13

»x  4FGL Sources 14

-61°00’

307

-62°00’

Declination

30’

-63°00’

204° 202° 200° 198°
Right Ascension

Figure 6.2: The TS map of the central 3° of the SAX J1324.4-6200 ROI during the
18 month period during which the ~-ray excess is observed. Here, the positions
of the closest 4FGL sources are indicated by blue crosses, whilst the position of
SAX J1324.4-6200 is indicated by a white cross. This T'S map is generated after
the ROI optimization and fit, but before a point source for SAX J1324.4-6200 is
fitted to the model to highlight the spatial coincidence between the excess and the
position of SAX J1324.4-6200. Bin widths are 0.1°.

significantly-detected systems are best fit by a log parabola spectral model). These
are Cyg X-1 with I' = —2.13 and z = 8.55¢0, HESS J0632+057 with I' = —2.17
and z = 4.620 and PSR B1259-63 with ' = —2.75 and z = 5.640, compared to
SAX13 with I' = —2.43 and z = 5.360. Considering that the accretor in this
system is known to be a pulsar, and SAX13 is not a known microquasar, if this
~-ray emission does indeed come from SAX13 then it is likely to be from a pulsar
wind interaction. However, without any corroborating multi-wavelength data, it is
difficult to be certain that this is indeed from SAX13 and not another undetected
source nearby. Additionally, if this y-ray emission is indeed from a pulsar wind

interaction, the fact that there is only one emission episode during the lifetime of
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Figure 6.3: The Spectral Energy Distribution of the SAX J1324.4-6200 coincident
source during the 18 month excess, with the power law fit indicated by the black
dotted line. I place upper limits on any bin with TS < 4. Whilst the baseline
analysis uses 8 energy bins per decade, here I use 2 energy bins per decade to
ensure sufficient photons for an accurate flux measurement in each bin.

Fermi-LAT suggests that the period of the system may be so long that it would

be difficult to obtain the frequency of these interactions.

6.2 1H0749-600

1H0749-600 (henceforth 1HO7) is a HMXB with an unknown accretor and a Be
companion star (Apparao, 1994). Over the 12.5 year observation period I find a
spatially-coincident excess with a T'S of 14.4, which is assigned the name PS J0750.5-
6116, with a slight angular offset from the position of 1H07 of 0.170°. The nearest
4FGL sources are 4FGL J0807.0-6102, which is the blazar PMN J0806-6101 (TS =
69.7 at an angular offset from 1HO7 of 2.028°) and 4FGL J0756.3-6431, which is
the BL Lac blazar SUMSS J075625-643031 (TS = 52.53, offset 3.489°). As neither
of these blazars is particularly luminous, it is unlikely that source confusion is the

cause of the persistent ~-ray excess PS J0750.5-6116.
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Figure 6.4: The Fermi-LAT light-curve of the v-ray excess coincident with 1H 0749-
600 shown in 6-month time bins. Upper limits are placed on any time bin where
the TS of that bin is less than 4. The vertical dotted lines indicate the beginning
and end of the apparent y-ray excess.

The light-curve of PS J0750.5-6116, is shown in Figure 6.4; a -ray excess is ob-
served in one bin with TS = 16.4 (4.050) (MJD 55597 - 55779), and upper limits in
the other 24 bins. Light-curves of the two nearest 4FGL sources, both blazars, show
no enhancement in the same bin as the PS J0750.5-6116 excess, suggesting the 40
time bin is independent of the v-ray emission of the blazars. It is likely that this
single 6-month period is responsible for the majority of the y-ray emission observed
from the position of PS J0750.5-6116. A re-analysis of this 6-month period results
in a slightly increased TS of 17.2, having used the gta.localize algorithm to ob-
tain a best fit position of LII = 273.8571° £ 0.0816°, BII = —16.8787° 4+ 0.0688°.
This gives an angular offset of 0.1581° from the (IR) position of 1H07, compared
to the 95% positional uncertainty of PS J0750.5-6116 of 0.1814°.
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This low-significance excess cannot be firmly associated with 1H07. Furthermore,
as the nature of the accretor in this system is unknown, and no microquasar-like
behaviour or pulsations have been observed, the physical mechanisms behind any
~-ray emission from this system are unclear. No orbital period is known for this
system, so examining the vy-ray emission by orbital phase is not possible. I conclude
that whilst PS J0750.5-6116 likely represents faint «-ray emission from 1HO7, a lack

of information makes a firm detection claim impossible.

6.3 1H 1238-599

1H 1238-599 (henceforth 1H12) is an X-ray pulsar HMXB system (Huckle et al.,
1977). Over the full 12.5 year dataset, the TS is 10.6, with the light-curve (Figure
6.5) showing borderline significance (approximately 20) y-ray excesses across 6 of
the 25 bins (MJD 54865 - 55231, MJD 55962 - 56145, MJD 57241 - 57425, and MJD
57607 - 57973). The nearest catalogued sources are 4FGL J1256.1-5919 (TS = 174
and an angular offset from 1H12 of 1.983°), which is the blazar PMN J1256-5919,
4FGL J1244.3-6233 (TS = 428, offset: 2.370°) and 4FGL J1253.3-5816 (TS = 48.1,
offset: 2.404°), which is the pulsar PSR J1253-5820. None of these sources has a
catalogue variability index which would indicate variability on monthly timescales.
As these sources are at some distance from the position of 1H12, it is unlikely that
any v-ray signal from the position of 1H12 is due to source confusion with a 4FGL
source. Similarly, no uncatalogued sources of y-rays are detected close to 1H12 by

gta.find_sources, the closest being approximately 3° away.

Given that the bins in which I measure an apparent flux are all at the 20 level, it
is difficult to perform any detailed tests of emission (for example, localisation) at
the position of 1H12. As multi-wavelength data for this HMXB are not available,
cross correlation of the ~-ray light-curve with other wavelengths is not possible.
Finally, an orbital period for this binary has not been measured, so correlation of

the light-curve with the system period is also impossible. As a result, while there
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Figure 6.5: The Fermi-LAT light-curve of the -ray excess coincident with 1H 1238-
599 with time bins of 6 month width. Upper limits are placed on any time bin where
the TS of that bin is less than 4.

could be a very faint signal that could be from 1H12, this excess could equally be

caused by fluctuations in the Galactic diffuse background.

6.4 GROJ1008-57

GRO J1008-57 (henceforth GRO10) is an X-ray pulsar/Be star HMXB system,
with an orbital period of 135.0 days (Petre and Gehrels, 1993). Over the 12.5
year observation time, I find a source, PS J1014.5-5834, that is spatially coincid-
ent with GRO10 with gta.find_sources. The angular offset between GRO10
and PSJ1014.5-5834 is less than the 95% positional uncertainty of the source.
However, PS J1014.5-5834 has an unusually large positional uncertainty of approx-

imately 0.7°. Running the gta.localize algorithm, I find that, while the position
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Figure 6.6: The TS map of the central 4° of the GRO J1008-57 ROI, after the
likelihood fit and the gta.find_sources algorithm, but with the coincident source,
PS J1014.5-5834, removed from the model to reveal the TS of the coincident ~y-ray
emission. Here, the yellow and orange crosses refer to the positions of PS J1014.5-
5834 both before and after the gta.localize algorithm, which the corresponding
circles referring to the 95% positional uncertainty of the source before and after
localisation. The white cross indicates the catalogued location of GRO J1008-57,
the blue crosses indicate the positions of other 4FGL sources, and the green crosses
indicate the positions of the other uncatalogued sources added to the model by
gta.find_sources.

of the source does not change significantly, the positional uncertainty decreases
to the extent that this source is no longer coincident with the position of GRO10.
Figure 6.6 shows the position of GRO10 together with the positional uncertainty of
PS J1014.5-5834 both before and after localisation, and shows a somewhat extended
~-ray structure around PS J1014.5-5834.This is likely the cause of the large posi-
tional uncertainty, as gta.find_sources does not account for spatially-extended

y-ray structures.

GRO10 is a well-studied system, particularly in the X-ray waveband, with semi-
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Figure 6.7: The daily binned light-curve of GRO J1008-57 from Swift-BAT (Panel
A) and MAXTI (Panel B). The calculated monthly binned Fermi-LAT light-curve for
a source fitted to the position of GRO J1008-57 is shown below in Panel C, and the
corresponding TS values of these bins shown in Panel D. I place 95% confidence
limits on any Fermi-LAT energy flux bins with TS < 4. The vertical orange line
reflects the centre of the bin with peak ~-ray emission, and the vertical grey lines
mark each periastron passage of GRO J1008-57 over the observation time.
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Figure 6.8: This figure displays the variability of GRO J1008-57 based on orbital
Panels A and B respectively show the TS and
~v-ray flux of each monthly bin from Figure 6.7, plotted by orbital phase. 1 do
not include bins from the monthly light-curve where upper limits on flux were
calculated. Panels C and D respectively show the y-ray flux and TS of the phase
folded light-curve of GRO J1008-57, with the orbit divided into 10 equal intervals.
Here I fix upper limits on flux for any phase period where the TS < 4. On the
left vertical axis of the flux plots (B and C) I plot energy flux (Ez%). On the
horizontal phase axis, phase is defined so that 0, 1, 2 refer to periastron.
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predictable X-ray flares occurring at periastron (Kiihnel et al., 2013), the most
recent of which was observed in 2020 (Nakajima et al. 2020a and Nakajima et al.
2020b). Xing and Wang (2019) (henceforth Xing 19) studied the possibility of -
ray emission using approximately 9 years of Fermi-LAT observations but employing
the 4 year LAT catalogue and correspondingly older background models. Xing 19
observed a 7-ray excess at the position of GRO10 to a TS of 7 (z = 2.650) by
adding a point source to the model, and carrying out a likelihood fit. They then
carried out a stacked temporal analysis binned by orbital phase, dividing each
orbit into 10 equal time bins and summing the bins from each orbit. Through this
method, Xing 19 identified 3 excesses, two around the middle of GRO10’s orbit
with TS ~ 5 (2 &~ 20), and one in the penultimate orbital phase bin preceding
periastron with TS ~ 20 (z ~ 4.80) Additionally, Xing 19 identified 3 excesses by
deriving a light-curve for their entire observation time and found TS ~ 9 excesses
in the bins centered on MJD 55135 and MJD 55559 and a T'S ~ 17.5 excess in the
bin centered on MJD 56383. Given the significance of these excesses, and the lack
of other emission, it is likely these dominate their stacked orbital analysis and are

primarily responsible for the TS values seen in the phased light-curve.

As T reject the hypothesis that PSJ1014.5-5834 represents -ray emission from
GRO10, I manually add a point source to the model and fit to it (after I have
localised PS J1014.5-5834). I find a total TS of 7.9 over the 12.5 year observation
time of this source, consistent with the TS of 7 found by Xing 19 given the increased
observation time used in this work. I take a slightly different approach to Xing 19
by using monthly time bins (rather than dividing each orbit into 10 phases), so
that there are approximately 8 time bins per orbit, and 149 bins in total, one
per month. Figure 6.7 shows the Fermi-LAT light-curve together with the Swift-
BAT and MAXI light-curves of this source, where four significant outbursts are
seen mid-orbit, along with periodic brightening events which correspond to the
periastron of GRO10’s orbit. With respect to the 3 excesses observed by Xing 19,

I identify the MJD 55135 (TS = 9.7) excess to TS = 9.0, the MJD 55559 (TS =
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9.1) excess to TS = 4.4, and the MJD 56383 (TS = 17.5) excess to TS = 15.6,
although my bins are approximately 20% longer than those of Xing 19, and are
not perfectly contemporaneous. In total, I observe one bin with approximately 4o
~-ray emission, two with approximately 30 emission and five with approximately
20 emission, although it must be stressed that the 20 bins are very marginal, with
an approximately 5% chance that these individually arise by coincidence (given
the 25 bins present in the light-curve, one would expect 1.25 20 bins to appear by

chance).

Using the Fermitools algorithm gtophase, a phase is assigned to each photon in
my analysis. Whilst gtophase is typically used for assigning phases to pulsars,
Rasul et al. (2019) demonstrate its suitability for dealing with the orbital phases
of binary systems, and presumably this is the method that Xing 19 employed,
although this is not clear in the paper. The orbital ephemeris and period from
Bissinger et al. (2013) is used and it is assumed that the first and second derivatives
of period are zero. Given that the period of the orbit is 135.0 days, the period is
not expected to change significantly over the Fermi-LAT mission time. Having
assigned phases to each photon, a likelihood analysis in 10 evenly-spaced phase

bins is used to produce a phase-folded light-curve.

Figure 6.8 shows the phase-folded light-curve of GRO10, alongside the flux points
from the monthly-binned light-curve (Figure 6.7) with a phase calculated for each
bin. I see that of the 10 bins across the orbit, a v-ray flux is apparent in 3 of these,
the 2nd (TS = 4.6), 6th (TS = 8.5), and 9th bins (TS = 14.7). The latter two bins
are consistent with the results of Xing 19. However, where they measured a ~y-ray
flux in the 7th bin, I find only an upper limit. The monthly bins appear to cluster
into two groups, with the first being coincident in phase with the 6th phase-folded
bin ( 2.90), and the second being coincident with the 9th bin ( 3.8¢). There are
no monthly flux points coincident with the third phase-folded flux measurement,

but given the result in this bin is marginal in significance, this is unsurprising.

Considering the flux measurements in each bin are all below 50, it is not possible
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to claim detection of any «-rays from this system. While Xing 19 establish that the
most significant flux point (in the ninth phase bin) precedes periastron by a bin,
the lack of detectable emission in either the first or 10th bin (immediately following
and preceding periastron) casts some doubt on these being due to emission from
GRO10. That said, the fact that every detectable monthly bin in the light-curve
clusters around one of the two points indicates that there is likely some pattern to
the apparent vy-ray excesses in this system, as it is unlikely* that these flux points

would cluster by chance in phase space, were they random background fluctuations.

6.5 IGRJ17544-2619

IGR J17544-2619 (henceforth IGR17) is a HMXB system and the prototypical
super-fast X-ray transient consisting of a likely pulsar in an unusually short 4.926 +
0.001 day orbit with a massive (likely O-type) donor star (Bozzo et al., 2016). Over
the 12.5 year Fermi-L AT observation period, I detect a y-ray excess coincident with
the position of IGR17 with TS = 19.7 (4.40), at a slight angular offset from the
position of IGR17 of 0.151°. Using the gta.localize algorithm, the best fit posi-
tion for this excess is LII = 3.3742° + 0.0402°, BII = —0.2747° + 0.0441°. At this
best fit position, the new angular offset from the position of IGR17 is 0.0372° and

the TS of the excess increases slightly to 23.7.

The nearest 4FGL sources in the sky are a source of unknown type, 4FGL J1754.4-
2649 (angular offset from IGR17 of 0.499°, TS = 93.8), 4FGL J1755.4-2552 (SNR
G003.7-00.2, offset: 0.506°, TS = 157), and the luminous unassociated y-ray source
4FGL J1753.8-2538 (TS = 1500, offset: 0.703°). There is no detectable variability
in the 6-monthly binned light-curve (Figure 6.9) of the excess, with 3 bins having
a TS in the 20 < z < 30 range. These 3 bins do not correlate with any significant

enhancements in the 6 monthly binned light-curves of the 3 closest v-ray neighbours

*I find a 4.13 x 1077 chance of these two clusters occurring by chance.
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Figure 6.9: The Fermi-LAT light-curve of the ~v-ray excess coincident with
IGR 17544-2619 with 6-month time bins. Upper limits are placed on any time
bin in which the TS is less than 4.

in the sky. This suggests that the y-ray emission is unlikely to be due to confusion

with a flare from a nearby object.

A model cannot be fitted reliably to the SED of the IGR17 coincident excess due
to limited photon statistics, so the spectrum of the excess cannot be compared
with those of nearby sources. This excess cannot be conclusively ascribed to source
confusion with the brightest nearby catalogued 4FGL source, 4FGL J1753.8-2538,
although as 4FGL J1753.8-2538 is very luminous (T'S = 1500), one cannot rule this

out either.
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6.6 IGRJ19140+0951

IGR J191404-0951 (henceforth referred to as IGR19) is a HMXB with a likely neut-
ron star accretor (Hannikainen et al., 2004) and a supergiant B star donor (Han-
nikainen et al. 2007 and in’t Zand et al. 2006). Unlike most cases discussed, no
persistent y-ray excess is identified coincident with the position of IGR19. How-
ever, there are 3 bins with a TS > 4 in the 6 monthly binned light-curve; none
of these 3 bins corresponds to any significant enhancement in the X-ray waveband

indicated by the Swift-BAT daily light-curve (Figure 6.10).

Three catalogued sources lie within a 0.5° angular separation from the position
of IGR19. These are 4FGL J1912.74-0957 (TS = 188 and an angular offset of
0.335°), 4FGL J1914.741012¢ (TS = 110, offset: 0.369°) and 4FGL J1913.3+1019
(TS = 137, offset: 0.476°), confirmed to be the pulsar PSR J1913+1011. The three
apparent excesses in the light-curve do not correlate with any enhancements in the
light-curve of any of the three closest sources, so it is unlikely that source confusion
is responsible for these y-ray excesses. As there is no known orbital information
for IGR19 it is not possible to perform a phased analysis for this system, and the
lack of a persistent y-ray excess means that neither spectral analysis nor source
localisation are possible. Although the small excesses at the position of IGR19 are
independent of nearby sources, they are not significant enough to claim a detection,

nor is there evidence to associate them with IGR19.
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Figure 6.10: The daily binned light-curve of IGR J19140+0951 taken with Swift-
BAT shown in Panel A, with the 6-monthly binned Fermi-LAT light-curve for a
source fitted to the position of IGR J191404-0951 shown below in Panel B, and the
corresponding TS values of these bins shown in Panel C. I place 95% confidence
limits on any Fermi-LAT energy flux bins with TS < 4.
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6.7 1A 05354262

1A 0535+262 (henceforth 1A05) is a well-studied pulsar-Be star binary system with
an orbital period of 110.3 days (Finger et al., 1996). 1A05 has been the target of
previous searches for 7-ray emission (Acciari et al. 2011 & Lundy 2021). It is well
known for its giant X-ray outbursts, the most recent of which was in November 2020
(Bernardini et al. 2020 & Jaisawal et al. 2020), and is a known source of non-thermal
radio emission (van den Eijnden et al., 2020). I find a y-ray excess at the position
of 1A05 with TS = 12.4, with the binary system itself being located roughly at the
edge of the extended 7-ray source 4FGL J0540.34-2756e: the supernova remnant
S 147, which has an extension radius of 1.5° (Abdollahi et al., 2020). The centroid of
S 147 is offset from 1A05 by 1.625°, and S 147 has a T'S of 1080. The closest nearby
4FGL sources lie within S 147, the most significant of which is the unattributed
point source 4FGL J0533.9+-2838 (TS = 146, angular offset from 1A05 of 2.572°).
Given the large (several degree) separation of the nearest «-ray point sources and
the position of 1A05, if source confusion is responsible for the 1A05 coincident

~v-ray excess, the confusion is likely with S 147, which is a steady source®.

1A05’s giant Type II X-ray outbursts peak at several times the brightness of the
Crab Nebula. Figure 6.11 shows the multi-wavelength light-curve of 1A05, with
three very bright X-ray outbursts and numerous smaller outbursts seen with Swift-
BAT. There is no obvious correlation between these outbursts and the AAVSO
optical measurements, although these observations don’t cover the entire Fermi-

LAT mission.

The two brightest outbursts occurring during the Fermi-LAT observations analysed

2

in this work occur during December 2009, with a peak X-ray flux of 1.2 countscm™* s~

and during November 2020, with a peak X-ray flux of 2.4 countscm™2s~1. A y-ray

flux in the 20 < z < 30 significance range is detected in the 6 month bin contempor-

*Supernova remnants are a non-variable class of «-ray emitter, and S 147 has a variability
index of 6.7 in the 4FGL-DR2 which supports the hypothesis that no variability is observed on
monthly timescales.
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Figure 6.11: Light curves for 1A 05354262 - Panel A: AAVSO V-band optical
light-curve; Panel B: Swift-BAT daily light-curve; Panel C: MAXI daily X-ray light-
curve. Panel D shows the y-ray energy flux measurements of the excess coincident
with the position of 1A 05354262 with approximately 6 month bins, and Panel
E shows the respective TS values of these bins. Upper limits on energy flux are
calculated for any bin where T'S < 4. The vertical dotted orange lines indicate the
start and end times of the ~-ray flux bin which is temporally coincident with the
December 2009 Type II X-ray outburst, and the vertical grey dotted lines indicate
the time interval of the y-ray flux bin which is coincident with the November 2020
Type II X-ray outburst.
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Figure 6.12: The orbital phase-folded light-curve of the ~-ray excess coincident
with 1A 0535+262 over the phase range 0 < ¢ < 2, with 10 phase bins per orbit.
Panel A shows the phase folded energy flux of 1A 0535+262, and Panel B shows
the respective TS values of these phase bins, where upper limits are placed on any
bins where TS < 4. I note that my likelihood fit fails to identify a point source in
the second and fourth orbital phase bins, thus no upper limit or TS is calculated
for these bins. I define ¢ = 0,1,2 as periastron and ¢ = 0.5, 1.5 as apastron; the
entire y-ray excess is distributed in the phase bin immediately preceding orbital
periastron.
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Figure 6.13: The significance map of the central 5° of the 1A 05354262 ROI,
after my likelihood fit and the gta.find_sources algorithm, in the phase range
0.9 < ¢ < 1.0. The blue crosses refer to the positions of 4FGL sources and the
green crosses refer to the positions of uncatalogued sources. The orange circle and
cross refer to the extent and centroid of the supernova remnant S147. The white
cross indicates the catalogued location of 1A 0535+262. The ~-ray excess appears
to be slightly offset from the position of 1A 05354262, however such offsets are
common with low significance excesses. Furthermore, the combination of several
lower significance bins causes the 3.50 excess I observe from 1A 0535+262.

aneous with both of these outbursts, with these two bins being the most significant
in the entire light-curve. In addition to these two bins, two additional v-ray flux
measurements are made with slightly lower significance, one of which immediately
precedes the third largest observed outburst in the Swift-BAT light-curve. I ob-
serve that for the majority of my Fermi-LAT observation time (the majority of the
2010s) 1A05 appears to be in relative quiescence, and that the ~-ray flux points
are broadly concentrated around the active periods near the December 2009 and
November 2020 outbursts. Although the bins are all of low significance (and thus

have limited photon statistics), and longer than the X-ray outbursts themselves,
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there does appear to be some correlation between the evidence for y-ray emission

and X-ray activity.

1A05 has a known orbital period of 110.3 days, which enables us to phase-fold the
~-ray data using gtophase. Figure 6.12 shows the phase-folded light-curve of the
excess coincident with 1A05. This shows that the only measurable «-ray emission
occurs in the range 0.9 < ¢ < 1.0, immediately preceding periastron. This flux bin
has a TS of approximately 12 (z = 3.50), which is comparable to the significance of
the excess over the total Fermi-LAT observation time; a significance map for this
flux bin is shown in Figure 6.13. All other bins have a TS of approximately 0, and in
two bins it was not possible to fit a point source at the position of 1A05 at all. This
indicates that essentially all of the y-ray flux from the excess coincident with 1A05
is concentrated in the one phase bin preceding periastron. Whilst it is possible
for a phase folded light-curve to be dominated by a short, single, significant event,
Figure 6.11 shows that the flux is spread across several bins, each with comparable

significance, so this is not the case here.

Given the 1A05 y-ray excess has only a 3.50 significance, I lack the photon statistics
to generate an SED of the source. A combination of this with the fact that 1A05
lies on the edge of the diffuse emission of S147 also makes positional localisation
impossible. Nevertheless, the evidence (if only at the 3.50 level) suggests that 1A05
could be a very faint v-ray binary fueled by wind-wind interactions, or neutron star
accretion. This is further supported by the fact that there are no other variable
~-ray sources near 1A05. Finally, the vy-ray flux from the mission-long light-curve
of the 1A05 excess shows a weak correlation between y-ray flux and X-ray activity,
with measurable y-ray fluxes generally corresponding to periods when 1A05 was in
outburst, suggesting that neutron star accretion outbursts could be responsible for

the y-ray emission.

In order to reach the 50 threshold required for a typical claim of discovery, another
12.5 years of all-sky observations would be needed with Fermi-LAT, assuming the

object’s emission characteristics do not change. It is unlikely that Fermi-LAT will

153



6.8. GRO J2058+42

continue to operate for this long, but future observatories (see Chapter 10) which
will operate in the MeV gap where the peak y-ray emission of many XRBs may be

located could detect the emission from 1A05 more significantly.

6.8 GRO J20584-42

GRO J2058+42 (henceforth GRO20) is a pulsar-Be star HMXB (Wilson et al.,
2005) with a 55 day orbital period (Wilson et al., 2000), discovered with the
Compton observatory during a Type II outburst in 1995 (Wilson et al. 1995 &
Grove 1995). The most recent outburst of GRO20 was in March 2019, with trig-
gers from both Swift-BAT (Barthelmy et al., 2019) and Fermi-GBM, and additional

follow up observations from AstroSat (Mukerjee et al., 2020).

There is a small y-ray excess coincident with the position of GRO20 with a TS
of 16.3 (¢ = 4.00), with a single flux measurement (MJD 55414 - 55596) in the
6-month binned light-curve (Figure 6.14) and upper limits otherwise. This meas-
urement is not coincident with the March 2019 X-ray enhancement, which is the
only known outburst during the mission time of Fermi-LAT*. Additionally, given
that the most significant bin in the light-curve of the excess reaches only TS = 8.61,

evidence for long-term variability is very weak.

Figure 6.15 shows the TS map of the region around GRO20, with the HMXB
located within a wider v-ray excess. There are no catalogued y-ray sources within
the immediate vicinity of GRO20, the closest sources being 4FGL J2050.0+4114c
(TS = 34.0 and an angular offset of 1.729°) and 4FGL J2056.4+4351c (TS = 297,
offset 2.122°) associated with the X-ray source 1RXS J205549.4+435216. Neither
of these sources displays any variability according to their variability indices in the

4FGL-DR2.

Given the low (z < 50) significance of the observed excess, no spectral analysis or

*The outburst in May 2008 (Krimm et al., 2008) occurred several months before the beginning
of Fermi-LAT observations.
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Figure 6.14: The Swift-BAT and MAXI daily binned light-curves of GRO J2058+42
are shown in Panels A and B respectively, with the 6-month energy flux measure-
ments and respective TS values of the coincident ~-ray excess shown in Panels C
and D respectively. I place 95% confidence limits on any Fermi-LAT energy flux
bins with TS < 4. There is only one flux measurement from the light-curve of
GRO J20584-42; this is not coincident with the March 2019 X-ray enhancement,
the beginning of which is indicated by the vertical grey dotted line.
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Figure 6.15: The T'S map of the central 3° of the GRO J20584-42 ROI, after the like-
lihood fit and the gta.find_sources algorithm. The blue crosses refer to the pos-
itions of 4FGL sources and the green crosses refer to the positions of uncatalogued
sources. The white cross indicates the catalogued location of GRO J2058+42. The
spatial bins have an angular width of 0.1°.

localisation is possible. However, there is an orbital period and ephemeris for this
system (Wilson et al., 2000) so I am able to produce a phase-folded light-curve with
phase steps of 0.1. Given that GRO20 is a pulsar system with a Be companion star,
one might expect y-ray emission to peak around periastron (¢ = 0,1, 2), where the
shocks between the pulsar wind and stellar wind are most intense, although if the
neutron star is accreting during outburst it is likely that «-ray emission could be
fuelled by the accretion processes rather than a wind-wind interaction at periastron.
The phase folded light-curve of the GRO20 excess is shown in Figure 6.16.There
are weak (z &~ 20) indications of v-ray emission in the phase ranges 0.2 < ¢ < 0.3
and 0.8 < ¢ < 0.9. I conclude that there is likely no orbital modulation in the

weak y-ray excess I observe from the position of GRO20.
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Figure 6.16: The orbital phase-folded light-curve of the ~-ray excess coincident
with GRO J2058+-42 over the phase range 0 < ¢ < 2, with 10 phase bins per orbit.
Panel A shows the phase folded energy flux of GRO J2058+42, and Panel B shows
the respective TS values of these phase bins, where upper limits are placed on any
bins where TS < 4. I note that my likelihood fit fails to identify a point source in
the first, fifth and eighth orbital phase bins, thus no upper limit or TS is calculated
for these bins. I define ¢ = 1 as periastron and ¢ = 0.5 as apastron. I note that
there is a very large uncertainty (£4.18 x 107> MeV em~2s7!) associated with the
flux measurement in the second and twelfth bins due to the very limited photon
statistics.
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There is no evidence for any significant variability over the mission time of Fermi-
LAT, nor is there evidence for any significant orbital modulation of the putative
~-ray flux. I conclude that there is no evidence for y-ray emission from GRO20. As
the immediate area around GRO20 appears to contain diffuse «-ray emission, it is
possible that a weak, unknown, extended source could be causing source confusion
at the position of GRO20. There could also be one, or multiple, unresolved ~-ray

point sources.
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6.9 W63 X-1

W63 X-1 is a pulsar X-ray binary system, likely with a Be or OB star companion
(Rho et al., 2004) and located within the W63 supernova remnant, itself located
within the Cygnus X star forming region (Sabbadin, 1976). I observe a persistent
~-ray excess coincident with the position of W63 X-1 with TS = 13.2 (2 = 3.60).
W63 X-1 is a poorly-studied X-ray binary system; no orbital period is known and

there is no recorded flux variability in any waveband.

The closest ~-ray neighbour to the W63 X-1 excess is the highly variable BL Lac
type blazar 4FGL J2012.04-4629 also known as 7C 201044619, which is detected
with a significance of TS = 4710, and an angular offset from the position of W63 X-1
of 1.435°. Although it is unlikely, given the separation between the W63 X-1 excess
and the blazar, the highly variable and luminous nature of this source means I must
test for source confusion, so comparative light-curves of the blazar and binary are

generated using the same binning scheme.

Figure 6.17 shows the light-curves of both the W63 X-1 coincident excess, and
4FGL J2012.04+4629. There is weak evidence (20 < z < 30) for emission from the
position of W63 X-1 in 4 time bins, all spread across the first half of the Fermi-
LAT mission. At this time, 4FGL J2012.04+-4629 appears to be in a lower flux state
before a year-long flux enhancement, the beginning of which corresponds with the
last «-ray bin in the light-curve of the apparent W63 X-1 excess. Confusion with

the blazar is therefore unlikely to be the source of the y-ray excess.

Given the marginal nature of all of the y-ray flux measurements in the light-curve,
the lack of measurable variability of the excess and a lack of multi-wavelength
data, it is impossible to identify any correlations between wavebands. Poor photon
statistics preclude spectral analysis or localisation. The ~-ray excess cannot be
associated conclusively with W63 X-1. Given that both the excess and W63 X-1 lie

within the larger supernova remnant W63 itself, it is possible that the small y-ray
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Figure 6.17: Panels B and A show the y-ray fluxes and associated TS values for the
excess coincident with the optical position of W63 X-1. Panels C and D show the
~-ray fluxes and associated TS values for the nearby Bl Lac 4FGL J2012.04-4629,
without the excess in the model. I use approximately 6 month bins in each of these
light-curves, and 95% confidence upper limits on flux are used for any bin where
the corresponding TS value is less than 4.
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excess represents very faint y-ray emission from the supernova remnant rather than

the binary system.

6.10 RX J2030.544751

RX J2030.5+4751 (henceforth referred to as RX20) is a HMXB system consisting
of a neutron star or black hole and a Be star (Belczynski and Ziolkowski, 2009).
The orbital period of this system is unknown, but the 100 year optical light-curve
indicates long-term variability on the timescale of decades (Servillat et al., 2013).
There is a v-ray excess spatially coincident with the position of RX20 with a TS
of 30.81. The 6-monthly binned light-curve of the source indicates that this excess
seems to be largely dominated by one bin from MJD 56145-56328 (which reaches
approximately 50). A measurable flux is observed in 7 other time bins, although
at a lower level and with larger uncertainties, so I place upper limits on those bins.
There is no enhancement contemporaneous with this v-ray enhancement in the V-

band optical. There are no X-ray light-curves for this source available from either

Swift-BAT or MAXI.

The nearest y-ray sources to RX20 are 4FGL J2026.0+4718 (TS = 25.4 and an
angular offset of 0.942°), 4FGL J2035.94+4901, associated with the blazar 2MASS
J20355146+4901490 (TS = 25.4, offset: 0.942°) and 4FGL J2029.5+4925, associ-
ated with the BL Lac type blazar MG4 J202932+4925 (TS = 454, offset: 1.567°).
In addition to these catalogued sources, I also identify a second v-ray excess which

I name PS J2027.44-4728 (TS = 25.4, offset: 0.942°).

Whilst the observed excess exceeds 5o in significance, the photons almost entirely
lie at just above 100 MeV, meaning any SED of the excess would not provide any
meaningful information. This is also the case during the time bin of the flare. The
very soft nature of the y-ray excess coincident with RX20 is somewhat problematic,
as Fermi-LAT’s angular resolution in the MeV range is several degrees. There is

also a relatively low photon count (a few thousand), meaning the gta.localize
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Figure 6.18: The AAVSO V-band optical light-curve of RX J2030.5+4751 is shown
in Panel A, with the 6-monthly binned Fermi-LAT light-curve for a source fitted to
the position of RX J2030.54+4751 shown below in Panel B, and the corresponding
TS values shown in Panel C. I place 95% confidence limits on any Fermi-LAT
energy flux bins with TS < 4. The vertical dashed lines indicate the beginning
and end of the 6-month period in which there is a significant enhancement of the
excess.
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Figure 6.19: Panels B and A show the ~-ray fluxes and associated TS values for
the excess coincident with the optical position of RX J2030.5+4751. Panels C
and D show the y-ray flux and associated TS values for the nearby ~-ray source
4FGL J2029.54+4925, without the excess in the model. I use 6-month bins in each
of these light-curves, and 95% confidence upper limits on flux are used for any bin
where the corresponding TS value is less than 4. The dotted lines indicate the
duration of the observed soft y-ray flare.
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algorithm is unable to properly converge in this case and I cannot unambiguously
associate the excess with RX20. As two of the three nearest 4FGL sources to
RX20 are blazars, which are usually variable, and the third source is of unknown
nature and may also be variable, I generate light-curves of each source in order
to examine whether a flare from one of these sources is causing source confusion.
Whilst 4FGL J2026.0+4718 and 4FGL J2035.9+4901 are not significantly variable,
the BL Lac object, 4FGL J2029.5+4925, is. Figure 6.19 shows the light-curve of
4FGL J2029.5+4925, and clearly shows that for approximately the first two years
of the Fermi-LAT mission the blazar is in an enhanced flux state relative to the
rest of the mission. However, during the time where I observe the flare coincident
with RX20, there are only flux upper limits from 4FGL J2029.5+4925. Hence I am
confident that the y-ray excess observed at the position of RX20 is independent of

nearby 4FGL ~-ray sources.

The orbital period and the nature of the accretor in RX20 are unknown, and the
system is not a known microquasar which makes y-ray emission from a jet unlikely.
Given that most Be star HMXBs have a neutron star accretor (Belczynski and
Ziolkowski, 2009), it is likely that this is also the case for RX20, and it is possible
that the soft y-ray flare I observe coincident with RX20 is representative of either
a wind driven interaction at the periastron of the system, as observed in the known
~-ray binary population, or a neutron star accretion outburst. However, without

X-ray data one cannot be certain.

6.11 4U 22064543

4U 22064543 (henceforth 4U22) is a HMXB system with a Be star companion, a
pulsar accretor (Negueruela and Schurch 2007, Finger et al. 2009 & Wang 2013)
and a 9.57 day orbital period. I find a ~-ray excess coincident with the position
of 4U22 with a TS of 30.53. With a Galactic latitude of BII = —1.11°, 4U22

is on the Galactic plane; however, it is relatively isolated from other ~-ray point
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Figure 6.20: The TS map of the central 3° of the 4U 22064543 ROI across
the full 12.5 year observation time. The positions of the closest 4FGL sources
are indicated by blue crosses, whilst the positions of sources identified with the
gta.find_sources algorithm are indicated by green crosses. This TS map is gen-
erated after the ROI optimization and fit, but before a point source for 4U 2206+543
is fitted to the model, to highlight the spatial coincidence between the excess and
the position of 4U 2206+543. Bins are 0.1° across. I note that given the soft
nature of this excess, it is possible that this is a product of very soft photons from
the Galactic plane itself, rather than a genuine signature of vy-ray emission from a
HMXB. This would explain why no excess is observed at the position of the white
cross, as this apparent ‘source’ is a product of background photons.
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Figure 6.21: The multi-wavelength light-curve of 4U 22064543, and the coincident
~-ray excess. Panel A shows the Swift-BAT X-ray data, which does not cover the
entirety of the LAT observations, and Panel B shows the MAXI daily X-ray light-
curve. The bin sizes for each X-ray light-curve are the same, with 1-day bin widths.
Panel C shows the available AAVSO V-band optical photometry observations of
4U 2206+543 for the duration of the LAT mission. Panel’s D and E show the
energy flux and respective TS of 4U 22064543 from the Fermi-LAT light-curve,
where upper limits are fixed to any flux bin where TS < 4. The vertical grey dotted
line indicates the beginning of the INTEGRAL period where an enhancement in
X-ray data is observed.
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Figure 6.22: The multi-wavelength light-curve of 4U 2206+543, and the coincident
~-ray excess during June and July 2017, when the INTEGRAL enhancement was
detected (the start of which is denoted by the grey dotted line). Panel A shows
the Swift-BAT X-ray data, which covers the time of the enhancement and Panel B
shows the MAXI X-ray data, available only for the time period after the enhance-
ment measured with Swift-BAT. The bin sizes for each X-ray light-curve are the
same, with 1 day bin widths. Panel C shows the available AAVSO V-band pho-
tometric observations of 4U 2206+543; no significant optical enhancement is seen.
Panels D and E show the energy flux and respective TS of 4U 22064543 from the
Fermi-LAT daily light-curve, where upper limits are fixed to all flux bins, as no
bin has a TS greater than 4.
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sources. The nearest catalogued source is the pulsar 4FGL J2215.6+5135 (PSR
J2215+5135), with a TS of 1940 and an angular offset from the position of 4U22
of 3.149°. This is a highly significant source, but given the separation between
the pulsar and the position of 4U22, it is unlikely that source confusion explains
the excess at 4U22’s position. I also identify 4 uncatalogued, sub-threshold ~-ray
excesses between 2° and 3° angular offset from 4U22; these are also unlikely to
cause source confusion with 4U22 given that they are all less significant than the

excess coincident with 4U22, and are > 2° from it.

Similar to RX20, 4U22’s spectrum is extremely soft with all the v-ray flux being
concentrated at just above 100 MeV, making any meaningful spectral analysis im-
possible. Given the very soft nature of this apparent excess, the localisation fit
fails and as shown in the T'S map (Figure 6.20) there is no visually obvious excess

centered on the position of 4U22.

Figure 6.21 shows the multi-wavelength light-curve of 4U22, with daily X-ray data
from both MAXI and Swift-BAT, AAVSO V-band photometry and the 6-month
binned Fermi-LAT energy flux and associated TS of the spatially coincident excess.
The ~-ray flux of the excess is generally consistent with each other for the bins
where a measurement is made, and the upper limits consistent otherwise. The
statistical significance of all bins is relatively low, with a maximum measured TS
of approximately 9 (30). Due to the short orbital period of 4U22, regular Type I
X-ray outbursts cannot be identified, nor it is possible to identify orbital periodicity

from the Fermi-LAT data.

An enhancement of emission between 20 and 100 keV was observed from 4U22 in
June 2017 with INTEGRAL (Di Gesu et al., 2017), together with a small enhance-
ment in the Swift-BAT data. No MAXI data are available during the INTEGRAL
observation period. There is a measurable y-ray flux in the 6-month bin coincident
with the 2017 enhancement (denoted by the grey vertical line in Figure 6.21), but
such a flux is not unique to this time. As the hard X-ray/soft -ray enhancement

lasted only days, I also generate a daily y-ray light-curve to establish whether any
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~-ray emission exists on the timescale of this enhancement (Figure 6.22). No sig-
nificant «y-ray emission is detected on daily timescales during June and July 2017.
I conclude that the enhancement reported by Di Gesu et al. (2017) produced no

measurable, contemporaneous, high-energy v-ray flux.

A lack of variability from the excess coincident with the position of 4U22 and a
lack of information regarding the true position of this very soft excess (which has a
PSF of 3.5°) makes it impossible to associate this excess with 4U22. It is possible
that this apparent source is a product of excess very soft photons from the Galactic
plane itself, which is very difficult to model, rather than a genuine signature of -
ray emission from a HMXB. This hypothesis is further supported by the apparent
lack of any point source excess shown in the T'S map (Figure 6.20), coincident with

the position of 4U22, despite a 5.50 point source being fitted to this position.

6.12 IGRJ00370+6122

IGR J00370+46122 (den Hartog et al., 2004) (henceforth IGR00) is an X-ray binary
system with a pulsar accretor (in’t Zand et al., 2007) and a B1Ib class companion
star (Negueruela and Reig, 2004) with an orbital period of 15.7 days (Grunhut
et al., 2014). There is a very marginal persistent -ray excess coincident with the
position of IGR00, with a TS = 7.30 (z = 2.70), however in the six monthly binned
light-curve I see evidence for emission at TS = 21.9 (z = 4.70) in one of the bins
(MJD 56328-56511), and see weak (20) evidence for emission in two other bins
(MJD 56693 - 56876 and MJD 58155 - 58338). This suggests that there may be
transient y-ray emission at IGR00’s position. The v-ray light-curve of the excess
and the IGR00 X-ray light-curve are shown in Figure 6.23. There is no apparent
correlation between the X-ray light-curve of IGR00 and the y-ray light-curve of the

€excess.

There is a variable blazar 4FGL J0035.8+6131 (also known as LQAC 008+061,

TS = 71.3 at an angular offset of 0.225°) close to the position of IGR00. Given the
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Figure 6.23: The Swift-BAT daily binned light-curve of IGR J003704-6122 is shown
in Panel A, with the 6 month energy flux measurements and respective TS values of
the coincident v-ray excess shown in Panels B and C respectively. As is consistent
with the other light-curves I produce, I place 95% confidence limits on any Fermi-
LAT energy flux bins with TS < 4.
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Figure 6.24: Panels B and A show the y-ray flux and associated TS values of these
flux points for the excess coincident with the position of IGR J00370+6122. Panels
C and D show the ~-ray flux and associated TS values of these flux values for
the nearby ~-ray blazar 4FGL J0035.84-6131, without the excess in the model. 1
use approximately 6 month bins in each of these light-curves, and 95% confidence
upper limits on flux are used for any bin where the corresponding TS value is less
than 4.
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Figure 6.25: The TS map of the central 3° of the IGR J00370+6122 ROI across
the MJD 56328 - MJD 56510 period. Here, the positions of the closest 4FGL
sources are indicated by blue crosses, whilst the positions of sources identified with
the gta.find_sources algorithm are indicated by green crosses. The position
of IGR J003704+6122 is indicated by a white cross, the position of the blazar is
indicated by a yellow cross and the localized excess is indicated by an orange cross,
with the 95% positional uncertainty on the excess indicated by the orange circle. As
both the blazar and the binary lie within the positional uncertainty of the excess,
I conclude it is not possible to determine which object is the cause of the excess.
Bin widths are 0.1°.

small angular offset between the blazar and position of IGR0O0, it is likely that source
confusion is responsible for the excess, rather than it being a genuine signature of ~-
ray emission from a HMXB. I generate a light-curve of 4FGL J0035.8+6131 using
the same 6-month binning scheme used for the light-curve of the excess (Figure
6.23). As shown in Figure 6.24, Where I see apparent emission in the excess light-
curve, a similar flux is observed in the light-curve of the blazar. Furthermore,
the two proceeding bins (an upper limit and a flux measurement) are also similar

in value to those of the blazar. A third, lower significance, flux measurement is
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observed later in the light-curve of the IGR0O0 excess where only an upper limit is

observed from the blazar. This is likely a chance fluctuation.

The light-curve alone suggests that source confusion is likely the cause of the ex-
cess at the position of IGR00. Nonetheless, I reanalyse the ROI using the same
parameters as described in Table 5.1 over the time range of the most significant
~-ray bin in Figure 6.23 (MJD 56328 - MJD 56510). I then add a point source to
the position of IGR00, and perform a localisation fit to optimise the positional fit

of the excess.

Figure 6.25 shows the position of the blazar, 4FGL J0035.84-6131, together with the
position of IGR0O0 and the positional uncertainty of the localised excess. As both
the position of the blazar and the binary lie within the 95% uncertainty bound,
it is impossible to determine which of these is the cause of the excess, or indeed
if there is an unresolved source causing it. Therefore I conclude that this y-ray

excess is unlikely to represent -ray emission from IGROO.

6.13 Confirmed False Positives

Of the 20 binaries where I detect either a persistent or transient y-ray excess, I de-
termine that 8 (IGR J16320-4751, IGR J16358-4726, IGR J16465-4507, IWGA J0648.0-
4419, AX J1740.1-2847, H1833-076, GS 1839-04 and SAX J2103.5+4545) of these
are likely a false positive result. Discussions of each of these are included in Ap-

pendix C.

These false positives can be broken down into two categories; the first is where
I see a significant excess which appears to be coincident with the position of the
HMXB in question. Given the significant photon statistics available, I perform
a localisation of this excess, and upon examining the new positional fit find that
the excess is no longer spatially coincident with the position of the binary. The

second group of false positive excesses are those which are definitely due to source
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confusion with another source. In this case, this excess cannot be proven to be

independent, and therefore cannot be associated with the HMXB in question.

6.14 Summary of the HMXB Survey

There are 20 HMXBs where there is either some transient or persistent y-ray excess
suggestive of y-ray emission from the HMXB. Of these 20, 8 of these are confirmed
false positives and are discussed in Section 6.13 and Appendix C. Of the remaining
12 HMXBs, 4 of these have some convincing evidence to associate the y-ray excess

with the HMXB itself.

These HMXBs are:

e SAX J1324.4-6200, where an 18 month transient excess exceeds 5o in signific-
ance and can be localised to the position of the HMXB. This excess has a soft

power law spectrum, consistent with other known ~-ray emitting HMXBs.

« GRO J1008-57, where phased variability is seen peaking in 3.8 significance

preceding periastron, and 2.9¢ following apastron.

e 1A 05354262, where a phased excess is seen immediately preceding periastron
with 3.50, and a weak correlation is seen between v-ray excesses and X-ray

outbursts.

e RX J2030.544751, where a 5.60 persistent excess is seen and localised to the
position of the HMXB, and there is apparent variability from the excess which

cannot be attributed to source confusion.

In these four systems, the accretor is expected to be a neutron star and given that
no contemporaneous microquasar activity is seen alongside the y-ray emission, they

are all expected to be v-ray binaries.

The remaining eight HMXBs (1H 0749-600, 1H 1238-599, IGR J17544-2619, IGR J19140+4-095,
GRO J2058+42, W63 X-1, 4U 22064543 and IGR J003704-6122) are marginal cases

174



6.14. Summary of the HMXB Survey

where there is no evidence to suggest there is a false positive, but also not enough

evidence to be confident that the excess is associated with the HMXB itself.
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Figure 6.26: The sixth labour of Heracles, driving away the Stymphalian birds.
Albrecht Durer (1500).
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CHAPTER 7

Surveying the X-ray Binaries llI:
The Galactic Disc Low Mass

X-ray Binaries

7.1 SAXJ1603.9-7753

SAX J1603.9-7753 (Muller et al., 1998) (henceforth SAX16) is a low mass X-ray
binary system, where the nature of the accretor and the spectral type of the star are
unknown, there are no apparent multi-wavelength counterparts, no known orbital
period, and no neutron star pulsations. A very weak ~-ray excess is observed to
be spatially coincident with the position of SAX16 with a TS of 4.05 (z = 2.00),
however in the light-curve of this excess, two bins with 3¢ significance are observed

and a third bin with 20 significance (Panels A and B of Figure 7.1).

The nearest catalogued ~y-ray source to the position of SAX16 is the FSRQ 4FGL
J1617.9-7718 (a.k.a. PKS 1610-77) which has an angular offset from the position
of SAX16 of 0.951° and a TS of 1910. The light-curve of 4FGL J1617.9-7718 is
shown in Panels C and D of Figure 7.1; there is giant y-ray flare observed in the bin
MJD 57526 - 57715 (TS = 1310). One of the two 3¢ bins in the light-curve of the

SAX16 excess appears to be temporally coincident with this flare, which suggests
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Figure 7.1: Panels A and B respectively show the TS and flux of each bin in the
13 year light-curve of the SAX J1603.9-7753 coincident ~y-ray excess, and Panels
C and D respectively show the flux and TS of 4FGL J1617.9-7718 over the same
period. The vertical grey dotted lines highlight the bin where a significant flare
is seen from the blazar. For bins where TS < 4 a 95% confidence limit on flux is
calculated.
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that source confusion may be responsible for this bin. However, there is no flaring
in the light-curve of the blazar coincident with the other two flux points, so it is
unlikely that source confusion is responsible for these. Therefore this y-ray excess
is most likely independent of the 4FGL J1617.9-7718, at least outside of the time
range MJD 57526 - 57715.

Given that the significance of the excess is so low, it is not possible to perform a
positional localisation of the excess or any spectral analysis due to limited photon
statistics. Furthermore, at only 20 over the mission lifetime of Fermi-LAT, a lack

of evidence prevents us from associating this excess with SAX16.

7.2 4U1323-62

4U 1323-62 (Seward et al. 1976 & Forman et al. 1976) (henceforth 4U13) is an
LMXB system with a neutron star accretor and an M-type companion star (Gambino
et al., 2016). The orbital period of the system has been identified as 2.9 hours from
the X-ray light-curve (Parmar et al., 1989); this periodicity is not seen from the
counterpart star. A ~-ray excess is observed to be spatially coincident with the
position of 4U13, with a TS of 18.94 (z = 4.350) (Figure 7.2. There are several
nearby catalogued ~-ray sources, with 4FGL J1328.4-6231 (TS = 58.1, angular off-
set from 4U13 of 0.441°) and 4FGL J1321.1-6239 (TS = 117, angular offset: 0.821°)
both lying within 1° of 4U13. Neither of these sources is identified at any other
wavelength. Light-curves of these sources show some evidence for flaring in both
sources but there is no evidence to suggest that the y-ray excess at the position of
4U13 is caused by source confusion with either of these. It is not possible to carry

out spectral analysis or localisation of this excess due to limited photon statistics.

Figure 7.3 shows the Swift-BAT X-ray light-curve of 4U13 with daily time bins.
No variability is seen on daily timescales; given that P, < 1day, neither would
any orbital modulation be expected in this light-curve. No Type II outbursts are

observed from 4U13 during the 13 year observation period. There appears to be
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Figure 7.2: The TS map of the central 3° of the 4U 1323-62 ROI over the full
mission time. Here, the positions of the closest 4FGL sources are indicated in blue,
whilst the position of 4U 1323-62 is indicated in white. The positions of uncata-
logued sources are indicated in green. Bin widths are 0.1°. Whilst localisation
isn’t possible in this case, 4U 1323-62 appears coincident with the excess, although
slightly off centre, and the excess itself appears to be spatially resolved from 4FGL
sources.

no significant variability from the ~v-ray excess, 4 weakly detected flux points are
seen in the light-curve at the 20 < z < 30 level. The 4 flux measurements have
large uncertainties (caused by low photon statistics in each bin), but appear to be
consistent with the 95% upper limits on the other bins, supporting the hypothesis

that there is no detectable variability on the timescales are examined here.

Gambino et al. (2016), a recent study of 4U13, has reaffirmed the period of the
system to be 2.9419 hrs. Even with a very accurate estimate of the orbital period,
and the associated first order derivative, it is not possible to phase fold the ~-
ray data over such short periods, particularly without an accurate ephemeris for

the periastron of the system. Nonetheless, that 4U13 may harbour a neutron star
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Figure 7.3: Panel A shows the daily binned light-curve of 4U 1323-62 with Swift-
BAT in the 15 - 40 keV hard X-ray waveband. Panels B and C respectively show
the energy flux and TS of the 4U 1323-62 coincident y-ray excess, and 95% upper
confidence limits on energy flux are calculated for any bin where TS < 4.
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indicates that this system may be responsible for observed ~-ray excess, whether the
~-ray emission comes from binary processes, or the neutron star alone, although
it is possible that the excess is a fluctuation in the background, given it’s low

significance.

7.3 Cir X-1 (3A 1516-569)

3A 1516-569 (Margon et al., 1971b), most commonly known as Cir X-1 is a unique
X-ray binary, which has been identified at various points as a high mass system
(Jonker et al. 2007 & Li 2020) and as a low mass system (Liu et al. 2007 & Johnston
et al. 2016) with debate still ongoing as to the nature of the companion star in this
system. Given the presence of Type I X-ray outbursts from Cir X-1 (Tennant
et al., 1986), the accretor is expected to be a neutron star, and Cir X-1 shows
evidence for a 16.6 day orbital period from modulations in the X-ray (and radio)
light-curves (Kaluzienski et al., 1976). The system is a known microquasar with
radio jet activity observed (Stewart et al. 1993, Fender et al. 1998, Heinz et al.
2007 & Coriat et al. 2019), providing an environment for the acceleration of cosmic
particles required for v-ray emission. Additionally, Cir X-1 is the youngest known
X-ray binary system at approximately 3000 years old* (Clarkson et al. 2004 &
Li 2020), and is associated with the supernova remnant G322.140.0 (Heinz et al.,
2013). This SNR is not a known ~-ray source. Cir X-1 has been the previous target
of searches for ~-ray emission, though these searches only identified upper limits

(Abdalla et al., 2018).

A persistent y-ray excess is identified coincident with the radio position of Cir X-1
with TS = 16.9 (4.110). There is only one source within 1° of Cir X-1’s position,
the luminous and non variable pulsar 4FGL J1521.9-5735 (a.k.a. PSR J1522-5735),
with an angular offset of 0.457° and TS = 3920. Additionally a variable blazar,

4FGL J1512.9-5639 (a.k.a. PMN J1512-5640), is seen (angular offset: 1.167°, TS

*Or rather, 3000 years since the supernova which caused the formation of the neutron star
accretor.
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Figure 7.4: Panel A shows the daily binned light-curve of Cir X-1 with MAXT in
the 2 - 20 keV soft X-ray waveband. Panels B and C respectively show the energy
flux and TS of the Cir X-1 coincident y-ray excess, and 95% upper confidence limits
on energy flux are calculated for any bin where TS < 4.
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= 496). Given that the pulsar is twice as close, and a much more significant v-ray
emitter than the blazar, if source confusion is responsible for the y-ray excess at
the position of Cir X-1 then it is likely caused by photon contamination from the

pulsar.

As a microquasar, Cir X-1 is extremely variable in the X-ray waveband. whilst
Swift-BAT data is unavailable for the vast majority of the Fermi-LAT observation
period, MAXI data is available from the instrument’s first light in 2009. Figure
7.4 shows the MAXI light-curve in Panel A with numerous clear and significant
outbursts, and a persistent, noisy, luminous state for the last two years. The Fermi-
LAT data (Panels B and C) show that the v-ray excess coincident with Cir X-1
appears largely non-variable over 6 monthly timescales, and there appears to be
no obvious correlation between the measured flux points and X-ray outbursts. A
two year period at the beginning of the light-curve shows a sustained, low level of
~-ray emission, however given that this two year period, in part, lies outside of the
MAXT observation range it is difficult to determine whether this two year period

of y-ray emission is due to any particular physical process in Cir X-1.

Given the apparent non-variability of the y-ray excess (based on Figure 7.4) and
the close proximity to the y-ray pulsar 4FGL J1521.9-5735, there may be source
confusion with the pulsar, although this conclusion is not concrete as their is no
direct evidence to associate the excess with either the pulsar, or Cir X-1. For an
excess such as this, spectral analysis, and source localisation would be ideal tools
in determining the true origin of the excess, however neither are possible due to
limited photon statistics. Nonetheless, as a unique member of the X-ray binary
population, and a microquasar, Cir X-1 is a target of interest for future y-ray (and

more generally multi-wavelength) observatories.
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7.4 4U 1708-40

4U 1708-40 (Forman et al., 1976) (henceforth 4U17) is a low mass X-ray binary with
a neutron star accretor (as it displays Type I X-ray outbursts) and an unclassified
companion star (Migliari et al., 2003). My analysis shows an unusually hard y-ray
excess coincident with the position of 4U17 with TS = 14.6 (z = 3.80). Given that
the vast majority of the excesses detected across this survey are soft (in the case of
several, extremely soft) this presents something of an anomaly. All of the significant
~-ray emission is detected in the 9.4 - 29.2 GeV energy bin, as shown in Figure 7.5.
This energy bin has TS = 14.8, leading to the conclusion that the emission from
the overall excess is concentrated in this energy bin. All other energy bins have
upper limits in place given their low significances, therefore fitting a spectrum is

not possible, nor is it possible to localise the excess.

No orbital period is known for 4U17 so a phased analysis of the y-ray data is not
possible. Figure 7.6 shows the daily X-ray light-curve of 4U17 with both MAXI and
Swift-BAT, together with the y-ray light-curve of the excess. Two flares are seen in
the MAXI light-curve reaching over 8 counts cm~2s~! (approximately 2 Crab), and
in the case of the most recent flare, a small enhancement in the Swift-BAT light-
curve is also seen. These flares last for one day, much less than the y-ray bin width.
In the light-curve of the y-ray excess, 4 bins have flux measurements with upper
limits otherwise. All of these bins have marginal significances (20 < z < 30), and
whilst the most significant of these appears to correspond to the first significant
X-ray flare, poor statistics prevent analysis of this time period in greater resolution.
Overall there is no significant evidence to associate the excess with 4U17 based on

the light-curves.

The v-ray excess is close to several catalogued y-ray sources, including the luminous
supernova remnant 4FGL J1713.5-3945e (the well known VHE source RX J1713.7-
3946), a spatially extended source of radius 0.5° (Tang and Liu, 2021) and TS =
1000 (z = 31.60). Three other sources lie between the excess and RX J1713.7-3946
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Figure 7.5: The spectral energy distribution of 4U 1708-40 with two energy flux
bins per decade and the respective TS values of these bins. 95% confidence upper
limits are placed on flux for any bin where TS < 4. No spectral fit is done for this
SED, as all but one bin have upper limits.

in terms of angular offset from 4U17, and all are much less significant than the
supernova remnant: the unidentified source 4FGL J1712.9-4105 (TS = 24.9 and
an angular offset of 0.273°), the blazar 4FGL J1715.4-4025 (TS = 72.7, angular
offset: 0.716°) and the unidentified source 4FGL J1717.5-4022 (TS = 29.4, angular
offset: 1.087°) (Figure 7.7). Given that this y-ray excess is only measurable at
E > 10GeV the PSF of Fermi-LAT will be at its optimal 0.15°, confusion with

any of these nearby known sources is unlikely.

Many XRBs have log-parabola spectral shapes, and hence this excess could repres-
ent the peak of a log-parabola in the SED of 4U17, and therefore further observation

time would be needed for a detection of this LMXB.
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Figure 7.6: Panels A and B show the daily hard and soft X-ray fluxes from Swift-
BAT and MAXI respectively for 4U 1708-40. Panels C and D show the energy flux
and respective TS of the coincident y-ray excess where 95% confidence upper limits
are placed on any bin where TS < 4. A gap in Swift-BAT observations where the
source is not detected is present.
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Figure 7.7: The TS map of the central 4° of the 4U 1708-40 ROI over the full mission
time. Here, the positions of the closest 4FGL sources are indicated in blue, whilst
the position of 4U 1708-40 is indicated in white. The positions of uncatalogued
sources are indicated in green. Bin widths are 0.1°. The orange circle denotes the
spatial extent of the extended supernova remnant RX J1713.7-3946.

7.5 GRO J1655-40

GRO J1655-40 (Zhang et al. 1994 and following publications*) (aka V1033 Sco,
henceforth referred to as GRO16) is a microquasar LMXB consisting of a black
hole and an F-type companion star (e.g. Tingay et al. 1995, Hjellming and Rupen
1995, Bailyn et al. 1995 & Buxton and Vennes 2001). GRO16 has been the target
of several searches for high energy «-ray emission, both during, and outside of, its
outburst periods; these searches have so far yielded only upper limits (Levinson

and Mattox 1996 & Reimer and Iyudin 2003).

*There are 14 different IAU Circulars from August to November 1994 all entitled ‘X-Ray Nova
in Scorpius’, all by different authors with different instruments. 1 believe Zhang et al. (1994) is
the first one, so that is the one I reference for the discovery of the system.
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I observe a weak v-ray excess from the position of GRO16 with TS = 10.9 (z =
3.30), and find that over the 6 month binned light-curve of this excess, the light-
curve p-value indicates that the combined light-curve bins do not reach the 5o level,
unlike the majority of the excesses observed in the survey. Whilst there is a known
orbital period of 2.62 days for this system, this period is too short to perform a
phased analysis, as error will dominate over such short timescales rendering such an
analysis essentially meaningless. The low significance of this excess also prohibits

localisation or spectral analysis.

There are two sources within a 1° radius of the excess, neither of which have a
known multi-wavelength counterpart or morphology: 4FGL J1712.9-4105 (TS =
66.7 and an angular offset of 0.407°), and 4FGL J1657.4-3917¢ (TS =50.0, angular
offset: 0.859°). Given that these sources are reasonably faint, it is unlikely that
source confusion is causing this excess. Therefore it is likely that the excess is
independent of any known sources, but due to limited photon statistics cannot be

associated with GRO16.

7.6 2S1711-339

251711-339 (henceforth referred to as 2517) (Carpenter et al., 1977) is an LMXB
burster, with a neutron star accretor and unknown companion star orbiting with
an unknown period (Cornelisse et al., 2002). I observe a weak, very marginal excess
coincident with the position of 2517 with TS = 9.31, and in this case the light-
curve condition is unfulfilled indicating a lack of any significant y-ray emission in

the light-curve of this source.

Figure 7.8 shows the TS map of 2517 and the surrounding region, where a weak
excess at the position of 2517 is seen (although this excess is part of a larger, diffuse
excess). Several known v-ray sources are in the vicinity of 2517; the blazar 4FGL
J1716.3-3421 (TS = 91.2, offset: 0.513°), the unknown sources 4FGL J1711.6-3407
(TS = 22.78, offset: 0.556°) and 4FGL J1714.9-3324 (TS = 210, offset: 0.646°) and
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Figure 7.8: The TS map of the central 3° of the 251711-339 ROI over the full
observation time. Here, the positions of the closest 4FGL sources are indicated by
blue crosses, whilst the position of 2S5 1711-339 is indicated with a white cross. The

positions of uncatalogued sources are indicated by green crosses. Bin widths are
0.1°.

the Bl Lac type blazar 4FGL J1717.5-3342 (TS = 603, offset: 0.646°) all lie within
1° of 2S17. Additionally, I observe an uncatalogued source which is designated

PSJ1713.5-3418 (TS = 16.7, offset: 0.314°).

Given the lack of significant emission in the 2517 light-curve, and the lack of an
orbital period, temporal analysis for this source is not possible. Additionally, given
the marginal significance of the excess, positional and spectral analysis are also
not possible for this excess. Therefore whilst it is possible that this excess rep-
resents weak vy-ray emission from 2517, the evidence is weak other than positional
coincidence. Furthermore, as there are a number of nearby ~-ray sources, and the
excess is on the galactic plane, source confusion could be responsible for this excess,

although again, it is impossible to prove this.
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Figure 7.9: The TS map of the central 3° of the XTE J1814-338 ROI over the full
observation time. Here, the positions of the closest 4FGL sources are indicated by
blue crosses, whilst the position of XTE J1814-338 is indicated with a white cross.
The position of PS J1812.9-3344 is indicated by the orange cross, with the 95%
positional uncertainty of PS J1812.9-3344 being shown by the orange circle. The
positions of uncatalogued sources are indicated by green crosses. Bin widths are
0.1°.

7.7 XTEJ1814-338

XTE 1814-338 (henceforth referred to as XTE18) (Steeghs 2003, Krauss et al. 2003,
Markwardt and Swank 2003), is an LMXB system consisting of an accreting milli-
second X-ray pulsar and an unclassified companion star, orbiting one another with
a period of 0.178 days (Markwardt et al., 2003). Additionally, the system is a
known thermonuclear X-ray burster (Strohmayer et al., 2003). I find a persistent
~v-ray excess with TS = 20.5 to be spatially coincident with the position of XTE1S,
with an angular offset of 0.157° and a 95% uncertainty of 0.164°. This excess is
designated PS J1812.9-3344. In addition, the light-curve condition for this LMXB
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Figure 7.10: A light-curve showing the energy flux and respective TS values of
PS J1812.9-3344 (the source coincident with XTE 1814-338) over the full LMXB
analysis time. 95% upper confidence limits are placed on any energy flux bins
where the corresponding TS < 4.

is fulfilled, indicating that there is y-ray emission in at least some of the bins in

the light-curve.

Figure 7.9 shows the ROI around XTE18, with PS J1812.9-3344 clearly corres-
ponding to the peak of the y-ray excess, slightly offset from the position of XTE18.
As z < 5o for PS J1812.9-3344, there are insufficient photon statistics to perform
a positional localisation for PS J1812.9-3344, making it difficult to associate with
XTE18, as the binary lies almost at the 95% uncertainty boundary, meaning that
the spatial coincidence between the excess and binary is marginal. Furthermore, I
observe a weak ~-ray source slightly to the East of PS J1812.9-3344. This source
is the unassociated 4FGL J1810.8-3347 (TS = 36.1, offset from XTE18: 0.584°),

and given it’s relatively low significance, I find it is unlikely to be causing source
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confusion with PS J1812.9-3344.

Figure 7.10 shows the y-ray light-curve of PS J1812.9-3344; where I observe 4 energy
flux bins in the significance range, TS > 4 and TS < 9 and TS < 4 otherwise. Given
that the flux values of the light-curve are all roughly consistent with one another,
and also consistent with the upper limits, PS J1812.9-3344 does not appear to be

a variable source of «-rays when observed with Fermi-LAT.

Given the significance of PS J1812.9-3344, it is unlikely that this source is a fluc-
tuation in the y-ray background, particularly as XTE18 is located at BII = 7.588°,
where the Galactic diffuse emission is less luminous than on-the-plane itself. How-
ever, given poor photon statistics and a lack of multi-wavelength data it is not

possible to associate PS J1812.9-3344 with XTE18.

7.8 1E1746.7-3224

1E 1746.7-3224 (Hertz and Grindlay, 1984) (henceforth 1E1746) is low mass X-ray
binary with an unclassified accretor and companion star, and an unknown orbital
period. I observe no persistent excess with the position of 1E1746, although the

light-curve condition is fulfilled in this case.

Figure 7.11 shows the light-curve at the position of 1K1746, where 3 bins are seen
roughly in the 20 < z < 40 significance range, and upper limits are seen otherwise.
None of these bins are significant enough to justify an independent analysis of the
time periods where the fluxes are detected, as demonstrated in Section 6.1, and
and the flux values appear to generally be consistent with one another indicating a
lack of detectable variability. X-ray light-curves are not available for 1E1746, hence
a multi-wavelength light-curve is not possible. Similarly, as no persistent excess is

observed, spectral and positional analysis are also impossible.

The three closest sources to the position of 1E1746 are the unassociated 4FGL

J1747.9-3224 (TS = 38.5, angular offset: 0.449°) and 4FGL J1750.9-3301 (TS =
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Figure 7.11: A light-curve showing the energy flux and respective TS at the position
of 1E 1746.7-3224, where 95% confidence upper limits are placed on any bin where
TS < 4.

29.8, angular offset: 0.616°). Source confusion between these and 1E1746’s position
is unlikely, give their low significances and photon counts. The more significant
pulsar 4FGL J1746.8-3239/PSR J1746-3239 (TS = 2790, angular offset: 0.710°)
is the most significant source within 2° of 1E1746. Given that this is a much
more significant source, it is possible that the excesses observed in the light-curve
are due to source confusion with this pulsar. Additionally, as 1E1746 is on the
Galactic plane, (BII = —2.62334°), these excesses could also be due to background
fluctuations in the Galactic diffuse. Regardless, there is no evidence to associate
the excesses in Figure 7.11 with 1E1746 itself; hence source confusion is a possible

cause of the excesses.
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7.9 GRO J1719-24

GRO J1719-24* (Ballet et al. 1993 & Harmon et al. 1993) (henceforth GRO17) is
a hard X-ray transient and black hole candidate system with a companion star of
unknown spectral class (e.g. Ctneo et al. 2020, Bassi et al. 2020 & Jiang et al.
2020). The system was discovered during a 1993 outburst, and underwent a second
detected outburst in 2016 (Negoro et al., 2016). I observe a weak persistent -
ray excess coincident with the position of GRO17 with TS = 9.1. The light-curve
condition is not fulfilled for this excess, meaning that there is a lack of significant
~-ray emission in the light-curve. An orbital period of 0.61 days is known for this
system, too short to produce a phase folded light-curve as uncertainties in the
orbital period measurement would propagate through each orbit over the 13 years

of data used.

Figure 7.12 shows the immediate region around GRO17, with both 4FGL-DR2
sources displayed alongside uncatalogued sources identified by gta.find_sources.
The «-ray excess at the position of GRO17 is very weak, with several bins appearing
to show very low significance ~y-ray emission, probably due to the background diffuse
emission. More significant T'S peaks are seen within approximately 0.5° of GRO17,
and no TS peak appears at the position of GRO17 itself, suggesting that the excess
at the position of GRO17 may be due to one of these offset excesses. Given the
absence of any sources close to the position of GRO17, it is unlikely that confusion

with a known source is responsible for this y-ray excess.

Although this excess does not satisfy the light-curve condition, given that the X-
ray flux is known to be variable in the lifetime of Fermi-LAT I nonetheless plot the
~-ray light-curve in Figure 7.13, alongside the X-ray light-curve from Swift-BAT
and MAXI. The 2016 outburst is clearly seen in the X-ray data by the sharp rise
in flux followed by a decay over a period of 6-12 months. There is a 3¢ bin in the

~-ray light-curve at the start of the observation time which does not correspond to

*also known as GRS 1716-249
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Figure 7.12: The TS map of the central 4° of the GRO J1719-24 ROI over the full
observation time. Here, the positions of the closest 4FGL sources are indicated in
blue, whilst the position of GRO J1719-24 is indicated in white. The positions of
uncatalogued sources are indicated in green. Bin widths are 0.1°.

any enhancement in X-ray flux and precedes the 2016 outburst by approximately
7 years. A second, very marginal 20 enhancement is seen following the outburst,
indicated by the vertical grey dotted lines overlaid on Figure 7.13. The evidence for
association of either of these transient excesses or the persistent one is non-existent

beyond spatial coincidence, as the emission is too insignificant for further analysis.

7.10 GS1826-238

GS 1826-238 (Makino, 1988) (henceforth GS1826) is a neutron star LMXB burster
(e.g. Bazzano et al. 1997a, Ubertini et al. 1999a, & Zamfir et al. 2012) with a 2 hour
orbital period (Homer et al., 1998). There is no persistent -ray excess coincident

with the position of GS1826, although the light-curve condition is fulfilled which
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Figure 7.13: Panels A and B show the daily X-ray flux from Swift-BAT and MAXI
respectively for GRO J1719-24. Panels C and D show the energy flux and respective
TS of the excess coincident with GRO J1719-24 where 95% confidence upper limits
are placed on flux for any bin where TS < 4. The grey dotted lines indicate the
start and end of the 6 v-ray bin where a TS > 4 flux measurement is made following
the 2016 X-ray outburst.
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indicates that there is some significant y-ray excess in the light-curve of the LMXB.

Figure 7.14 shows the X-ray and ~-ray light-curves of GS1826. Over the mission
time of both MAXI and Fermi the X-ray flux of GS1826 steadily increases, and
there appears to be a y-ray excess earlier in the light-curve when the LMXB is in a
lower flux state. This v-ray excess is bounded on the light-curve plot by the vertical
grey dotted lines, and appears from MJD 55062 - 56009, a period of approximately
31 months (or 5 bins). During this period, I measure a flux value in every bin
except the midpoint bin of the excess, where an upper limit is recorded. Using the
broad methodology followed for the HMXB SAX J1324.4-6200, The ROI during
only MJD 55062 - 56009 is considered, once again performing data optimisation
and fitting a new model. I find that the TS of the excess during this 30 month
period increases from the TS < 9 calculated over the full observation time to 27.6,

or 5.30 during the 31 month excess.

Figure 7.15 clearly displays this y-ray excess centered on the position of GS1826;
source localisation shifts it by only very slightly by 0.0567°, well within the most
stringent 68% positional uncertainty radius of 0.0824°. The coordinates of the
localised source are LIT = 9.350° + 0.524°, BII = —6.0412° 4+ 0.564°, positionally
coincident with GS1826. The closest source to the position of GS1826 is the variable
BL Lac blazar 4FGL J1829.0-2417/1RXS J182853.8-241746 which is 0.504° away
from GS1826 and has a TS of 46.95 over the 30 month excess period. I perform
a light-curve analysis of this source over the full observation period in order to
rule out the possibility of source confusion between 4FGL J1829.0-2417 and the
GS1826 excess. I find no obvious correlation between the two light-curves, such
as simultaneous variability (Figure 7.16). Given the dissimilarity between the two
light-curves, and the fact that the blazar is excluded from the localised excess
positional uncertainty region, this excess is very likely to be independent of the

blazar 4FGL J1829.0-2417.

As the excess significance exceeds 50, I am able to calculate the spectral energy

distribution of the excess shown in Figure 7.17. It is best modelled by a soft power
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Figure 7.14: Panel A shows the daily X-ray flux of GS 1826-238 measured by MAXI.
Panels B and C show the energy flux and respective TS of the excess coincident
with GS 1826-238 where 95% confidence upper limits are placed on flux for any bin
where TS < 4. The grey dotted lines indicate the start and end of the 30 month
~-ray excess.
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Figure 7.15: The TS map of the central 3° of the GS1826-238 ROI over the 31
month ~-ray excess period. Here, the positions of the closest 4FGL sources are
indicated by the blue crosses, whilst the position of GS1826-238 is indicated by
the white cross. The localised position of the -ray excess is indicated by the grey

cross, with the 95% uncertainty region indicated by the grey circle. Bin widths are
0.1°.

law with a spectral index, I' = —2.33, normalisation, Ny = 8.93 x 10713 and a scale
energy of 1000 MeV. Most LMXBs in the 4FGL have log-parabolic spectra with the
exception of 1SXPS J042749.2-670434 which also has a soft power-law spectrum
with I' = —2.38. The limited photon statistics for the excess make it unlikely that
a log-parabola spectrum could be distinguished from a power-law, but the SED of

the excess is broadly comparable to that of the wider LMXB population.

Whilst the lack of multi-wavelength contemporaneous variability means that it is
impossible to associate this transient 30 month ~-ray excess with GS1826 for cer-
tain, it is positionally coincident with the LMXB. Furthermore, within the limited
statistics, the soft spectral index resembles other LMXB systems. Finally, confu-

sion with the only nearby source is ruled out as the cause of this excess, meaning
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Figure 7.17: The SED of the GS1826-238 excess, during the 31 month excess
period, fitted with a power law spectral model. Upper limits are placed on any bin
where TS < 4.

that the only alternative cause of this transient excess is an unresolved background

source, such as a blazar.

If this excess does represent ~y-ray emission from GS1826 it may be the result of one,
or more, physical processes occurring in the system. Given that the accretor in this
system is a neutron star, it is possible that this excess is produced by the shock-
ing of the neutron star wind against the dense stellar environment which would
cause particle acceleration, and thus y-ray emission. Whilst orbital modulation is
often seen in wind driven systems like these (for example in PSR B1259-63 and
LSI+61303), the orbital period of this system is a short 2 hours. It is impossible
to perform an accurate phase-folded analysis over this time, and it is extremely
unlikely that the system would be detected over such short timescales unless a
stacked phase-folded analysis was used. If the system is wind-driven it is unclear
why the excess appears for 31 months, which is far greater than the orbital period

of the system.

Alternatively, Figure 7.14 shows that during the time of the ~-ray excess, the X-
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ray flux appears to be in a low luminosity state, before beginning to rise as the
~v-ray excess ends. It is possible, that the particle acceleration could be linked
to the hardness intensity cycle of the system, and that a compact jet (e.g. as in
Cyg X-1 (Zanin et al., 2016)) could be causing y-ray emission at this time, if this
time corresponds to the low-hard state. However, the X-ray luminosity increase
seen after the end of the excess typically corresponds to an increase in the Lorentz
factor of the jet, so one would expect to see an increase, rather than decrease in
the flux of the y-ray excess during the rise in the X-ray flux. Additionally, given
that the Lorentz factor in the compact jet during the low-hard state is usually less

than 2, this may not be sufficient to produce a noticeable y-ray excess.

Finally, as this system is an X-ray burster it may be possible that these vy-rays are
emitted as a consequence of the thermonuclear X-ray bursts from the neutron star.
Whilst y-rays in the MeV-GeV energy range have not previously been observed to
originate from X-ray bursters in general, they have been observed to originate from
out-bursting cataclysmic variable systems, where similar accretion driven thermo-
nuclear bursts take place on the surface of white dwarf stars. However, this system
was not undergoing an X-ray burst at the time of the ~-ray excess, so this seems

unlikely.

The wind-driven emission regime is most the likely cause of the ~-ray excess ob-
served to be coincident with GS1826. Wind interactions are responsible for ~-ray
emission in most of the observed X-ray binaries with y-ray emission. Given that
a rise in X-ray flux began at the conclusion of this «-ray emission episode, it is
possible that such emission could be observed again when the system is next at a

lower X-ray flux level.

7.11 XMMU J181227.8-181234

XMMU J181227.8-181234 (Cackett et al., 2006) (henceforth XMMU18) is a transi-

ent LMXB burster consisting of a neutron star accretor in orbit with an unclassified
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companion star (in’t Zand et al. 2017a & in’t Zand et al. 2017b). Since its discovery
as a transient X-ray source in 2006, it has been detected by several instruments at
various times, most recently in 2020 (Torres et al. 2008, Markwardt et al. 2008 &
Chenevez et al. 2020). This source has recently been identified as an ultra-compact

binary candidate; no orbital period is known (Goodwin et al., 2019).

I identify a persistent -ray excess at the X-ray position of XMMU18 with a TS
value of 23.3 (4.80). The nearest source to this excess is an uncatalogued source,
which I designate PSJ1814.0-1750 with TS = 136 and a 0.535° angular offset
from the position of XMMU18. Additionally, two 4FGL sources are seen within
1° of the position of XMMU18, these are 4FGL J1811.5-1844 (TS = 303, offset:
0.577°), associated with SNR G012.0-00.1, and the extended source 4FGL J1813.1-
1737e (TS = 2130, offset: 0.612°), associated with HESS J1813-178, a pulsar wind

nebula. Given the nature of these sources, neither is expected to be variable.

Figure 7.18 shows the TS map of the region around XMMU18 over the full ob-
servation time of Fermi-LAT. One can clearly see that XMMU is coincident with
a somewhat diffuse v-ray excess, and that PSJ1814.0-1750 is surrounded by ap-
parently diffuse, but significant, «-ray emission. It is unclear whether the excesses
coincident with PS J1814.0-1750 and XMMU18 are part of the same structure; this
is complicated further by the fact that PSJ1814.0-1750 lies on the boundary of
the luminous 4FGL J1813.1-1737e. It is therefore possible that some of this diffuse
emission is caused by 4FGL J1813.1-1737e. Unfortunately, it is not possible to loc-
alise the emission from the position of XMMU18 with gta.localize due to a lack

of photon statistics, which also prevents meaningful spectral analysis.

Figure 7.19 shows the light-curve of the XMMU18 coincident v-ray excess, where
six bins show some evidence for emission ranging in significance from 20 to 4o.
Although it is very difficult to say for certain without improved photon statist-
ics, the XMMU18 excess appears to be non-variable, and there appears to be no

correlation between the y-ray and X-ray wavebands.
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Figure 7.18: The TS map of the central 3° of the XMMU J181227.8-181234 ROI
over the full Fermi 13 year observation time. Here, the positions of the closest 4FGL
sources are indicated by the blue crosses, whilst the position of XMMU J181227.8-
181234 is indicated by the white cross. The positions of uncatalogued sources (in-
cluding PS J1814.0-1750) are indicated by green crosses. The orange circle indicates
the extent of the spatially extended pulsar wind nebula: 4FGL J1813.1-1737e, with
the orange cross indicating the centroid of this source. Bin widths are 0.1°.

While the excess coincident with XMMU18 could be caused by the binary itself, as
the excess appears to belong to a larger y-ray diffuse structure (seen in Figure 7.18)
it is unlikely that this «-ray emission originates from the binary. This is supported

by the lack of apparent variability in the light-curve of the excess (Figure 7.19).

7.12 GRS 19154105

GRS 19154105 (Castro-Tirado et al., 1992) is a low-mass X-ray binary, and one
of the earliest microquasars discovered after SS433 was identified as such in 1979

(e.g. Clark and Murdin 1978, Fabian and Rees 1979, Mirabel and Rodriguez 1994,
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Figure 7.19: Panel A shows the daily X-ray flux of XMMU J181227.8-181234 meas-
ured by Swift-BAT. Panels B and C show the energy flux and respective TS of the
excess coincident with XMMU J181227.8-181234 where 95% confidence upper lim-
its are placed on flux for any bin where TS < 4.
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Foster et al. 1996, Belloni et al. 1997). It is one of the best studied X-ray binary
systems, with outbursts and flares frequently occurring in the system, most recently
in 2020 (Trushkin et al. 2020 & Takagi et al. 2020). Though there were several
unsuccessful studies which attempted to discover the nature of the companion star
in this binary (Wenzel et al. 1993 & Boeer et al. 1996), its spectral type is now
established to be K-M III (Greiner et al., 2001). The accretor is a large stellar
mass black hole, of mass 12.4:’%21\/[@ (Reid et al., 2014), with an extremely rapid
spin (Middleton et al. 2006 & McClintock et al. 2006). The orbital period of the

system is 33.85 days, the longest of any of the LMXBs (Steeghs et al., 2013).

I identify a persistent y-ray excess coincident with the position of GRS 19154105
with TS = 18.1 (4.20), and also find that the light-curve condition is fulfilled
indicating that there is at least one significant (> 20) ~-ray excess in the light-
curve generated at the position of GRS 19154+105. Figure 7.20 shows the X-ray
light-curve of GRS 19154105 as seen by both MAXI and Swift, together with the
~-ray light-curve as seen by Fermi-LAT. I observe that 21 of the 25 bins in the LAT
light-curve are upper limits, where the significance of the bin fails to exceed 20, and
four bins do exceed this threshold, and therefore have energy flux measurements
in place of upper limits. The X-ray data show oscillations between a high and
low state, associated with recurrent jet activity, before a drop off in X-ray activity
from approximately MJD 58300, probably associated with the system entering the
low-hard state. The four ~-ray flux points occur during the oscillating ‘active’
phase, prior to entering the low-hard state. If the microquasar is responsible for
the production of this ~-ray flux, then this observation matches the theoretical

prediction of when ~-ray emission would occur (Fender et al., 2004).

The most recent orbital ephemeris gives an orbital period of 33.85 4+ 0.16 days,
with the periastron zero-point measured at JD 2455458.68 4+ 0.06 Steeghs et al.
(2013).This information can be used to produce a phase-folded light-curve for the
excess coincident with GRS 19154105, shown in Figure 7.21. All but two of the

phase bins show flux upper limits, with the average TS level lying just below 4,
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Figure 7.20: Panel A shows the daily X-ray flux of GRS 19154105 measured by
MAXI; Panel B shows the daily X-ray flux of GRS 1915+105 measured by Swift-
BAT. Panels C and D show the energy flux and respective TS of the position of
GRS 19154105 where 95% confidence upper limits are placed on flux for any bin
where TS < 4.
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Figure 7.21: The phase-folded light-curve of GRS 1915+105. Panel A shows energy
flux against phase, whereas Panel B shows TS against phase. Phase bins are ¢ = 0.1
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confidence upper limits are placed on flux for any bin where TS < 4.
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Figure 7.22: The TS map of the central 3° around GRS 1915+105. The position of
GRS 19154105 is indicated by the white cross, with the positions of 4FGL sources
indicated by blue crosses. Uncatalogued sources are indicated by green crosses.
Bin widths are 0.1° across.

indicating that there is no significant evidence for orbital modulation of the ~-ray
emission from this system. This is unsurprising, as GRS 19154105 contains a black
hole, rather than a neutron star, and wind-driven neutron star systems are typically

responsible for orbitally modulated ~y-ray emission.

Figure 7.22 shows the TS map of the ROI around GRS 19154105 over the full
Fermi-LAT observation time. One can clearly see that GRS 1915+105 is coincid-
ent with a «-ray excess, and that this excess appears to be somewhat spatially
extended; no X-ray binaries are spatially extended sources in Fermi-LAT. Addi-
tionally, GRS 1915+10 does not appear to be at the peak of this excess, casting
further doubt upon whether this emission can be associated with the binary. The

photon statistics are insufficient for a positional localisation to establish whether
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the excess is truly positionally coincident with GRS 1915+4105.

Close to the position of GRS 1915+105 there are two catalogued 4FGL sources: the
unidentified source 4FGL J1914.54+1107c (TS = 61.5, angular offset: 0.238°) and
the supernova remnant 4FGL J1916.3+1108/SNR G045.7-00.4 (TS = 326, offset:
0.339°); neither of these sources is variable. Figure 7.20 shows that the y-ray flux
points are reasonably similar values to one another, suggesting that the excess is
likely non-variable (although one cannot say for certain with so many upper limits).
Given that there is no clear variability in GRS 19154105 and none in either of the

close neighbours, it is difficult to resolve the excess from the two 4FGL sources.

While the bins in the light-curve match the X-ray period in which one would expect
activity, evidence for associating this excess with GRS 19154105 is otherwise weak.
The excess may be part of a larger extended source, which is highly unlikely to
be produced be an X-ray binary, and source confusion may be responsible for
this excess. It is unlikely (though not impossible) that this excess is caused by

GRS 1915+4105.

7.13 Her X-1 (2A 1655+353)

Her X-1/2A 16554353 (Tananbaum et al., 1972) is an intermediate mass X-ray
binary, consisting of a pulsar and a class B3 star with an orbital period of 1.7 days
(e.g. Bahcall and Bahcall 1972, Giacconi et al. 1973 & Middleditch and Nelson
1976). An extremely well studied source, Her X-1 is highly variable in both the X-
ray and optical wavebands. Previous evidence for y-ray emission exists for Her X-1,
and my analysis shows a persistent y-ray excess coincident with the position of this
binary with TS = 16.3. The light-curve condition is not fulfilled for this LMXB,

indicating a lack of significant v-ray emission in the light-curve of this source.

Given that the significance of this excess is below 50 it is not possible to perform a
spectral analysis, or positional localisation. The lack of any significant emission in

the light-curve renders it impossible to look for variability or any multi-wavelength
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Figure 7.23: The T'S map of the central 3° around Hercules X-1/2A 1655+353. The
position of Her X-1/2A 16554353 is indicated by the white cross, with the positions
of 4FGL sources indicated by blue crosses. Uncatalogued sources are indicated by
green crosses. Bin widths are 0.1° across.

correlations. Given the short orbital period of the system, a phase-folded light-

curve analysis is impossible.

Figure 7.24 shows the TS map of the region around Her X-1, which is a sparsely
populated region of the sky as seen with Fermi. The nearest source to Her X-1
is the (relatively) weak, unidentified 4FGL J1653.0+3640 (TS = 39.7 and offset:
1.657°), and there are no other sources within 3.5° of Fermi-LAT. It is therefore
extremely likely that the excess observed at Her X-1’s position is independent of
any other known source, but any association with the binary itself would be based

on spatial coincidence alone.
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7.14 Confirmed False Positives

Of the 20 LMXBs away from the Galactic centre where I detect either a persistent or
transient y-ray excess, I determine that 7 (1E 161348-5055.1, GX 34040 (4U 1642-
45), 2A 1822-371, SLX 1746-331, 4U 1811-17 (GX 13+1), 4U 1812-12, 4U 1918+15)
of these are likely a false positive result. Discussions of each of these are included

in Appendix F.

The false positives can be broken down into two categories; the first is where
a significant excess appears to be coincident with the position of the LMXB in
question. Given the significant photon statistics available, I perform a localisation
of this excess, and upon examining the new positional fit, find that the excess is
no longer spatially coincident with the position of the binary. The second group of
false positive excesses are those which are definitely due to source confusion with
another source. In this case, this excess cannot be proven to be independent, and

therefore cannot be associated with the LMXB in question.

7.15 Summary of the LMXB Survey

There are 20 LMXBs located outside of the Galactic centre where there is some
transient or persistent y-ray excess suggestive of y-ray emission from the LMXB.
Of these 20, 7 are confirmed false positives and are discussed in Section 7.14 and
Appendix F. Of the remaining 13 LMXBs, one has some convincing evidence to

associate the y-ray excess with the LMXB itself: GS 1826-238.

In the case of GS 1826-238, a 31 month excess is observed corresponding to a low
luminosity X-ray state. The excess is significant with a z-score of 5.3¢, and is well
localised to the position of the binary. The spectrum of the excess is modelled
as a soft power law, consistent with the spectra of other LMXB systems. It is

unknown whether this emission could be caused by wind interactions, a compact
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jet, or thermonuclear X-ray bursts from the surface of the neutron star, making it

a particularly interesting candidate in this survey.

The remaining 12 LMXBs are marginal cases where there is no evidence to suggest
there is a false positive, but also insufficient evidence to be confident the excess is

associated with the LMXDB itself.
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Figure 7.24: The seventh labour of Heracles, the capture of the Cretan Bull. By
B. Picart (1731).
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CHAPTER 8

Surveying the X-ray Binaries 1V:
The Galactic Centre Low Mass

X-ray Binaries

The distribution of LMXBS across the sky is not isotropic and a significant pro-
portion of the Galactic LMXB population can be found in the Galactic centre, due
to the presence of a large stellar population in the Galactic bulge (e.g. Revnivtsev
et al. 2008, Haggard et al. 2017 & Generozov et al. 2018). Surveying a consider-
able number of LMXBs in a relatively small and complex region of the y-ray sky
requires a careful and conservative approach, due to the greatly increased chances

of source confusion with respect to the rest of the Galactic plane.

The Galactic centre is the position LII = 0°, BII = 0°, and in this section I con-
sider all the LMXBs within 3° angular offset of the Galactic centre which show
some evidence for either a persistent or transient y-ray excess coincident with their
position. Eighteen such LMXBs are found in my analysis. Fourteen of which
lie within a 1° radius of the Galactic centre: 1E 1740.7-2942, 1A 1742-294, GC X-
2, GCX-4, AX J1745.6-2901, 1A 1742-289, GRS 1741.2-2859, CXOGC J174540.0-
290031, 2E 1742.5-2858, 1E 1742.2-2857, GRS 1741.9-2853, 1E 1743.1-2852, 1E 1742.9-
2849 and XTE J1748-288. The other four LMXBs lie within 1° < r < 2° of the
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Galactic centre: SLX 1744-300, SAX J1750.8-2900, 4U 1735-28, and IGR J17497-

2821. There are no LMXBs with a coincident y-ray excess in a 2° < r < 3° range.

Figure 8.1 shows the Galactic centre region, with all 18 LMXBs plotted along with
the 4FGL-DR2 catalogue sources. There is a very strong clustering of LMXBs in
the immediate vicinity of Sgr A*, with fewer LMXBs lying further away from the
position of Sgr A*. Throughout these following sections I describe the aforemen-
tioned 18 binaries as the Galactic centre LMXBs, and investigate the causes of

their coincident ~y-ray excesses.
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8. Surveying the X-ray Binaries IV: The Galactic Centre Low Mass X-ray Binaries
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8.1. Within 0.25° of the Galactic centre
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Figure 8.2: A TS map of the inner Galactic Centre, with 0.8° width and 0.1°
spatial bin widths. This map is centered on LII = 0°, BII = 0°, and shows the
same analysis as Figure 8.1. Here the crosses indicate y-ray sources whilst the
coloured dots indicate the positions of different LMXB systems. Each LMXB
system shown in this plot has a persistent and/or transient v-ray excess which
is spatially coincident with it. Figure 8.1 shows the full legend for this plot. The
orange concentric rings have radii of 0.1° and 0.25° centered on the Galactic centre.

8.1 Within 0.25° of the Galactic centre

In addition to the analysis of the position of each Galactic centre LMXB, I produce
an analysis centered on LII = 0°, BII = 0° using the same analysis parameters and
method as the analysis of the LMXB population to investigate the y-ray sources in
the Galactic centre. The T'S maps shown in Figure 8.1 and 8.2 are all produced from
this analysis, which I will refer to as the ‘Galactic centre analysis’, to differentiate it
from any of the analyses of LMXB ROIs. This independent analysis of the Galactic
centre has no sources added to the positions of LMXBs, and can therefore act as a

control model with only sources catalogued in the 4FGL-DR2 included; this allows
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8.1.1. Analysing the Galactic centre: JFGL J1745.6-2859

the independent investigation of the y-ray properties of the Galactic centre without

the effects of adding additional sources to the model*.

8.1.1 Analysing the Galactic centre: 4FGL J1745.6-2859

Offset by 0.061° from the position LI = 0°, BII = 0°, the v-ray source 4FGL J1745.6-
2859 is the closest 4FGL-DR2 source to the Galactic Centre, and the most signific-
ant y-ray source within the 3° radius within which I consider the Galactic Centre
LMXBs. My analysis shows that 4FGL J1745.6-2859 has a TS of 19000 (1380)
over 13 years of observations, twice that of the 4FGL-DR2 detection significance of
68c. 4FGL J1745.6-2859 is catalogued as a point source rather than being spatially
extended, as having a log-parabola spectral shape, and a variability index of 2.6,
strongly indicating that this source is not variable. 4FGL J1745.6-2859 has been
the subject of a number of studies throughout the lifetime of Fermi-LAT, as it
is associated with the Galactic centre in the 4FGL-DR2, and the Galactic centre
is connected to many of the observed high energy features of our Galaxy such as
the GeV Galactic Centre excess (Hooper and Goodenough, 2011) and the Ferms
Bubbles (Su et al., 2010). It is connected with a TeV component, as observed
by the H.E.S.S. Collaboration (Parsons et al., 2015); there is a poorly understood
spectral break between 20 and 200 GeV. The majority of the emission at the GeV
level is thought to originate from the central supermassive black hole of the Milky
Way, Sagittarius A* (Malyshev et al. 2015 & Cafardo and Nemmen 2021, and also
Balick and Brown 1974, Genzel et al. 1997, Ghez et al. 1998, Ghez et al. 2008,
Genzel et al. 2010 & Abuter et al. 2018).

My Galactic centre analysis shows that 4FGL J1745.6-2859 has a strong log-parabola
spectral shape, in agreement with previous studies of the source (Figure 8.3). The

fit is accurate until approximately 100 GeV, where the spectrum hardens, con-

*For example, adding an additional source at the position of a y-ray source will split the y-ray
count between the two and decrease the TS of the original source.
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8.1.1. Analysing the Galactic centre: JFGL J1745.6-2859
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Figure 8.3: The spectral energy distribution of 4FGL J1745.6-2859, the y-ray source
associated with the Galactic Centre and Sgr A*, with 8 energy bins per decade and
upper limits placed on bins where TS < 4. A log-parabola spectral shape is fitted
to this SED with the best-fit parameters of a = 2.478+0.018, 5 = 0.124540.0052,
Np = (2.511 £ 0.005) x 10712 and Ep = 3.98 GeV.

sistent with the observed spectral break between the MeV/GeV spectrum and the
GeV /TeV spectrum observed with H.E.S.S..

A spatial analysis (localisation and extension fitting) of 4FGL J1745.6-2859 us-
ing gta.localize finds that the best fit position of 4FGL J1745.6-2859 is LII =
359.9292 + 0.0132, BIT = 0.0082 + 0.0175. I next test for spatial extension from
the source using gta.extension and two spatial models: the radial Gaussian and
radial disc models. Both models are preferred over a point source model, with the
radial Gaussian being marginally more significant with TSeyt = 69.2 (z = 8.3), and

the disc model having a significance of TSex, = 67.1 (z = 8.20).

During the extended model fitting, I free all point sources within 1° of 4FGL J1745.6-
2859, in addition to both components of the diffuse background. Figure 8.4 shows
the curve of Alog(L) plotted against the angular widths of the extended models,

and a peak is found at an angular width of 0.0684° +0.0050°, indicating that this is
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8.1.1. Analysing the Galactic centre: JFGL J1745.6-2859
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Figure 8.4: The values of Alog(£) from the log-likelihood ratio tests of the (al-
ternate) extended shape hypotheses versus the (null) point source hypothesis at
each angular width tested for the extended shapes. The black crosses show values
of Alog(L) for the radial Gaussian shape, and the orange dots show the values of
Alog(L) for the radial disc shape. The x-axis is constrained from values of an-
gular width (2r) from 0° to 0.1°, however widths of up to 1° were tested. Values
of Alog(£) in the 0.1° < 2r < 1.0° range were excluded as these are negative
(strongly favouring a point source hypothesis at these widths), and much greater
in magnitude than those in the range shown, and would cause the plotting of the
positive values to become disproportionately affected by the axis scaling.

the most likely angular width of the radial Gaussian shape for 4FGL J1745.6-2859.

Although the extended model is preferred statistically, given that the extension
width itself (0.0684°) is less than the spatial bin width (0.1°), in practical terms
this essentially represents a point source. Therefore for the purpose of simplicity,

4FGL J1745.6-2859 will be treated as a point source.
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8.1.2. The Innermost Galactic Centre LMXBs

8.1.2 The Innermost Galactic Centre LM XBs

As Figure 8.2 shows, a number of LMXBs are extremely close to the position of
4FGL J1745.6-2859. These are: AX J1745.6-2901, 1A 1742-289, CXOGC J174540.0-
290031, 2E 1742.5-2859 and 1E 1742.2-2857. Given the significance and luminosity
of 4FGL J1745.6-2859, particularly at lower energies where one would expect the
log-parabola/power law spectrum of a v-ray emitting LMXB to peak all of the
LMXBs within the innermost grey circle of Figure 8.2 are broadly spatially coin-
cident with 4FGL J1745.6-2859. Therefore it will not be possible to to resolve any
~-ray emission from these LMXBs from that of 4FGL J1745.6-2859; all of the ~-ray
excesses coincident with these LMXBs are likely caused by source confusion with

4FGL J1745.6-2859.

Given the complex combination of sources at the centre of the Galaxy, it is entirely
possible that one, or more of these LMXBs are 7-ray emitters and that they are
contributing to the ~-ray emission of 4FGL J1745.6-2859, particularly given the
similar spectral shape of this source and the LMXB population. However, it is
impossible to resolve sources so close together, even at high energies where the

resolution of Fermi-LAT is optimal.

8.1.3 4FGL J1746.4-2852 and Nearby LMXBs

4FGL J1746.4-2852 is the second closest y-ray source to the Galactic centre included
in the 4FGL-DR2 and is thought to be the pulsar wind nebula PWN G0.13-0.11,
which is similarly detected at TeV energies under the name HESS J1746-285 (Ab-
dollahi et al., 2020). Unlike many pulsar wind nebulae, 4FGL J1746.4-2852 is not
extended and the association with PWN G0.13-0.11 is tentative as it does not reach
the probability threshold of 0.8 for declaring associations using either the likelihood
or Bayesian methods in the 4FGL-DR2.

Figure 8.5 shows the spectral energy distribution of 4FGL J1746.4-2852, a log-

parabola peaking in the 1-10 GeV range. An extension fit with gta.extension
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8.1.3. JFGL J17}6.4-2852 and Nearby LMXBs
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Figure 8.5: The spectral energy distribution of 4FGL J1746.4-2852, the y-ray source
tentatively associated with PWN G0.13-0.11, with 8 energy bins per decade and
upper limits placed on bins where TS < 4. A log-parabola spectral shape is fitted
to this SED with the best-fit parameters of a = 2.8064+0.073, 5 = 0.63404+0.0531,
Np = (1.116 4 0.045) x 107!2 and Ep = 3.83 GeV. The two lowest energy bins do
not appear to fit the log-parabola curve, this is likely because they are dominated
by background emission.

finds that the radial Gaussian model is preferred to the point source model with
TSext = 22.3 (4.70); however with an extension width of only 0.1081°, this still
represents a point source in the model as it is comparable to the spatial width of a
bin (see 8.1.1 for a more detailed example). A localisation of 4FGL J1746.4-2852

fails, indicating it is already in its best fit position.

Two LMXBs with spatially coincident 7-ray excesses are close (less than a 0.1°
angular separation) to the position of 4FGL J1746.4-2852; these are 1E 1743.1-
2852 and 1E 1742.9-2849. Neither of these LMXBs have persistent ~-ray excesses
associated with them, but both have 4 excess bins appearing with z < 3¢ in their 6
monthly binned light-curve (Figure 8.6 & 8.7). Both light-curves are best described
by a constant flux model, and that any excess at the position of either binary is

not variable over the observation times available.
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8.1.3. JFGL J17}6.4-2852 and Nearby LMXBs
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Figure 8.6: The light-curve of the position of 1E 1742.9-2849, with approximately
6 monthly bins. The top panel shows energy flux against time, and the bottom
panel shows the TS of each bin. Upper limits are placed on any bins where the TS
< 4.

4FGL J1746.4-2852 is also a non-variable source, so these excesses cannot be dis-
tinguished from it. Furthermore, as the expected ~-ray spectra of the two binaries
would also be log-parabolic in shape it is not possible to distinguish these excesses
based on spectral analysis. It is possible that the two binaries are contributing to
the ~-ray emission seen from 4FGL J1746.4-2852, however it is unlikely that the
emission from this source is dominated by either of the binaries, given that it is
distinctly non-variable in nature. The most likely cause of the 4FGL J1746.4-2852
emission is PWN G0.13-0.11.
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8.1.4. GRS1741.9-2853
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Figure 8.7: The light-curve of the position of 1E 1743.1-2852, with approximately
6 monthly bins. The top panel shows energy flux against time, and the bottom
panel shows the TS of each bin. Upper limits are placed on any bins where the TS
< 4.

8.1.4 GRS1741.9-2853

The only other LMXB with a coincident y-ray excess within 0.25° of the Galactic
centre is GRS 1741.9-2853 (Pavlinsky et al., 1994). GRS 1741.9-2853 is close to the
position of the Sgr A* associated 4FGL J1745.6-2859, but appears to have an excess
independent of this source when one examines a T'S map of the region. This ~y-ray
excess is persistent with TS = 60.6 (z = 7.80), and appears to be variable, with
an enhancement in the first time bin with respect to the other time bins in this

light-curve (Figure 8.8). This variability distinguishes it from 4FGL J1745.6-2859.

The significance (z > 50) of this excess enables further analysis to determine

whether it is associated with GRS 1741.9-2853. We run a positional localisation of
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8.2. The 0.25° to 1° LMXBs
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Figure 8.8: The light-curve of the excess coincident with of GRS 1741.9-2853, with
approximately 6 monthly bins. The top panel shows energy flux against time, and

the bottom panel shows the TS of each bin. Upper limits are placed on any bins
where the TS < 4.

the excess at the position of GRS 1741.9-2853 with gta.localize and find that the
best fit position of the excess shifts to the position LII = 359.8514°+0.0213°, BII =
0.0719° 4 0.0253°, with a 95% positional uncertainty of 0.0093°. Given these new
coordinates, it is very unlikely that this v-ray excess originates from GRS 1741.9-
2853 and it is likely caused by one of the other, numerous possible sources in the

Galactic centre.

8.2 The 0.25° to 1° LM XBs

There are an additional six LMXBs with a coincident y-ray excess between 0.25°

and 1° of the Galactic centre. These six LMXBs are: 1E 1740.7-2942, 1A 1742-294,
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Figure 8.9: The TS map of the region around GRS 1741.9-2853 with a width of
2°. Here the X-ray position of GRS 1741.2-2859 is indicated by the white cross,
and the localised position of the «-ray excess is indicated by the orange cross. The
orange circle indicates the 95% positional uncertainty of the localised excess, and
the blue crosses indicate 4FGL ~-ray sources.

GCX-2, GCX-4, GRS1741.2-2859 and XTE J1748-288. Figure 8.10 shows this
region, and their positions. In addition to 4FGL J1746.4-2852 and 4FGL J1745.6-
2859 within the inner 0.25° region, a further two 4FGL-DR2 sources are present in
this 1° region; these are the unattributed sources 4FGL J1748.3-2906 (TS = 308)
and 4FGL J1742.5-2833 (TS = 144). Neither of these sources particularly close (i.e.
within 0.5°) to any of the observed y-ray excesses. Given the relative separation of
these excesses from the neighbouring 4FGL-DR2 sources, and from each other it
is possible to consider these 6 sources on a case by case basis, consistent with the

rest of the survey.
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8.2.1. 1E1740.7-2942
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Figure 8.10: A TS map of the Galactic centre calculated from the independent
Galactic centre analysis. This T'S map has 2° width and a spatial binning size of
0.1°. The icons on this map correspond to the legend in Figure 8.1. The outer
orange circle has a 1° radius whereas the inner yellow circles have radii of 0.25° and
0.1° and correspond to those displayed in Figure 8.2. All circles, and the map itself
is centered on the geographic centre of the Galaxy (LII = 0°, BII = 0°). In this
section, I consider the six LMXBs enclosed by the orange circle, however excluded
by the yellow rings.

8.2.1 1E1740.7-2942

1E1740.7-2942 (Hertz and Grindlay 1984 & Skinner et al. 1987) (henceforth 1E1740)
is a low mass X-ray binary and microquasar, with the sobriquet the ‘Great Anni-
hilator’™* due to the strong electron-positron annihilation line at 511 keV associated
with the source (Bouchet et al. 1991 & Sunyaev et al. 1991). 1E1740 is a black
hole LMXB with an unknown class of companion star so any high energy ~-ray
emission is expected to originate from the jet activity of the system (Skinner et al.,

1987).

*Also the name of the ninth studio album by the experimental rock band, Swans.
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Figure 8.11: The light-curve at the position of 1E 1740.7-2942, with approximately
6 monthly bins. The top panel shows energy flux against time, and the bottom
panel shows the TS of each bin. Upper limits are placed on any bins where the TS
< 4.

I measure a y-ray flux in 7 of the 25 bins of the 6 monthly binned light-curve
generated from the position of 1E1740, but no significant persistent ~y-ray excess
(Figure 8.11). The most significant of these bins appears with z = 3.5¢ significance,
and there is no significant variability in the flux levels of the ~-ray light-curve. An
X-ray light-curve of 1E1740 is unavailable from either MAXI or Swift-BAT however,

so it is not possible to establish a correlation with the vy-ray light-curve.

8.2.2 1A 1742-294

1A 1742-294 (Lewin et al., 1976) (aka GC X-1, henceforth referred to as 1A1742) is
a low mass X-ray binary with an orbital period of 12.3 days. Given the detection

of thermonuclear X-ray bursts from 1A1742, the compact object is known to be a
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Figure 8.12: Panel A shows the X-ray light-curve of 1A 1742-294 with daily bins
from Swift-BAT observations. Panels B and C show the energy flux and TS of
the y-ray excess light-curve with approximately 6 monthly bins. Upper limits on
energy flux are placed on any bins where the TS < 4.
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8.2.53. GCX-2

neutron star (Lutovinov et al. 2001 & Churazov et al. 1995). The nature of the
companion star is unknown in this system. We observe a persistent, but weak,
~-ray excess coincident with the position of 1A1742 with TS = 12.3 (z = 3.50),
and a number of flux measurements in the bins of the 6 month light-curve, where

Swift-BAT X-ray data is also available for consideration.

There is no significant pattern in the y-ray light-curve, with the flux values appear-
ing to be broadly non-variable, and hence there is no correlation with the X-ray
data. It is not possible to localise this excess, or analyse its spectrum due to poor
statistics (TS = 12.3). The orbital period is short, and uncertainties are too large
to perform a phase folded analysis. It is therefore not possible to associate this
excess with 1A1742, and given that it is approximately 0.5° away from the lumin-
ous sources 4FGL J1747.2-2957 (the pulsar: PSR J1747-2958, TS = 6300) and also
the Galactic centre source 4FGL J1745.6-2859 (TS = 18700, in this analysis), one

cannot eliminate source confusion as the cause of this «-ray excess.

8.2.3 GCX-2

GC X-2 is a suspected LMXB system observed only in the X-ray waveband, with an
unclassified accretor and companion star, and no known orbital period (Cruddace
et al., 1978). While no persistent v-ray excess is observed to be coincident with
GC X-2, the light-curve condition indicates that there is some evidence for transient
emission (Figure 8.13). There is no observable variability, and with so few flux
points it is impossible to discern any pattern. The lack of known binary parameters
makes it impossible to associate these weak transient excesses with the binary. As
the Galactic centre source 4FGL J1745.6-2859 (TS = 18700) lies with an angular
offset of 0.456° from the position of GC X-2, it is entirely possible that these

excesses are due to source confusion with this source.
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Figure 8.13: The light-curve at the position of GC X-2, with approximately 6
monthly bins. The top panel shows energy flux against time, and the bottom
panel shows the TS of each bin. Upper limits are placed on any bins where the TS
< 4.

8.2.4 GCX-4

GC X-4 is a suspected LMXB system observed only in the X-ray waveband with an
unclassified accretor and companion star and no known orbital period (Cruddace
et al., 1978). This system is similar to GC X-2; while no persistent ~-ray excess
is observed coincident with GC X-4, the light-curve condition indicates that there
is some evidence for transient emission (Figure 8.14). The light-curves of GC X-2
and GC X-4 are similar, with all but 2 of the significant flux bins being correlated.
This indicates that there is likely source confusion between GC X-2 and X-4, and
possibly a third source, making it impossible to associate these transient y-ray

excesses with either binary.

233



8.2.5. GRS1741.2-2859
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Figure 8.14: The light-curve at the position of GC X-4, with approximately 6
monthly bins. The top panel shows energy flux against time, and the bottom
panel shows the TS of each bin. Upper limits are placed on any bins where the TS
< 4.

8.2.5 GRS 1741.2-2859

GRS 1741.2-2859 (Sunyaev, 1990) is a low mass X-ray binary system, offset from
the luminous Galactic centre y-ray source 4FGL J1745.6-2859 (T'S = 16900 in this
analysis) by 0.159° and lies on the 0.25° circle which bounds the inner Galactic
centre LMXBs. A persistent y-ray excess is observed to be coincident with the
position of GRS 1741.2-2859 with TS = 53.6 (¢ = 7.30) across the full mission
lifetime of Fermi. The separation from 4FGL J1745.6-2859 together with the TS of
the observed excess results in a similar situation to that of the excess apparently

coincident with the nearby LMXB GRS 1741.9-2853.

The TS of 53.6 provides sufficient photon statistics to perform a localisation of the
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Figure 8.15: The TS map of the region around GRS 1741.2-2859 with a width of
2°. Here the X-ray position of GRS 1741.2-2859 is indicated by the white cross,
and the localised position of the «-ray excess is indicated by the orange cross. The
orange circle indicates the 95% positional uncertainty of the localised excess, and
the blue crosses indicate 4FGL ~-ray sources.

excess. The optimal position of the excess shifts to LII = 359.8399° + 0.0233°,
BII = 0.1007° 4+ 0.0271°, with a 95% positional uncertainty of 0.0602°, and the TS
of the excess increases to 81.5. The new position of the y-ray excess is no longer
coincident with the position of the X-ray binary GRS 1741.2-2859, and therefore it

is highly unlikely that this excess represents ~y-ray emission from the LMXB.

8.2.6 XTEJ1748-288

XTE J1748-288 (Smith et al. 1998, Hjellming et al. 1998 and Strohmayer et al.
1998) (henceforth XTE17) is a LMXB and Galactic microquasar with a suspected
black hole accretor in orbit around an unclassified stellar companion. XTE17 is an

X-ray transient, with the last microquasar outburst occurring in 1998, outside the
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8.3. The 1° to 2° LMXBs

Fermi-LAT observation period, although recent observations in the radio waveband

indicate the possibility of faint emission (Hyman et al., 2021).

I note a persistent weak ~-ray excess from the position of XTE17 with TS =
11.9 (z = 3.40) over the 13 years of Fermi-LAT data, however there is significant
variable activity in the light-curve of the excess, with bins reaching a peak TS of 60.
This light-curve is shown in Figure 8.16 together with the Swift-BAT hard X-ray
daily light-curve, which shows the source in a quiescent state. The closest sources
to this excess are 4FGL J1746.4-2852 (PWN G0.13-0.11, TS = 1374 and an angular
offset from the excess of 0.536°), the unknown source 4FGL J1748.3-2906 (TS =
345, angular offset: 0.636°) and the Sgr A* associated 4FGL J1745.6-2859 (TS =
19000, angular offset: 0.746°). None of these three ~-ray sources are apparently
variable given their variability indices in the 4FGL-DR2, indicating the excess

coincident with XTE17 is likely independent of these sources.

It is not possible to perform a spectral analysis or source localisation on the weak
excess in the 13-year dataset. Upon performing a full likelihood fit during the time
bin where TS = 60, I find the excess only has a TS of 13.4, again insufficiently
significant to perform spectral analysis or source localisation. Therefore whilst it is
likely that this excess is independent of nearby sources, there is a lack of evidence

to associate it with the microquasar XTE17.

8.3 The 1° to 2° LMXBs

In the region of 1° to 2° away from the Galactic centre, there are far more 4FGL
sources (17) and fewer LMXBs with coincident v-ray excesses than in the inner re-
gions of the Galactic centre. The 4 LMXBs with coincident excesses are: SLX 1744-
300, SAX J1750.8-2900, 4U 1735-28 and IGR J17497-2821 (Figure 8.17). As all four
of these systems are reasonably well removed from one another I consider their co-

incident excesses separately.
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Figure 8.16: Panel A shows the X-ray light-curve of XTE J1748-288 with daily
bins from Swift-BAT observations. Panels B and C show the energy flux and TS
of the ~-ray excess light-curve with approximately 6 monthly bins. Upper limits
on energy flux are placed on any bins where the TS < 4.
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Figure 8.17: A TS map of the Galactic centre calculated from the independent
Galactic centre analysis. This T'S map has 4° width and a spatial binning size of
0.1°. The icons on this map correspond to the legend in Figure 8.1. The outer
orange circle has a 2° radius whereas the inner yellow circles have radii of 1°, 0.25°
and 0.1° and correspond to those displayed in Figure 8.10. All circles, and the
map itself is centered on the geographic centre of the Galaxy (LII = 0°, BII = 0°).
In this section, I consider the 4 LMXBs enclosed by the orange circle, however
excluded by the yellow rings.

8.3.1 SLX 1744-300

SLX 1744-300 (Yamauchi and Koyama, 1990) (henceforth SLX17) is an LMXB with
an unclassified companion star and neutron star accretor, and is an X-ray burster
(Galloway et al., 2008). My analysis shows a ~-ray excess coincident with the
position of SLX 1744-300 with TS = 15.7, and several flux measurements in the
light-curve exceed the 20 level. SLX 1744-300 is extremely close to another LMXB,

SLX 1744-299 (Skinner et al., 1987) from which there is no coincident ~y-ray excess.

Figure 8.18 shows a TS map of the region around SLX 1744-300; there are two
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Figure 8.18: A TS map centered on the position of SLX 1744-300, with 2° width
and spatial binning of 0.1°. Here the white cross represents the X-ray position of
SLX J1744-300, the blue crosses represent 4FGL sources, the green crosses represent

uncatalogued sources and the orange circle represents the extent of the extended
source 4FGL J1745.8-3028e.

sources very close to the position of the excess. The first and more significant is
the pulsar 4FGL J1747.2-2957 (a.k.a. PSR J1747-2958), which has a high TS of
5950 (77.10) and is offset 0.085° from the position of SLX17. The second, and far
less significant, is the unassociated source 4FGL J1747.8-3006, T'S = 21.1 and an
offset of 0.120°.

The low significance of the SLX17 excess means that meaningful spectral analysis
and positional localisation are not possible, nor is a search for orbital modulation
given the orbital period of the system is unknown. It is likely that this v-ray excess
is the product of source confusion with either of the nearby sources, more likely

the pulsar given its very significant y-ray emission and closer proximity.
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Figure 8.19: Panel A shows the X-ray light-curve of SAX J1750.8-2900 with daily
bins from Swift-BAT observations. Panels B and C show the energy flux and TS
of the ~-ray excess light-curve with approximately 6 monthly bins. Upper limits
on energy flux are placed on any bins where the TS < 4.
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8.3.2 SAX J1750.8-2900

SAX J1750.8-2900 (in’t Zand et al. 1997 & Bazzano et al. 1997b) (henceforth
SAX17) is a transient neutron star LMXB, known for its Type-I thermonuclear
X-ray outbursts (e.g Natalucci et al. 1999 & Allen et al. 2015). No orbital period is
known for the system, and although a variable infrared source has previously been
associated with SAX17, no spectral type for the companion star is known due to

the high rate of dust extinction hindering observations (Torres et al., 2008).

My analysis shows no significant, persistent y-ray excess, however the light-curve
condition is satisfied for this source, indicating that there is some significant ~-ray
emission in the bins of the light-curve. Figure 8.19 shows the light-curve at the
position of SAX17 together with Swift-BAT data. There is no correlation between
the X-ray and ~-ray data. The source itself has largely been in quiescence since
2011, although its X-ray flux is known to be variable at softer energies than the

BAT measures. MAXI data are not available for this system.

The two nearest 4FGL sources to SAX17 are 4FGL J1748.3-2906 (T'S = 341, angular
offset: 0.446°) and 4FGL J1752.3-2914 (TS = 105, angular offset: 0.467°). Neither
of these sources have a known multi-wavelength counterpart, or a known source
type in the 4FGL, and neither of them is variable on monthly timescales. My results
show there may be some very tentative evidence for variability from the position of
SAX17 that is unlikely to be associated with nearby catalogued sources. However,
given that SAX17 lies close to the Galactic centre, and there is no multi-wavelength
correlation between the y-ray bins and any other waveband, there is also insufficient

evidence to associate this weak transient excess with SAX17.

8.3.3 4U 1735-28

4U 1735-28 (Kellogg et al., 1971) is a transient LMXB system with a possible neut-
ron star accretor, unclassified companion and no known orbital period (Campana

et al., 1998). There is no persistent v-ray excess coincident with the position of
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Figure 8.20: The Fermi-LAT light-curve of the position of 4U 1735-28. Panels A
and B show the energy flux and TS of the v-ray excess light-curve with approxim-
ately 6 monthly bins. Upper limits on energy flux are placed on any bins where
the TS < 4.

4U 1735-28, however the light-curve condition is fulfilled at the position of the
LMXB, indicating some level of y-ray emission spread across the bins of the light-

curve.

Figure 8.20 shows the Fermi-LAT light-curve of the position of 4U 1735-28, in
which there are 4 bins with significances in the 20 < z < 3¢ range, and upper
limits otherwise. No multi-wavelength data are available during this period*, and

thus it is not possible to associate these (weak) flux points with 4U 1735-28.

The nearest 4FGL source to 4U 1735-28 by angular offset is the unidentified, and
non-variable, source 4FGL J1739.7-2836 (TS = 105, angular offset: 0.286°). Given

the close proximity of this source to the position of 4U 1735-28, and the inability

* Swift-BAT very recently began observing this source, however there is no useful data available
for my time period.
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to localise any y-ray excess, I conclude that the emission seen in the light-curve of
4U 1735-28 is likely a false positive caused by source confusion with 4FGL J1739.7-

2836.

8.3.4 IGR J17497-2821

IGR 17497-2821 (henceforth referred to as IGR1749) (Soldi et al., 2006) is a hard X-
ray transient LMXB, or possibly a HMXB according to the WATCHDOG database
(Tetarenko et al., 2016). IGR1749 consists of a black hole accretor alongside an
unclassified companion, so wind interactions are impossible for this system (Walter
et al., 2007). There is no persistent ~-ray excess coincident with the position of
IGR1749, however the light-curve condition indicates some level of y-ray emission

spread across the bins of the light-curve.

Figure 8.21 shows the Fermi-LAT and Swift-BAT light-curves of IGR1749, where
two bins in the 3.50 < z < 40 range are seen in the LAT light-curve. It is unlikely
that these arise by chance coincidence given there are only 25 bins in the light-
curve. However, no significant X-ray emission has been seen from this LMXB
since its initial discovery in 2006, and no significant enhancement is observed with

Swift-BAT during the LAT observation time.

The three closest 4FGL-DR2 sources by angular offset to IGR1749 are the super-
nova remnant 4FGL J1749.5-2747 (SNR G001.4-00.1, TS = 81.6, angular offset:
0.569°), the unassociated 4FGL J1748.3-2906 (TS = 326, angular offset: 0.800°),
and the pulsar wind nebula 4FGL J1746.4-2852 (PWN G0.13-0.11, TS = 1330, off-
set: 0.871°). None of these sources are variable according to their 4FGL variability
indices, hence it is very unlikely that ~-ray flaring from one of these objects is

causing source confusion at the position of IGR1749.

As a black hole, one would expect y-ray emission to correlate with an X-ray out-
burst (i.e. as a microquasar outburst), however as this is not the case with regards

to either of the y-ray flux bins, it is unlikely that this emission originates from this
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Figure 8.21: Panel A shows the X-ray light-curve of IGR J17497-2821 with daily
bins from Swift-BAT observations. Panels B and C show the energy flux and TS
of the ~-ray excess light-curve with approximately 6 monthly bins. Upper limits

on energy flux are placed on any bins where the TS < 4.
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system unless via a previously unseen mechanism, such as stellar-scale black hole
wind emission (Ajello et al., 2021b), is responsible. There is therefore no evidence
to associate the two excess bins in the light-curve with IGR1749, or with any known
4FGL source. It is possible that these excesses are caused either by a previously

undetected ~vy-ray emitter in the Galactic centre.

8.4 Summarising the Galactic Centre LM XBs

We see v-ray excesses coincident with 18 LMXBs in the Galactic centre, defined
as a 3° circle centered on LII = 0°, BII = 0°. These excesses are a mix of those
transient or variable 7-ray excesses as indicated by the fulfillment of the light-
curve condition, or persistent excesses where TS > 9. Many of these LMXBs are
transient, poorly understood systems, and it is likely one only sees such systems
in X-rays because there are a great number of them present in the Galactic centre
stellar population. This increases the difficulty in associating -ray emission with
individual systems, as X-ray data is not available. Furthermore, source confusion is
responsible for many false positives, particularly within the innermost regions of the
Galactic centre where r < 0.25°, many associated with 4FGL J1745.6-2859/Sgr A*
and the pulsar wind nebula 4FGL J1746.4-285/PWN G0.13-0.11/HESS J1746-285.

The only systems where there may be a possibility of y-rays originating from an
LMXB are SAX J1750.8-2900 and the black hole candidate IGR J17497-2821, where
there appears to be no source confusion. It must be stressed that in these cases,
no persistent y-ray excess is identified and that the only evidence for emission is
the spatial coincidence itself. Furthermore, given the column density (and thus
the strong potential of v+ absorption) of the Galactic centre, there are likely many
other unresolved v-ray sources which could cause source confusion at the position

of these LMXBs.
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Figure 8.22: The eighth labour of Heracles, stealing the flesh-eating mares of
Diomedes, King of Thrace. By Jean Baptiste Marie Pierre (1752).
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CHAPTER 9

Synthesising the X-ray Binary

Population

I have examined the X-ray binary population using Fermi-LAT, and whilst some
promising indications of «-ray emission are seen from a number of new systems,
particularly amongst the HMXBs, the vast majority of the X-ray binary population
is still not known to emit any detectable y-rays. In this chapter, I examine the
XRB population (both high and low mass) which are already known to emit ~-
rays independently of the survey given in Chapters 5 - 8. All of these XRBs have
associated 4FGL sources in the 4FGL-DR3, although to remain consistent with the
analysis of chapters 5 - 8, the 4FGL-DR2 is used for analysis of the Fermi-LAT data,
allowing the 4FGL-XRB population to be examined alongside the survey results.
Any common features of the y-ray emitting XRB population can be deduced as
part of a population synthesis, the goal of which is to understand why only such a

small number of XRBs are y-ray emitters.

9.1 The 4FGL-XRB Population

There are 30 y-ray emitting binary star systems included in the 4FGL-DR3, ex-

cluding binary pulsar systems where the companion star has little impact on the
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Binary Name 4FGL Name Mass LIT BII
LMCP3 4FGL J0535.2-6736  High 277.7525° —32.1602°
PSR B1259-63 4FGL J1302.9-6349 High 304.1965° —0.9868°

4FGL J1405.1-6119 4FGL J1405.1-6119  High 311.6595° 0.2836°
1FGL J1018.6-5856 4FGL J1018.9-5856  High 284.3546° —1.6849°

LS 5039 4FGL J1826.2-1450 High  16.8810°  —1.2906°
HESS J1832-093 4FGL J1832.9-0913 High 22.6177°  —0.1387°
HESS J0632+057 4FGL J0632.84-0550 High 205.6115° —1.4479°

Cygnus X-1 4FGL J1958.5+3512 High  71.3544° 3.0366°
Cygnus X-3 4FGL J2032.6+4053 High 79.8143° 0.6347°
LSI +61 303 4FGL J0240.5+6113 High 135.6802° 1.0876°

4FGL J0540.0-7552 4FGL J0540.0-7552  Low  287.2820° —30.5822°
1SXPS J042749.2-670434  4FGL J0427.8-6704 Low  279.1443° —38.5517°
25 0921-630 4FGL J0407.7-5702  Low  281.7689°  —9.4007°
4FGL J0407.7-5702 4FGL J0407.7-5702  Low  267.7967° —44.4116°
1RXS J154439.4-112820  4FGL J1544.5-1126 Low  356.1769°  32.9939°
PSR J1023+0038 4FGL J1023.74+0038 Low  243.4800°  45.7825°
4FGL J0336.0+7502 4FGL J0336.04+7502 Low  133.0828°  15.5279°
2SXPS J094023.5-761001  4FGL J0940.3-7610  Low  292.2483° —17.4495°

Table 9.1: The 4FGL X-ray binaries which are analysed in this chapter. The
‘binary name’ column refers to the most common name of each system, whilst the
‘4FGL Name’ gives the name from the 4FGL-DR2. Where the ‘4FGL Name’ and
‘Binary Name’ columns equal each other for a source, this indicates that a binary
was first discovered by Fermi-LAT, rather than at another waveband and that the
4FGL name is the most commonly used designation for this system. The ‘Mass’
column refers to the mass of the companion star, and indicates whether a system is
considered a high mass X-ray binary or a low mass X-ray binary in the 4FGL-DR3.
LIT and BII give the Galactic coordinates of each system.

production of y-rays. Of these 30 systems, 11 are colliding wind binaries, classical
novae or other systems, and the remaining 19 are XRBs; eleven of these are HMXBs
and 8 are LMXBs. In this Chapter, we analyse 18 of these 19 XRBs (Table 9.1).
The one 4FGL-XRB not analysed is the HMXB 1RXS J172006.1-311702/4FGL
J1720.0-3117c¢; this system is excluded so that the 4FGL-DR2 can be used in the
analysis to maintain consistency with the previous analyses from Chapters 5 - 8, as
this system was only added in the 4FGL-DR3, and therefore it is not included in
the catalogue I used for analysis. All of the XRBs listed in Table 9.1 are Galactic
sources with the exception of LMCP3, which is located in the Large Magellanic
Cloud. The majority of the 4FGL-XRB population is not included in the Liu et al.

(2006) and Liu et al. (2007) catalogues, as these systems were first discovered by
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9.2. Fermi-LAT Observations of the JFGL-XRBs

4FGL-XRB Observation Period (Dates) 04/08/2008 - 26/07/2021
4FGL-XRB Observation Period (MET) 239557417 - 648950405
4FGL-XRB Observation Period (MJD) 54682 - 59421
Energy Range (GeV) 0.1 - 500
Data ROI width 10°
Model ROI Width 15°
Zenith Angle < 90°
GTI Filter DATA_QUAL>O && LAT CONFIG==1
Instrument Response P8R3_SOURCE_V2
Isotropic Diffuse Model iso_ P8R3_SOURCE V2 _vi1
Galactic Diffuse Model gll_iem_vO7
Point Source Catalogue 4FGL-DR2
Extended Source Templates 8 Year Templates

Table 9.2: The parameters used in the likelihood analysis of the regions of interest
around the 4FGL X-ray binary systems.

Fermi-LAT, which first launched in 2008 after the publication of the catalogues.

9.2 Fermi-LAT Observations of the 4FGL-XRBs

I analyse the 4FGL-XRBs in a similar way to the survey analysis performed in
Chapter 5. The parameters for this analysis are given in Table 9.2, and again I use

Fermipy 0.19.0 alongside Fermitools 1.2.23 to analyse the data.

A model centered on the 4FGL source of each XRB in Table 9.1 is created and
fitted with MLE using the method described in Chapter 5. The only difference is
that no point source is fitted to the centre of the ROI, as the XRBs are already
added to the models with prior parameters from the 4FGL-DR2. Having fitted
the model to the data, I then generate a TS map and residual map to check the
quality of the modelling. Finally, in the case of each XRB an SED is produced,
and a light-curve is generated with 25 bins (approximately 6 months in length).
The SED for each XRB is given in Appendix G, and the light-curve for each XRB

is given in Appendix H.
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9.3 The High Mass X-ray Binaries

Each of the high mass X-ray binaries is detected more significantly in my analysis
than in the 4FGL-DR3*. The TS values and corresponding z-scores are given in
Table 9.3 alongside the 4FGL-DR3 detection z-scores for reference. The factor
by which the analysis z-scores increases over the 4FGL values varies considerably,
with a marginal increase in the case of Cygnus X-1 (9.40 to 9.50) to increases by
a factor of 2 to 3 in cases such as PSR B1259-63 and Cygnus X-3. Several of these
4FGL-HMXBs (Cyg X-1, Cyg X-3, LS 5039 and LSI +61 303) are also analysed in
Chapter 5 over a slightly shorter timescale, where we see a similar increase in TS

value.

Spectra are generated for each of the 4FGL-HMXBs, with the number of bins
based on available photon statistics (i.e. more significant sources have narrower
bins). Each binary is fitted well by either a soft power law or a log-parabola.
Unsurprisingly, the spectral shapes match those in the catalogue; I use 13.5 years of
data for analysis whereas the 4FGL-DR3 uses 12, only a relatively modest increase
in observation time. Additionally, the X-ray binary population is not generally

known to have spectral variability, so such behaviour would have been unexpected.

Given that the majority of the HMXB population is expected to harbour a neut-
ron star, some of which may be pulsars (themselves ~-ray emitters), one cannot
discount the possibility that the pulsars within binary systems are emitting v-rays
independently of any wider interactions with the companion stars. It would be ne-
cessary to reclassify such systems as «y-ray pulsars (which are serendipitously part
of a binary), rather than ~-ray emitting X-ray binaries. Pulsars however, have a
unique spectral shape when compared to other v-ray sources: a power law with a

super-exponential cut-off’. As none of these binaries have such a spectrum, we can

*The catalogue z-scores are taken from the 4FGL-DR3, although the DR2 is used for analysis.
This is because the DR3 provides a more up-to-date and accurate z-score than the DR2, which
better reflects the values calculated in my analysis.

fThere are several different spectral models called ‘power law with a super-
exponential cutoff’ used in the analysis of Fermi data. I wuse the PLSu-
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9.3.1. The vy-ray Emitting Microquasars

be reasonably confident that their emission is not dominated by pulsar emission,
at least in the cases where photon statistics are significant enough to calculate the
spectral model and parameters of the binary accurately enough. Pulsations in the
~v-ray data would also be a key indicator of pulsar dominated ~-ray emission; this

is not seen in any of the binaries listed in Table 9.3.

9.3.1 The y-ray Emitting Microquasars

In general, there are two broad populations of v-ray emitting HMXBs shown in
Table 9.3, the smaller of which is the microquasars. Two of the known eleven
4FGL-HMXBs are microquasars, Cygnus X-1 and Cygnus X-3. Neither of these
sources is detected at VHE, and Cyg X-1 has a power law spectral shape, whereas

Cyg X-3 has a log-parabola spectrum.

Cyg X-1 is one of two «-ray emitting X-ray binaries where there is solid evidence for
a black hole accretor (Fabian et al., 1989), the other being SS433 (Section 9.3.1.1).
The system is persistently observed in the v-ray regime whenever a jet is known
to be present, but there is no observed link between the ~-ray emission and the

hardness-intensity cycle in this system (Zanin et al., 2016).

Cyg X-3 is expected to have a low mass black hole companion, although there is
still debate over this (Shrader et al. 2010 & Zdziarski et al. 2013). CygX-3 is a
unique system as it contains the only known Wolf-Rayet star in an X-ray binary
system. Unlike in Cyg X-1 where 7-ray emission is persistent, in Cyg X-3 it
is highly variable and is associated with the transition from the hard state into
the soft state, typically where highly relativistic discrete ejecta (‘blobs’) are seen
moving down the jet, which cause radio flares (Corbel et al. 2012 & Bodaghee
et al. 2013). Cyg X-3 has an orbital period of 4.8 hours (Bhargava et al., 2017) and
orbital modulation is seen in the ~«-ray data which is consistent with this period

(Abdo et al., 2009b). Whilst orbital modulation is typically seen in X-ray binaries

perExpCutoff2 model, the full description of which can be found here: ht-
tps://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source__models.html
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9.3.1. The vy-ray Emitting Microquasars

as a result of wind-wind interactions (i.e. in «-ray binaries), in this case the orbital
modulation originates from the jets. This implies that the y-ray emission zone in

the jet must be reasonably close to the central compact object.

What ties these two systems together is that the vy-ray emission originates in the
jet. Indeed, as Cyg X-1 and probably Cyg X-3 have black hole companions, a
wind-wind interaction between a pulsar wind and stellar wind is impossible, at
least in the case of CygX-1. The presence of orbitally modulated ~-ray emission
in Cyg X-3 is typically an indicator of a companion star (in this case a WR star
with powerful stellar winds) and a neutron star wind. Hence, one cannot rule out
some wind-wind contribution to the y-ray emission in this case, although correlated
variability with the radio activity of the jet indicates that the ~-ray emission in

Cyg X-3 is jet dominated.

There has been debate as to whether the «-ray emission from microquasar jets
originates from leptonic or hadronic mechanisms, although it is now established
that the more likely cause of the v-ray emission in CygX-1 and Cyg X-3 is leptonic
(Bosch-Ramon and Khangulyan 2009 & Zanin et al. 2016). In the leptonic scenario,
the electrons in the jet transfer their energy to the surrounding photon field through
inverse-Compton scattering thus producing y-rays (Chapter 3). The seed photon
field could originate from a number of places; close to the compact object it is likely
to be dominated by thermal emission from the accretion disc, whereas further away
from the black hole it is likely to be dominated by emission from the companion star
(Kafatos et al. 1981 & Romero et al. 2014). Additionally, if there is a synchrotron
component to the jet emission, these synchrotron photons which originate from
the jet electrons could re-interact with them and upscatter into «-ray emission via
synchrotron self Compton emission (Ghisellini, 2013). Given that y-ray emission
is seen to peak when discrete blobs (where the electron Lorentz factor, I' > 2)
move down the jet in CygX-3, it thus follows that the 7-ray emission in these

microquasars is caused by inverse Compton scattering from the jet.

What is unclear is why only these two microquasars (again, excepting SS 433) are
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9.3.1.1. The Ezceptional SS 433

seen to be y-ray emitters when there are now a number of microquasars which
we have seen to go through similar behaviours. In Chapter 4 we examined the
case of V404 Cygni and its giant outburst in 2015. Like Cyg X-1 and Cyg X-3 this
system contains a stellar mass black hole, although the companion star is low mass,
so that accretion will occur through Roche lobe overflow rather than stellar wind
accretion. The AGILE data show a weak 7-ray excess corresponding to the hard
to soft state change, where jet blobs are expected to occur. However, there is
no evidence for y-ray emission with Fermi-LAT, following my analysis (Chapter
4), and the AGILE data remain the only hint of «-ray emission from this system.
Other famous high and low-mass microquasars are covered in the «-ray survey and
no evidence for emission is found from any of these sources*. CygX-3 is unique in
that it has a massive hot WR companion star, however the Cyg X-1 system has an
O-type companion with stellar mass of 20M +5M, (Zidtkowski, 2005), which isn’t
unusual amongst the HMXB population. It is also unlikely that distance plays a
major part in the detection of these source, as whilst Cygnus X-1 is relatively close
by (2.25 kpc), so are other microquasars such as V404 Cygni (2.39 kpc) where no
~-ray emission is detected. furthermore, the other two ~-ray emitting microquasars
are considerably further away; SS 433 at 5.5 kpc and Cyg X-3 at 7.4 kpc. Without
further data, and further microquasar detections at ~y-ray wavelengths, it is not

possible to determine why Cyg X-1 and Cyg X-3 in particular are y-ray emitters.

9.3.1.1 The Exceptional SS 433

SS 433 is a HMXB which has a black hole accretor of approximately 19Mq + 7Mg
(Gies et al., 2002), and a massive A3-71 type donor star of mass 10.9Mg + 3.1M
and an orbital period of 13.1 days (Hillwig et al., 2004). SS433 is a unique system
amongst the X-ray binaries for a number of reasons. It is located in the centre if

the W50 nebula, a remnant of the compact object supernova.

*A false positive is observed from GRS 19154105 but there is no evidence to associate this
with the binary itself beyond spatial coincidence.
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9.3.1.1. The Ezceptional SS 433

SS 433 is a supercritical Eddington accreting X-ray binary, the only such system
to have been observed within our Galaxy (ULXs are strong candidates for ex-
tragalactic super-Eddington accretors). The relativistic jets typically associated
with accretion above the Eddington limit have been seen consistently since the
system’s discovery (Okuda, 2002), and giant radio outbursts are seen of similar
nature to those of Cyg X-3 (Jeffrey et al., 2016). The jet speeds are known to reach
velocities as high as 0.32¢ during such outbursts, so particles must be accelerated
to highly relativistic velocities in these jets. In addition to the 13 day orbital time
period, the precession of the system is seen in the jet and as a result the jet and

counterjet form a corkscrew pattern on the sky.

SS 433 is not a catalogued source in any iteration of the Fermi-LAT point source
catalogues, but nonetheless is a known Fermi-LAT ~-ray source. SS433 was first
identified to be a y-ray emitter with the LAT in 2015, and has subsequently been
identified in a number of studies, where evidence for both the precession and orbital
periods have been identified in the y-ray data (Bordas et al. 2015, Xing et al. 2019,
Rasul et al. 2019, & Li et al. 2020). This emission is very soft and terminates below
1 GeV. The v-ray emission is also found to occur not from the central SS 433 binary
itself, but offset towards the easternmost jet termination region. The consensus is
that this is likely due to collisions between accelerated jet protons and the cold
material in the regions surrounding SS 433 (e.g. Bordas et al. (2015)), although
the presence of periodicity suggests that the emission region may lie closer to the
central black hole (Rasul et al., 2019). SS433 is also seen at TeV energies with
the High Altitude Water Cherenkov Observatory (HAWC), where the emission is
localised in both the east and the west termination shocks 40 pc away from the

binary itself (Abeysekara et al., 2018b).

Given that the vy-ray emission in SS433 is well localised to the termination shocks,
the mechanisms for y-ray production in this system are fundamentally different to
those of CygX-1, CygX-3 and any possible emission in V404 Cygni. Furthermore,

as SS 433 is a unique supercritical source, it is exceptional amongst X-ray binaries.
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9.3.2. The ~vy-ray Binaries

9.3.2 The y-ray Binaries

The second, and much larger, group of y-ray emitting XRBs is the «-ray binaries.
Whilst traditionally ‘y-ray binary’ referred to any X-ray binary with the peak of
its emission in the +-ray waveband, I use it to refer to XRBs where v-rays are
produced by some means other than a jet (i.e. not a microquasar), regardless of
where the peak of their emission lies on the EM spectrum. This group is made up
of PSR B1259-63, 4FGL J1405.1-6119, 1FGL J1018.6-5856, LS 5039, HESS J1832-
093, HESS J0632-+057, LSI +61 303 and the extragalactic source LMC P3. Unlike
the microquasars, which are not detected at VHE, all of the aforementioned sys-
tems are, with the exceptions of 4FGL J1405.1-6119 and 1FGL J1018.6-5856. The
detection significances of the ~-ray binaries varies widely, from the weakly detected
HESS J06324-057 at 6.10 to the extremely luminous and significant LSI+61 303
at 4170. In all of the cases discussed here, it is thought that interactions between

a pulsar wind and a companion’s stellar wind is causing the shocks which produce
~y-rays.

Smaller stars are more common than larger stars, thus it is expected that more X-
ray binaries have neutron star accretors (with masses below the 2.16 M, limit set by
neutron degeneracy pressure) than black holes. Whilst the picture is slightly more
complicated than the initial mass function describes (accretor mass is lost during
the formation supernova and then regained through accretion from the companion),
this prediction is generally true (Belczynski and Ziolkowski 2009 & Tetarenko et al.
2019), and is reflected in the nature of the accretors seen in Table 9.3. However,

only a small number of NS-systems are known to emit y-rays and it is unclear why.

Four candidate sources show evidence for v-ray emission in my HMXB survey:
SAX J1324.4-6200, GRO J1008-57, 1A 05354262 and RX J2030.54+4751. All of
these have confirmed or suspected neutron star accretors, like the rest of the ~-ray
binary population, and the one source from which a spectrum can be obtained

(SAX J1324.4-6200) yields a spectrum consistent with known 4FGL-HMXB spec-
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9.3.2.1. Orbital modulation in y-ray binaries

tra, a soft power law. None of these systems are known microquasars. Including
these four candidate sources with the 4FGL ~-ray binaries results in 13 systems

with neutron star accretors, with a diverse set of characteristics between them.

9.3.2.1 Orbital modulation in ~v-ray binaries

Orbital modulation is a universal feature amongst the 4FGL ~-ray binaries, and
distinguishes these systems from the microquasars*. These are LS5039 (Abdo
et al., 2009¢), PSR B1259-63, (Chang et al., 2018), LMC P3 (Corbet et al., 2016),
4FGL J1405.1-6119 (Corbet et al., 2019), 1FGL J1018.6-5856 (Ackermann et al.,
2012) and LSI +61 303 (Abdo et al., 2009a) where the flux peaks just after peri-
astron, HESS J0632+057 (Adams et al., 2021) which shows modulation but has
an poorly understood ephemeris, and possibly HESS J1832-093 (Marti-Devesa and
Reimer, 2020). Additionally, the y-ray binaries also sometimes display a smaller
peak preceding apastron. The spectra of the y-ray binaries are not known to vary

by orbital phase.

Orbital modulation is the strongest piece of evidence for association of an HMXB
with a «-ray excess. I search for orbital modulation in the candidate HMXBs from
the survey where possible, and generate phased light-curves for 1A 05354262 and
GRO J1008-57, both of which show some evidence for orbital modulation in their
emission. In the case of 1A 0535+252, a 3.50 excess is seen in the bin immediately
following periastron, and no emission is seen in any other bin. This corresponds to
the orbital phase where the flux peaks in the majority of the 4FGL ~-ray binaries,
and is strongly suggestive of orbital modulation in the excess. Additionally, there
may be some correlation between v-ray emission and the Type-II X-ray outbursts
in this system, but this is tenuous. The case of GRO J1008-57 is more complex.
We see evidence for «-ray emission both preceding and following periastron, but

with a lag in phase of approximately one bin. Whilst it is expected that there is

*As previously mentioned and indicated in Table 9.3, LS 5039 and LSI 461 303 may also be
microquasars, although it is likely that their v-ray emission is dominated by wind-wind interac-
tions.
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9.3.2.2. VHE emission from y-ray binaries

a small lag between periastron and the y-ray peak, the size of the lag in this case
is unusually long. Additionally, a small peak is seen at apastron, which is seen
in other systems. Although the TS of the excesses associated with both are too
low to claim a formal detection, the pattern of orbital modulation in both cases is

indicative of these systems being y-ray emitters, like the 4FGL ~-ray binaries.

As orbital modulation is the distinguishing feature of these systems, it is the optimal
way of identifying new 7-ray binaries as is shown in Chapter 6, and also in studies
such as Corbet et al. (2019). Unfortunately, many HMXBs have no identified
orbital period, and blind searches for modulation in the LAT data can be difficult
given that ~-ray sources tend to have low photon statistics and the LAT is not
very sensitive to rapid variability. Furthermore, in many cases the orbital period in
many systems is so short that producing a phase folded light-curve is not possible,
as the uncertainties in the ephemeris are too large. Nonetheless, it is likely that at

least some of the many unidentified sources in the 4FGL-DR3 are y-ray binaries.

9.3.2.2 VHE emission from y-ray binaries

Many of the y-ray binaries are VHE emitters, a feature unique to these sources, as
no microquasars are seen at TeV energies other than emission from the termination
shocks of SS 433 seen with HAWC (Abeysekara et al., 2018b). Dubus (2013) and
Dubus (2015) provide an in depth review of the 7-ray properties of these systems,
where it is universally seen that the TeV component of the ~-ray binaries’ spectra is
part of the inverse Compton peak, whilst the Fermi-LAT observations form either
part of the inverse Compton peak, the synchrotron peak, or both, depending on
the binary in question. In many cases with Fermi-LAT, upper limits are seen at
approximately E > 10GeV as the instrument is not sensitive enough to provide
accurate flux measurements, particularly as this energy range tends to lie in the
dip between the synchrotron and inverse Compton spectral components. TeV de-
tectors such as H.E.S.S., MAGIC and VERITAS however all have a much better

instantaneous sensitivity than Fermi-LAT, and are therefore better suited to prob-
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9.3.3. Conclusions on the vy-ray emitting HMXBs

ing both the dip and Inverse Compton components of these sources. Unlike the
microquasars, it is not thought that the +-ray binaries have a hadronic component
to their spectra for a number of reasons, including that it is difficult to explain the
characteristic orbital modulations with hadronic models (Aharonian et al. 2006b

& Chernyakova et al. 2006).

In addition to the VHE emitting -ray binaries shown in Table 9.3, another system
has been identified at VHE energies: PSR J2032+4412, a pulsar-Be star system.
VHE emission was observed with VERITAS and MAGIC, with observations taken
over 19 months around periastron, on 17th November 2017 (Abeysekara et al.,
2018a). PSR J2032+4127 has a much longer orbital period than the binaries de-
tected with Fermi-LAT, at approximately 50 years (Ho et al., 2017). No modulation
is seen with Fermi-LAT*, likely due to magnetospheric masking of the GeV ~-ray

emission by the pulsar (Li et al., 2018).

The detection of a source with such a long period raises the possibility that many
more of the y-ray binary population may be transient. This is the most likely
explanation for the observed transient excess in SAX J1324.4-6200, which exceeds
the 50 detection threshold over an 18 month period, which could lie at periastron
if the system has a similarly long period. If this is the case, it would probably be

decades before a window of opportunity for observations was once again open.

9.3.3 Conclusions on the y-ray emitting HMXBs

The ~-ray emitting HMXBs are diverse, although all of them are observed with
Fermi-LAT apart from PSR J203244127. It is difficult to identify a universal
‘trigger’ for y-ray emission, as they are divided into two different subgroups with
different emission mechanisms, the jet-powered microquasars and the wind-powered
~-ray binaries. In both sub-classes it is likely that inverse Compton scattering is

the cause of v-ray emission (although jet models may also have a hadronic compon-

*The pulsar in this system is a 4FGL source, however Li et al. (2018) reports that it does not
vary in its emission at periastron.

259



9.3.3. Conclusions on the vy-ray emitting HMXBs

ent). Orbital modulation is seen in both the microquasars and the «-ray binaries,
although it is an almost universal feature of the y-ray binaries. Given the substan-
tial differences between the microquasars and wind-driven systems it is necessary
to treat them as separate populations, even though a neutron star microquasar
may also have wind-driven interactions. There is no evidence for a HMXB with

both wind driven and jet driven ~-ray emission.

The microquasar systems all vary significantly in their apparent properties. Cyg X-
1 and Cyg X-3 appear as point sources which implies that y-ray emission is taking
place relatively closely to the compact object (thought to be a black hole in all three
cases), but SS433 appears extended, with emission localised to the termination
shocks of the jets in both LAT data and at VHE. Rises in v-ray flux rates are
seen in all three systems corresponding with the giant radio flares associated with
the transition between the hard state and the soft state. Persistent emission is
seen in the supercritical SS433 (where the jets are persistent) and Cygnus X-1, but
not Cygnus X-3. In Cygnus X-3, no vy-ray emission is seen when the source is in
the hard state, despite the fact that I find the ~-ray emission from CygX-3 (TS =
1200) is more significant than from Cyg X-1 (TS = 89.9). This implies fundamental
differences between the individual y-ray emitting microquasars, and it is clear that
more detections of such sources need to be made at y-ray wavelengths to expand

the scientific understanding of these systems.

The v-ray binaries are the larger of the two groups, with nine sources included in
the Fermi-LAT catalogue, one with VHE emission only but no evidence for mod-
ulation in the LAT data, and four candidates identified in the survey presented
in Chapters 5 and 6. Orbital modulation is an almost universal feature of these
sources with at least some evidence for modulation in every 4FGL-DR3 system,
and at least two of the four candidate sources from the survey. Additionally, vari-
ability is seen from both SAX J1324.4-6200 and RX J2030.54+4751 which may be
suggestive of modulation on much longer timescales, similar to that seen in PSR

J2032+412. Searching for orbital modulation at the positions of X-ray binaries may
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help to reveal new systems, and similarly, orbital modulation found in any uniden-
tified Fermi-LAT sources would likely indicate new v-ray binaries. The emission
mechanisms are well constrained to be wind driven inverse Compton mechanisms,

unlike the microquasars where questions still remain to be answered.

9.4 The Low Mass X-ray Binaries

From the analysis of the 4FGL-XRBs, each of the low mass X-ray binaries is de-
tected at approximately” the same significance as their 4FGL-DR3 values. The TS
values and corresponding z-scores are given in Table 9.4. Like the HMXBs, the
spectrum of each LMXB is fitted with either a power-law or a log-parabola, all of
which match those in the 4FGL-DRS3.

9.4.1 Galactic latitude and its impact on v-ray emission

As mentioned previously, the LMXB population is spatially concentrated in glob-
ular clusters, the Galactic centre and otherwise across the Galactic plane. Con-
sequently, LMXBs generally have low absolute! Galactic latitudes, as shown in
Figure 9.1 which shows that the LMXBs included in the Liu et al. (2007) cata-
logue, have a mean absolute Galactic latitude of 5.85°, with 131 of the 187 LMXBs
lying within 5° latitude of the plane. Using Kernel Density Estimation (KDE), a
probability density function of the LMXBs’ absolute Galactic latitudes is calcu-

lated, shown in Figure 9.2.

As expected, the shape of the probability density curve maps the distribution of the
LMXBs in the histogram. As the absolute Galactic latitude represents a continuous
probability distribution, using the mean absolute latitude, we are able to calculate
a standard deviation from the mean of 9.39°, and therefore place 68% and 95%

confidence limits on the sample. These limits are shown on Figure 9.2.

*¢Approximately’ means to within £20% of the 4FGL-DR3 z-score
TFor clarity, by ‘absolute’ I mean the modulus of the Galactic latitude coordinate, as measured
in degrees on the sky.

261



Galactic latitude and its impact on y-ray emission

9.4.1.

"(dSIN) respd puosss{[rut
SUIUOT)ISURI) © ST WDISAS SIY) UL Iv)S UOIINSU o) Jey) sajeorpul pqe] (JSINY) oUL (HY) °[0Y Yor[q ® 10 (SN) IBIS UOIINSU ® SI WISAS
® JO 909[qo jorduiod o) ISYJoUM SOIROIIPUI UWIN[OD I0JDINOR 9], ‘WISISAS [[ORS JO SOJRUIPIOOD OIIOR[RL) 9} OAIS sSUWNod [[g Pu® [T
O, "wojsAs yoeo Jo wnigoads o) 0} uoryenbs 41 1s9q o) Jo suriojur odeys [e13oods oY, "CH-THAF OUJ Ul 90IN0S OB JO 90URIYIUSIS
[e219819R)S dY[} JO SULIOJUI 9100G-Z A oY, "Poled UOIJRAISSqO [[IJ 9} JOU PUR ‘JUSAD JUIISURI) © I0J PIJR[NO[Rd SeM OIISIIR)S ® JRl[)
sojeorpur 8eq (1],) oY, 'O[RISOUII} UOIPRAIISCO 1) SI ¢ Pur ¢ s1vjder) ur pasn siojourered sISAeUR o1} UOOMID( SOUIIDYIP O[0S O], ‘G
ydey) pue ‘uorgoss reddn oYy 10§ 109dey)) SIU) Ul POQLIISIP sIvjowrered SUIST SISATRUR AUI WO WDISAS [OorS JO 90URIYIUSIS [RITISI)RIS
oYY JO SULIOJUI SUWIN[0D 9100G-Z PuR G T, oY, "L Pu® G s1oydey)) ul pessnosip XN 21epIpurd AoNI[ 1SOW oY} REE-9Z]T S¥) SISI[ UOII09S
woj30q Y} PUe ‘SqYX-THAF oY} SIS 2[qe} oy3 Jo uonoes doj oy, ‘uorpemdod gy NT Sunye Aei-L o) jo soryredoad oy T, F'6 O[9BL

SN oCIF0°9— o05€°6 MRT-10M0 ] V/N (1)og¢  (11)9° L2 8€Z-978T SO
(dSINY) SN oS67F'LT— oE8¥T'T6C  ®loqeIed-807] 09°€7 09°€7 LS T00T9L-G'EZ0T60r SAXST
(dSINY) SN o6LTG'ST  o8C80°€ET  ®[oqeIR-807] ogree oT'¥E 0LTT 20GL+0"9¢€0r TOAT
(dSINY) SN oGZ8L'GF  L008F'€hg  eloqered-8o ¢l 00°18 0959 8€00+€201r MSd
(dSINY) SN o6E66'CE  o69L1°9G¢  ®loqeIR]-807] 0¢'€T 009 7.9 0Z8CTT-7 6EFFSIL SXUT
(dSIN®) SN oOTTFFF— oL96L°29C  MeT-Tomo] 079 079 '8¢ 20LG-L'LOFOr TOAY

SN oLO0T'6—  o689L°T8C  ®loqeIRd-807] 006 07’8 €29 0£9-1260 ST
(dSINY) SN LIGG'8E—  oEFPI'6LE  MeT-Tomog 07'8T 0¢°6g W9 $EF0L9-C67LTHOr SAXST
(dSINY) SN o2TSG0€— o0T8T'L8C  ®[oqeie-807] 0¢'GT 07'¢1 PLI 2GEL-0'0FSOr IOV

JI018100Y g 111 odeygq [e1wedg 0100G-z THAP  9100§-Z ST oureN Areurg

262



9.4.1. Galactic latitude and its impact on y-ray emission

1204

1004

No. of LMXBs
I

N
<

\)
-

0 20 40 60 80
Absolute Galactic Latitude (Deg)

Figure 9.1: A histogram of the absolute Galactic latitudes of the LMXB population
from the Liu et al. catalogue. The bin edges are 0°, 5°, 10°, 20°, 30°, 40° and 90°.
None of the 4FGL LMXBs are included in this sample, as they are not included in
the Liu et al. catalogue.

None of the 4FGL-DR3 LMXBs are included in Liu et al. (2007), as they were
all discovered after the publication of this catalogue. Therefore, the 4FGL-DR3
LMXBs represent a separate population to those which were surveyed in Chapters 5
- 8. Table 9.4 gives the Galactic latitude of each of these LMXBs, and by taking the
absolute value of these and calculating the mean, I obtain a mean absolute Galactic
latitude of 29.33° off the Galactic plane for the 4FGL-DR3 LMXB population,
which lies outside the 95% confidence figure (24.25°) for the LMXB population in
Figure 9.2. This indicates that it is likely that the 4FGL-DR3 LMXB population
is spatially distributed in a significantly different way to the bulk of the LMXB

population from the Liu et al. (2007) catalogue.*

*As GS1826-238 is not a confirmed ~-ray emitter, this LMXB is included in the Liu et al.
(2007) population, and not the 4FGL-DR3 population for the purposes of this statistical analysis.
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Figure 9.2: A probability density function of the absolute Galactic latitudes of the
Liu et al. LMXB population obtained through Kernel Density Estimation of the
population. The mean latitude of 5.85° is highlighted by the black dashed line,
with the 68% and 95% confidence intervals indicated by the grey dotted lines. The
purple dashed line indicates the mean value of the y-ray emitting LMXB population
included in the 4FGL-DR3. The 4FGL-DR3 LMXB population is not included in
the Liu et al. population.

I perform a 2-sample KS test (Equation 4.1) on the two latitude populations in order
to test whether they are drawn from the sample overall population (Kolmogorov
1933 & Smirnov 1948). From this test, I obtain a KS statistic of 0.856, which in
turn gives a p-value of 6.98 x 1079 that these two samples are drawn from the same
population. This indicates a statistical difference in the Galactic latitudes of the

4FGL-DR3 and Liu et al. (2007) LMXB populations to a 4.50 level.

As discussed in Appendix A, two populations of stars inhabit our galaxy. Popu-
lation I stars are generally young and inhabit the spiral arms of the Milky Way,

whereas Population II stars are generally older, and inhabit the central bulge, and
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globular clusters of the galaxy. This distribution generally matches the two mass
classes of XRB; the LMXBs are generally found towards the Galactic centre and
in globular clusters which suggests that these systems are old and therefore fur-
ther away. The HMXBs constitute much younger, and therefore closer, systems as
their massive companion stars have much shorter timescales, on the order of Myr,
rather than Gyr. If we act under the axiom that stars on the Galactic plane are
generally further away than those off the plane, we can extend this to the LMXBs.
Given that we have demonstrated that the majority of the LMXB population is
concentrated on the Galactic plane (and particularly towards the Galactic centre),
we can assume that the majority of these systems are a long way from the Earth.
The ~v-ray 4FGL-DR3 LMXBs however, are decidedly off-the-plane objects, there-
fore we can assume that, in general, these LMXBs are closer to the Earth than
those on the plane. The primary reason we see 8 LMXBs with Fermi-LAT out of
a population of several hundred is that we are seeing the systems that are nearby,

and therefore have the most intense v-ray flux.

9.4.2 The millisecond pulsar connection

The known population of «-ray emitting LMXBs exclusively harbours neutron star
accretors; all of the 4FGL-DR3 LMXBs are also transitioning millisecond pulsar
candidates (tMSP)* with two exceptions. These are 2S5 0921-630, where although it
is established that the neutron star is accreting from the companion, it is currently
unclear whether this neutron star is also a tMSP, and GS 1826-238, identified as a
candidate y-ray emitting LMXB in Chapter 7 which also hosts an accretion powered
neutron star that does not appear to be a tMSP. GS 1826-238 is an X-ray burster,

and would represent the first LMXB burster to be a confirmed ~-ray emitter.

It is highly unlikely to be a coincidence that the v-ray emitting LMXBs are primar-
ily tMSP systems. As Papitto and de Martino (2020) establish, tMSPs and tMSP

*As discussed in Chapter 3, a tMSP is a binary star system which appears to switch between
an accreting X-ray binary stage, and a radio MSP stage.
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candidates are rare; examining the known tMSP and candidate systems at the
time, they found 4 out of 9 of these tMSPs are 7-ray emitters in the 4FGL* with
CXOU J110926.4-650224 being spatially coincident with FL8Y J1109.8-6500f. Of
the 4 or 5 tMSPs which are not y-ray emitters, one is close to the Galactic centre
(XMM J174457-2850.3) and two are located in globular clusters (Terzan 5 CX10
and IGR J18245-2452), further away from Earth than the other y-ray LMXBs
(Section 9.4.1). In addition to the 9 tMSPs discussed by Papitto and de Martino
(2020), three more have been discovered since, all with y-ray emission. These are
4FGL J0540.0-7552 (Strader et al., 2021), 4FGL J0336.04+7502 (Li et al., 2021), and
2SXPS J094023.5-761001 (Swihart et al., 2021). Including these 3 sources, the total
tMSP population reaches 12 objects, 7 (8 if we include CXOU J110926.4-650224)

of which are v-ray emitting.

It is likely that there is a mechanism unique to the tMSP systems which is producing
~-ray emission in low mass X-ray binary systems. Given that y-ray emitting MSPs
are a well documented source class in the Fermi-LAT catalogues, and LMXBs
are otherwise not, it is logical to assume that the y-ray production in these tMSP
systems occurs primarily during the pulsar-like rotation powered phase where radio
emission is also seen, rather than the accretion powered X-ray phase. Given the
presence of synchrotron radio emission, it follows that the y-ray emission in these
tMSP systems is likely due to inverse Compton mechanism as is seen in the rest
of the ~-ray pulsar population (Lyutikov, 2013). Whilst many NS-LMXBs are
observed in the radio waveband, tMSPs are the brightest, which suggests that the
non-thermal emission in these systems may be stronger than the average NS-LMXB
(Bogdanov et al., 2018). This supports the idea that tMSPs are a unique 7-ray

emitting subclass of LMXB.

*These four LMXB/tMSPs are 1RXS J154439.4-112820, PSR J10234-0038, 1SXPS J042749.2-
670434 and 4FGL J0407.7-5702

fThe FL8Y was a preliminary source catalogue to the 4FGL with a very similar 8-year list of
sources, but utilised the 4-year background models of the 3FGL.
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9.4.3 Conclusions on the vy-ray emitting LM XBs

There are two features that the «-ray emitting LMXBs share; almost all are tMSPs
or tMSP candidates and they all have high absolute Galactic latitudes, indicating
that they are likely close to us. Given that tMSPs are rare objects as it is, the
fact that we see y-ray emission only from those nearby indicates that this class of
LMXB may generally emit y-rays in their rotation powered state, but that many of
these sources are too far away to obtain a measurable y-ray flux from with current

instrumentation.

Given that both MSPs and LMXBs are known to be concentrated in globular
clusters, which are themselves y-ray emitters, it is likely that some of the globular
cluster LMXB population is part of the tMSP subclass, and that even though
individual LMXBs cannot be identified, these sources contribute to the overall -
ray emission from globular clusters (which is thought to be dominated by MSPs).
Similarly, no evidence for «-ray emission from individual LMXBs in the Galactic
centre is found (Chapter 8), but as there is an apparent excess of GeV 7-rays in
the Galactic centre as a whole (Hooper and Goodenough 2011 & Ackermann et al.
2017) it is thought this may be produced by a population of MSPs (Hooper and
Mohlabeng, 2016). It is possible that the wider y-ray Galactic diffuse emission is
contributed to by the Galactic tMSP population that is too far away to be resolved

as point sources.

The exception to the ‘high-latitude, tMSP’ rule appears to be 2S 0921-630 (4FGL
J0921.7-6317), which is detected at 8.20. Whilst this source does have a neutron
star accretor, it is not a known tMSP, and it is detected at a relatively low Galactic
latitude of —9.4007°. There is no variability to associate 2S 0921-630 with the ~-
ray emission, which is based on spatial coincidence alone. The fact that it doesn’t
fit with the pattern of being a higher latitude tMSP may suggest that 25 0921-630
is erroneously associated with its y-ray counterpart, 4FGL J0921.7-6317. If 4FGL

J0921.7-6317 and 2S 0921-630 are, in fact, one and the same then it is likely that it
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is a wind-driven «-ray binary system, with shocks between the wind of the neutron
star and the Roche lobe of the companion star. This would represent the first
known ‘classical’ LMXB detected with Fermi-LAT; this would be a prime target

for VHE observations with a southern hemisphere observatory.

Detected in the LMXB survey in Chapter 7, GS 1826-238 is also a neutron star
LMXB with a low Galactic latitude, which is not a tMSP. GS 1826-238 is detected
over a 30 month time period to 5.3¢ in significance, presenting a similar case to
the HMXB SAX J1324.4-6200. If this transient excess is, in fact, associated with
GS 1826-238 then it is likely to be a wind-driven system, representing another low

mass y-ray binary.

Both V404 Cygni (Chapter 4) and GRS 19154105 (Chapter 7.12) are well studied
microquasars, where apparently significant excesses are observed to be coincident
with these systems. In the case of V404 Cygni, there is evidence to prove that
source confusion with a nearby blazar is responsible for the v-ray excesses seen
from the position of the binary. In the case of GRS 1915+105, evidence suggests
that the ~v-ray excess could be either part of a larger diffuse structure, or due to
source confusion. There is therefore little evidence to indicate that v-ray emission

originates from LMXB microquasar systems.

There is a large number of unassociated Fermi-LAT sources, and studies such
as Strader et al. (2021) and Li et al. (2021) have identified these as likely 7-ray
counterparts to tMSP systems. In addition to the tMSPs, 25 0921-630, and possibly
GS 1826-238, are likely wind-driven systems and are low mass counterparts to the
HMXB ~-ray binary population. It is likely that given the size of the companion
star, there is simply not enough power to cause wind-driven shocks in the majority
of NS-LMXBs which, coupled with the fact that LMXBs are generally further away
from the Earth than HMXBs, means that very few more are likely to be seen with

current instrumentation.
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9.5 Comparisons between the mass classes

It is clear that the y-ray emitting high mass and low mass X-ray binaries represent
fundamentally different populations to one another. The high mass systems are
mostly wind-driven v-ray binary systems, with several y-ray emitting microquas-
ars included, whereas the low mass systems are almost all transitional millisecond
pulsars. As a result, there are fundamental differences between the emission mech-
anisms of the high and low mass systems we observe, and also fundamental differ-

ences in the observed properties of these systems.

Microquasars are not exclusively high mass sources, however it is only the high
mass systems which are seen at y-ray wavelengths. There are numerous well known
low mass microquasars, including V404 Cygni, Cir X-1 and GRS 1915+105 which
have been explored in previous chapters but evidence for y-ray emission from these
systems is weak at best. It is difficult to understand why only the high mass systems
are seen to emit y-rays when the systems in question, Cyg X-1 (with persistent -
ray emission), CygX-3 (with a WR star) and supercritical SS433 are different
from one another. Given that it is expected that microquasars primarily emit ~-
rays through inverse Compton mechanisms, it may be the case that the photon
seed field may be too low in the y-ray producing region of the jet to produce a
flux measurable with current instrumentation in the low mass systems due to the

smaller, less luminous, companion stars.

In HMXBs, interaction between a stellar wind and a pulsar wind causes shocks
and subsequent ~-ray emission. In the vast majority of pulsar-LMXBs, there are
no powerful stellar winds from the companion, and accretion occurs through Roche
lobe overflow. In this case, the pulsar wind is often powerful enough to begin
companion ablation causing a spider binary system, and eventually, a millisecond
pulsar. It would therefore appear that the analogue to the HMXB v-ray binaries is
the transitional millisecond pulsar class, which represents the vast majority of the

~-ray emitting LMXBs. Both ~-ray binaries and tMSPS are powered by neutron
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star rotation and cannot be black hole systems.

With regards to the spatial distribution of the XRBs, both the high and low mass
systems tend to be concentrated on the Galactic plane, however given that the
HMXBs have more massive (Population I) companion stars, they generally lie in the
spiral arms of the Milky Way. The LMXBs (Population II) however are known to
be concentrated in the Galactic centre and the globular clusters, which are further
away from the Earth. An examination of the spatial distribution of the LMXBs has
revealed that the ~-ray emitting systems are statistically significantly concentrated
off-the-plane, implying they are nearby sources. Distance measurements*, where
available, imply that the HMXBs are largely nearby as expected, although some
HMXBs can be seen from great distances, as shown by the extragalactic source

LMCP3 in the Large Magellanic Cloud (Pietrzynski et al., 2013).

The vast majority of v-ray emitting HMXBs produce v-rays through shocks between
the pulsar winds and the winds of the massive companion stars. As the intensity of
shocks varies with the separation of the two binary stars, the v-ray emission of these
systems is orbitally modulated. The low mass systems switch between a rotation
powered pulsar phase and an accretion powered X-ray binary phase. In the absence
of a jet in the accretion powered phase (i.e. the system is not a microquasar), the
~-ray emission in these transitional millisecond pulsar systems is likely produced
by the inverse Compton scattering of photons in the pulsar magnetosphere. These
systems are closely related to the spider binaries in which the pulsar ablates the
companion star, and several LMXBs are also considered to be spider binaries. The
microquasars form a separate class of X-ray binary in which it is thought that the
~-rays are produced in the jet due via inverse Compton mechanisms, although some
models account for hadronic mechanisms too. In the case of the microquasars in
particular, further study of a larger population is required to establish the exact
nature of these sources, for which it is likely that more sensitive instrumentation

is required.

*See TeVCAT for a number of distance measurements, the literature otherwise.
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Figure 9.3: The ninth labour of Heracles, retrieving the Belt of Hippolyta, Queen
of the Amazons. By Antoon Claessens (Unknown Year).
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CHAPTER 1 O

Concluding Remarks and Future

Prospects

Having detailed my investigations, results and discussions in the previous chapters,
I present a summary of my conclusions in this chapter before discussing future
work. Finally, I discuss future ~-ray observatories, experiments and missions, and
the impacts that these may have on our understanding of v-ray emission from X-ray

binaries.

10.1 Summary of Investigation

I have performed an investigation of the X-ray binary population using the Fermi-
LAT data, supported by data from the X-ray telescopes Swift-BAT and MAXI,
and optical data from AAVSO. This was done by performing a survey of the X-ray
binary population using the Liu et al. (2006) and Liu et al. (2007) catalogues to
provide coordinates for the majority of the X-ray binary population, as well as using
entries from the 4FGL-DR2 and DR3 to analyse XRBs with known ~-ray emission,
as not all of these are included in the Liu catalogues. To test for y-ray emission
at the position of X-ray binaries, I use a log-likelihood hypothesis test to generate

a test statistic which gives the significance of any excess; light-curves are also
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generated at the position of each binary, and a mathematical light-curve condition
is defined to indicate whether any significant y-ray excess can be found in the bins
of the light-curve. In general, for most cases where there is a persistent excess,
the light-curve condition is also fulfilled and vice versa, however there are some
cases of a persistent excess only, or the light-curve condition being fulfilled without
a persistent excess being present at the position of an X-ray binary. In Chapter
9, I have identified fundamental differences between the high and low mass X-ray
binaries, and therefore conclude that these are fundamentally different populations
of y-ray emitter, with different emission mechanisms and spatial distributions. I

therefore consider them separately below.

10.1.1 High Mass X-ray Binaries

I identify 20 HMXBs where there is a coincident ~y-ray excess. I identify 8 of these
to be false positives, caused by either source confusion with a catalogued ~-ray

source, or poor positional localisation of a new source.

Of the remaining 12 excesses, 1 identify 4 which are likely new potential y-ray
emitting HMXBs. The remaining 8 non-false positive excesses lack any significant

evidence for association with their respective X-ray binaries.

Two of the four X-ray binaries stand out because there is evidence for orbital
modulation in their ~v-ray excesses: 1A 0535+262 and GRO J1008-57. In both
cases, there is some evidence for ~-ray emission at periastron, and in the case of
1A 05354262 all of the ~-ray flux from the persistent excess appears in the bin
proceeding periastron, strongly suggesting the likelihood of modulation. The light-
curve of GRO J1008-57 appears to be slightly noisier than 1A 0535+262, and an
excess is also seen at apastron in this case. The orbital modulation in both of these,
together with the apparent lack of a relativistic jet, leads to the conclusion that
these two HMXBs are likely «-ray binaries, although a clear detection cannot be

claimed as neither excess exceeds 50 in significance.
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The remaining two X-ray binaries do not have any evidence for orbital modulation,
but there is evidence for variability in their light-curves and both exceed the 50
level either as a persistent or transient excess. The first system is the neutron
star HMXB SAX J1324.4-6200, where a 5.40 «-ray excess is seen over an 18 month
period, no flux being measured in any other light-curve bins. This transient excess
has a soft power law spectrum typical of HMXBs, and is well localised to the
position of the binary. No multi-wavelength data are available for this source,
hence it is impossible to claim a firm detection, however it is likely that this excess
represents periastron in a long-period ~-ray binary. The second system is RX
J2030.54+4751 where a persistent excess is observed at the position of the binary
with a 5.40 significance. This excess is apparently variable, with a flare seen in a 6
month light-curve bin, which may indicate an enhancement at periastron for this
system, although the orbital period of this system is unknown, and no X-ray data
are available. This system is potentially a ~-ray binary, as it has a neutron star

accretor.

In Chapter 9, these excesses are considered alongside the rest of the v-ray emitting
X-ray binary population. The majority of the HMXB population are y-ray binaries
where VHE emission and orbital modulation are common features; the four excesses
appear to fall into this category. In addition there are three HMXB microquasars
with detectable ~-ray emission; these systems are jet-driven in nature and are
all apparently unique within the microquasar population. These systems are not

detected at VHE (with the exception of the jet termination region of SS433).

There is no apparent pattern as to which HMXBs are «-ray binaries, other than that
they require a neutron star accretor rather than a black hole, however observation
of weak phased vy-rays at periastron in both 1A 0535+262 and GRO J1008-57, and
at VHE in PSR J2032+412, suggests that it may be the case that all neutron star
HMXBs emit ~-rays on some level due to wind collision, and the limiting factor to

our observation of them is instrument sensitivity.

With regards to the microquasars, theory predicts that «-rays should be produced
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due to internal shocks in the jets as the jet decouples from the central accretor. In
reality, this is seen only in two systems, Cyg X-1, and Cyg X-3, as the emission from
SS 433 is localised away from the central black hole, where the jet shocks against the
interstellar medium. Again, that v-rays are not seen from more microquasars may
be due to a lack of instrument sensitivity, although given that microquasar emission
has not been seen at VHE, it may be the case that the jet particle population is

not energetic enough to produce v-rays at such energies.

Future instruments (Section 10.3) with improved sensitivities will go some way
to solving the problem of instrument sensitivity faced by current generation VHE
observatories and Fermi-LAT. In particular, targeted observations of neutron star
HMXBs at periastron is likely to reveal further ~-ray binaries, and observations of
microquasars in the high intensity /soft X-ray state may yield further v-ray emitting

microquasars.

10.1.2 Low Mass X-ray Binaries

Of the low mass X-ray binary population, I identify 44 LMXBs where there is some
evidence for spatially coincident y-ray emission. Of these 44, 18 are located within
the Galactic centre, 6 are located within globular clusters and the remaining 20 are
located primarily on the Galactic plane. Of the Galactic centre LMXBs, almost all
are caused by source confusion with other sources, notably 4FGL J1745.6-2859/Sgr
A* and the pulsar wind nebula 4FGL J1746.4-285/PWN G0.13-0.11/HESS J1746-
285. The only systems where there may be a possibility of «-rays originating from
an LMXB are SAX J1750.8-2900 and the black hole candidate IGR J17497-2821,
where there appears to be no source confusion. In these cases the evidence for y-ray
emission from the LMXB is weak, consisting solely of spatial coincidence between
an excess and the LMXB. Similarly, in the case of the 6 LMXBs within globular
clusters it is not possible to separate any LMXB emission from that of the wider

clusters, which host populations of MSPs. The globular cluster LMXBs are dealt
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with in Appendix E, as due to the source confusion between the cluster itself and

the LMXB within, they are not of relevance to this work.

Of the 20 LMXBs that are neither in the Galactic centre nor in a globular cluster,
I find that 7 of these are definite false positives, and that in an additional 12
cases there insufficient evidence to associate the excess with the LMXB. Therefore
of these 20 LMXBs, there is only one where there is sufficient evidence to suggest
association between an excess and a LMXB. This system is the neutron star system
GS 1826-238, where a transient ~y-ray excess is localised to the position of the

LMXB. It is unclear whether this is a wind-driven system, or otherwise.

This system is considered alongside the known v-ray emitting LMXB population in
Chapter 9, for a total of nine systems. Although there are a number of LMXB mi-
croquasars, and several are analysed in this thesis (e.g. GRS 1915+105, V404 Cygni
and Circinus X-1), none of these nine systems are known to be microquasars, and
there is no evidence for detectable v-ray emission from LMXB microquasars, des-
pite the fact that theory predicts «-ray emission from internal shocks in the jets of

such systems.

These nine systems are distributed significantly above the mean Galactic latitude
of the overall LMXB population, and the v-ray emitting LMXBs are distributed
differently to the overall population with 4.5¢ significance. As Galactic latitude can
be used as a proxy for distance (for Galactic sources), this suggests that the y-ray
LMXBs are closer than the overall population, implying that we are simply seeing
the nearby sources. Additionally, the vast majority (7 out of 9) of the LMXB
population are transitional millisecond pulsars, which switch between a rotation
powered pulsar phase and an accretion powered XRB phase. Furthermore, as the
majority of the tMSP population is also y-ray emitting, there is a strong correlation
between ~-ray emission and the presence of a rotation powered pulsar phase in
LMXBs. Therefore, unlike the HMXBs where it is difficult to pick out an overall
trend to the systems which emit v-rays, the LMXBs appear to generally be nearby

tMSPs, and therefore it is likely that any such sources discovered in future will also
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share these characteristics.

10.2 Future Work with Fermi-LAT

10.2.1 Further Galactic Detections of X-ray Binaries

I have explored the possibility of y-ray emission from over 300 high and low mass
X-ray binaries, using the Liu et al. (2006) and Liu et al. (2007) catalogues. Whilst
these catalogues were exhaustive at the time of publication, new X-ray binaries
have been detected since their publication. Therefore whilst the Liu et al. cata-
logues still represent the vast majority of the X-ray binary population, there are
a number of more recently discovered systems which have not been analysed in
Chapters 5 - Chapter 8. Such systems are therefore ideal targets for a smaller,
follow-up survey. In addition, as Fermi-LAT came into operation in 2008, most
of the systems which have been detected since the publication of the Liu et al.
catalogues will have been observed in the lifespan of Fermi-LAT. Therefore, any
newer systems detected during enhanced X-ray activity (the X-ray transients) are
also likely to have contemporaneous Fermi-LAT data, increasing the probability of

an association between the X-ray transient, and any observed 7-ray excess/source.

With regards to further detections of the X-ray binaries contained within the Liu
et al. catalogues, prospects are mixed. As the observation time of a Fermi-LAT
source doubles, the significance of a steady source increases by a factor of /2.
Given that Fermi-LAT has now been operating for 14 years, for new significant
steady sources to be detected, decades of observation time are now needed which is
unlikely. It is therefore extremely unlikely that any new detectable steady sources
of y-ray emission are to be found coincident with the X-ray binaries included in the
Liu et al. catalogues, as they would have (in principle) been detected in Chapters

5-8.

Where Fermi-LAT will continue to excel is as an all-sky monitor of transient ~-ray
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emission. In two of the X-ray binaries from which ~-ray emission is likely observed
(GS 1826-23 and SAX J1324.4-6200) the emission is transient, and in the other
three cases some variability or orbital modulation is observed. Therefore whilst
Fermi-LAT is unlikely to observe more steady sources, it is entirely possible that
transient emission may be detected from the positions of the X-ray binary popu-
lation. By generating light-curves of the X-ray binary population every few years,
it may be possible to observe previously undetected sources by seeing transient
emission. Furthermore, the likelihood of a detection dramatically increases if a
source is undergoing a microquasar outburst where y-rays are produced in a jet, or
at periastron in the vy-ray binaries. Particular attention should be paid to systems
at these times, although care must be taken to avoid false positives as seen in the

case of V404 Cygni (Chapter 4).

10.2.2 Extragalactic Detections of X-ray Binaries

The observation of LMC P3 at ~-ray wavelengths has significant ramifications for
the discovery of further HMXBs at «-ray wavelengths, as it shows that such systems
are detectable outside the Milky Way (Corbet et al., 2016). Liu et al. (2005)
present a catalogue of the HMXBs within the Large and Small Magellanic Clouds,
two of our nearest galaxies. In the LMC, spatially resolvable point sources of
~-rays are seen (e.g. LMCP3), and therefore it would be possible to search for
~-ray emission from the LMC binary population, using Liu et al. (2005) as a guide
(Abdo et al., 2010b). Observations of the LMC with Fermi-LAT are likely to bring
challenges, such as accounting for the background flux of the LMC (caused by star
formation), however if these can be overcome, there may be previously undetected

~-ray emitting HMXBs in this galaxy, observable with Fermi-LAT.

In the case of the LMXBs, a catalogue of these systems within the LMC and SMC
is included in Liu et al. (2007). Unlike the HMXBs however, which can be observed

at 10s of kpc in distance, the analysis shown in Chapter 9 indicates that the LMXBs
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are highly likely to be much closer systems to Earth. Therefore it is far less likely
that LMXBs would be detected in the LMC than HMXBs.

10.2.3 The X-ray Burster Question

Classical novae (Section 3.2.2) occurring from Cataclysmic Variable binaries emit
~-rays during thermonuclear X-ray bursts, due to particle acceleration in internal
shocks from the ejected material (Martin et al., 2018). Their detection with Fermi
was unexpected, yet the nature of the thermonuclear bursts on the surface of white
dwarf stars is similar in many ways to the Type I thermonuclear X-ray bursts seen

on the surface of neutron stars in X-ray bursters, a subclass of X-ray binary.

To date, vy-rays have not been detected from an event which has been attributable
to an X-ray burst in an XRB, however by surveying the X-ray burster population,
~v-rays may be detectable from these sources during thermonuclear X-ray bursts.
Such a survey would require a catalogue of X-ray bursting X-ray binaries, and
these sources would need to be observed both during each burst, which differ in
length between hours and days (Lewin et al., 1993), and also outside of any bursts
to characterise the background. Nonetheless, given Fermi-LAT’s all sky data, and
the fact that the X-ray binary population has already been surveyed as a whole,
an in-depth survey of X-ray bursts naturally follows on from the work done in this

thesis.

10.3 Future Observatories and Missions

The ‘current generation’ of y-ray instrumentation largely consists of detectors that
have been taking data since the 2000s; this includes space telescopes such as IN-
TEGRAL, AGILE and Fermi-LAT, TACTs like VERITAS, MAGIC and H.E.S.S.
and WCDs like HAWC. Numerous successors to these observatories are currently in

various stages of research, development and construction; in this section I highlight
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three such projects which are likely to play a significant part in the future research

of the high energy properties of X-ray binary systems.

10.3.1 The Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) is an upcoming array of IACTs, designed
as the successor to VERITAS, MAGIC and H.E.S.S. CTA will use telescopes of
three different sizes in order to encompass a wide energy range across the y-ray
waveband. These designs are the single mirror Large Sized Telescope (LST) and the
Medium Sized Telescope (MST) and the dual mirror Schwarzschild-Couder Small
Sized Telescope (SST); additionally, a second design of MST is in development
which uses a Schwarzschild-Couder dual mirror design, similar to the SST (see Actis
et al. (2011) and subsequent papers for details of the CTA telescope design). This
medium sized telescope has been designated the Schwarzschild-Couder Telescope

(SCT), and the prototype is pictured in Figure 10.1.

The LSTs are designed to observe the lowest energy ~-rays, which produce only
a small amount of Cherenkov light, so require large reflecting areas to maximise
the light observed, however are common so require only a few telescopes relatively
close together. The SSTs observe the highest energy photons so require smaller
mirrors as the Cherenkov light is more luminous, however these «-rays are much
rarer, hence many telescopes need to be spread across a much wider area than the
LSTs. The MSTs have mirror sizes between the two, and telescopes distributed
over an area between that of the LST and SSTs in order to observe y-rays with

energies between those observed by the LSTs and SSTs.

Previous TACT observatories have operated from a single location; currently VER-
ITAS and MAGIC are located in the Northern Hemisphere, and H.E.S.S. is located
in the southern hemisphere, thus each current generation observatory sees only a
portion of the sky. By contrast, CTA will be built across two sites in order to

maximise sky coverage. The northern site (CTA-North) will be built on the island
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Figure 10.1: The prototype Schwarzschild-Couder dual mirror medium sized tele-
scope, one of the two medium sized telescopes designed for CTA. The prototype
SCT is located at the site of the VERITAS observatory, south of Tucson, Arizona.
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LST MST/SCT SST
Energy Range 20GeV-3TeV  80GeV-50TeV  1TeV-300 TeV
F.S. Energy Range 20 GeV-150 GeV 150 GeV-5TeV 5 TeV - 300 TeV
Number in North 4 15 0
Number in South 4 25 70
Primary Mirror Diameter 23m 11.5m/9.7m 4.3m
Second. Mirror Diameter N.A. N.A./5.4m 1.8m
Effective area 370m? 88m? /41m? 8m?
Focal Length 28m 16m/5.6m 2.15m
Field of View 4.3° 7.7°/7.6° 10.5°
Photodetector Type PMT PMT/SiPM SiPM
Slew Time 30s 90s 60s
Pointing Precision <147 <77/< 10”7 <7

Table 10.1: A table showing key design parameters of the different CTA designs.
The energy range refers to the total energy range to which each design is sens-
itive to, and the F.S. energy range refers to the energy range where each tele-
scope design operates with its full sensitivity. The planned number of telescopes
to be built in CTA-North and CTA-South are given; note that the SSTs are
exclusively planned to be built in the south. The diameter of each telescope’s
primary mirror is given, and well as the secondary mirror diameter in the case
of the SCT and SST. The effective area of each telescope (accounting for shad-
owing) is given, as well as the telescope focal length and field of view. The
different camera photodetectors are given; PMT refers to traditional photomul-
tiplier tubes whereas SiPM refers to more modern Silicon Photomultipliers. The
slew time refers to the maximum time for the telescopes to slew to any point
in the sky above a 30° inclination above the horizon; all three designs are cap-
able of observing any astrophysical source 24° above the horizon. The pointing
precision gives the uncertainty on where a telescope is pointed, in arcseconds.
This table is adapted from information here https://www.cta-observatory.org/wp-
content/uploads/2019/12/CTA-Specifications_ v08_ formatted.pdf .

of La Palma, close to the MAGIC telescopes, whereas the southern site (CTA-
South) will be built at the European Southern Observatory site in Paranal, Chile.
CTA-South is intended to be home to more telescopes than CTA-North, due to
the visibility of the Galactic centre in the south. Table 10.1 shows a summary of
the properties of each telescope design, in addition to the number of each telescope
design planned to be built in the final (‘omega’) configurations of the northern and

southern arrays.

CTA as a whole will observe a wide range of targets divided up into Key Science

Projects (KSPs) (Acharya et al., 2019). Under the Transients KSP, CTA will
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observe the microquasars with known ~-ray emission observed with Fermi-LAT,
but are not seen with current generation IACTs. These systems are Cyg X-1, Cyg X-
3 and SS433 (although the termination shock of SS433 is seen with HAWC). In
addition, CTA will observe microquasars where y-ray emission has been predicted
but not observed (such as GRS 19154105) and is also likely to observe any X-ray
binaries which evolve into microquasars once CTA is operational. It is expected
that observations of microquasars with CTA will better test emission models to
constrain the nature of the «-ray producing particles in the microquasar jets, but

will also shed light on jet formation processes, which are poorly understood.

CTA will also observe the y-ray binary population, and given the much improved
sensitivity of CTA over current generation instruments* (Abdalla et al., 2021).
Through targeted observations of these systems, particularly at periastron, CTA
is likely to discover 7-ray emission from a number of new systems, expanding our
understanding of them. In addition to these, CTA will also observe the transitional
millisecond pulsar population, both in rotation and accretion powered states. As
tMSPs (and LMXBs in general) have not been detected at VHE, the discovery of
such emission from these systems would allow for a better understanding of them,

and the emission mechanisms in the wider neutron star population.

In addition to the Transients KSP the Galactic Plane Survey KSP will also provide
serendipitous observations of a wide variety of HMXB targets, giving additional
information on these sources in a variety of states. As the known ~-ray emitting
tMSP LMXBs are generally at high Galactic latitudes, these will not be detected
in this survey, however some are likely to be observed during observations for the

Extragalactic Survey KSP.

CTA is entering the construction phase, and will likely begin taking useful scientific
observations in the latter half of the 2020s. CTA will inevitably discover new ~-ray

emitting X-ray binaries under its KSPs, and as the observatory will take observation

*CTA is approximately an order of magnitude more sensitive than VERITAS, MAGIC and
H.E.S.S.
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proposals there will likely be additional projects performed to supplement this work.
Provided that Fermi is still operating when CTA begins full operations, the two
will overlap in energy range providing a view from approximately 100 MeV to 300
TeV (although Fermi is much less sensitive than CTA will be), this will allow for

a much broader view of the X-ray binary population as a whole.

10.3.2 Southern Wide-Field Gamma-ray Observatory and Large
High Altitude Air Shower Observatory

The Southern Wide-Field Gamma-ray Observatory (SWGO) is a planned WCD
system, designed as a successor to HAWC. SWGO is still in a relatively early stage
of design, and will consist of photomultiplier tube based light detectors submerged
either in either water tanks (like HAWC and LHAASO) or in a lake. Whilst HAWC
and LHAASO are located in the northern hemisphere, SWGO will be located in the
southern hemisphere, likely on a site in South America. The southern location and
SWGO’s planned wide field of view will allow a much wider view of the Galactic
plane, and therefore a large fraction of the Galactic X-ray binary population will be
visible to SWGO (Abreu et al. 2019 & Hinton 2021). As SWGO will have a much
higher duty cycle than TACTSs (close to 100% for a WCD compared to approximately
10% for an TACT), and improved sensitivity over current generation instruments,
it has potential to observe transient phenomena at VHE from X-ray binaries at a
high rate, which will be able to inform pointed instruments such as CTA to changes

in the states of systems, allowing for follow-up observations.

SWGO will work alongside LHAASO (Large High Altitude Air Shower Observat-
ory) a Northern Hemisphere WCD, which began observations in April 2021 (e.g.
Cao et al. 2021a and Cao et al. 2021b), which similarly has a 100% duty cycle.
LHAASO relies on a combination of technologies to observe. It contains 12 TACTs,
in addition to over 5000 PMTs submerged across 3 ponds containing 10°m? of wa-

ter each to detect particles from air showers. LHAASO is able to observe transient
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phenomena at the highest energies, and has the potential to probe the highest

observable energies emitted by XRBs.

10.3.3 All-sky Medium Energy Gamma-ray Observatory

The All-sky Medium Energy Gamma-ray Observatory (AMEGO) is a planned
space based telescope intended as both a successor to Fermi-LAT, and as a mis-
sion to explore the MeV gap. AMEGO will observe photons from 200 keV - 10 GeV,
with an energy resolution of < 1% (at <2MeV) up to 10% (at 10 GeV) and a wide
field of view of 2.5 steradians, which is approximately 20% of the sky. AMEGO
will provide new ~y-ray observation techniques such as spectroscopy of nuclear lines,
and will use both Compton scattering and pair production as detection methods

in order to cover the wide energy gap (McEnery et al., 2019).

Given its effective energy range, AMEGO will provide a revolutionary view of X-ray
binary systems at high energy, by providing a continuous spectrum of the known
~-ray emitting XRBs from the very hard X-ray/soft 7-rays up to the high energy
GeV ~-rays, just below the bottom end of the energy range that the CTA LSTs
will cover. The combination of these two instruments, together with observations
from current generation instruments like Fermi-LAT, will strongly constrain the
spectra of the X-ray binary population, and will allow for much more thorough
testing of 7-ray emission models in X-ray binaries. AMEGO will be particularly
useful in observing the microquasars and constraining models of jet formation and
jet emission in these systems, as the broadband high energy spectra of microquasar
jets are poorly understood at present; being able to continuously observe jets from
the keV to GeV bands should heavily constrain models of jet y-ray emission. As a
wide field of view instrument, AMEGO, like SWGO, will be able to act as an all
sky monitor of transient sources, and will observe phenomena such as «-ray binary

flares from orbital periastron, and state transitions in tMSPs.
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10.3.4 Future Science and Closing Remarks

AMEGO, together with CTA, SWGO and other y-ray detectors in the early stages
of development show that the study of the high energy properties of X-ray bin-
aries, and the wider compact binary population looks promising. Major scientific
breakthroughs, both hypothesised and surprising will occur as these new genera-
tion detectors begin to come online over the next decade, with AMEGO currently

slated for a 2030 launch, in the years following CTA coming online.
In Chapter 1, I set out two questions which my thesis attempted to answer:

1) Why is only a small fraction of the overall X-ray binary population seen to emit

~y-rays?
2) Are there any other X-ray binaries with previously unidentified y-ray emission?

I have answered both of these - but only to an extent. The five candidate ~-
ray emitting XRBs identified in the survey all show evidence for some sort of
variability. This is consistent with our view of the wider XRB population in the
~v-ray waveband, where many systems are only detectable under certain conditions
(such as during an outburst, or at orbital periastron). Therefore my work suggests
that actually a much larger fraction of the X-ray binary population may emit ~-rays
than we currently observe, however our current instruments, such as Fermi-LAT,
are not sensitive enough to observe many of them. This is particularly the case for
the microquasars, such as V404 Cygni, where recent work has shown that v-ray
emission from jets is likely not far below the sensitivity of current instruments Abe

et al. (2022).

Due to the constraints of current instrument sensitivity it is therefore inevitable
that there are X-ray binaries within our Galaxy with unidentified «-ray emission.
Additionally, the extragalactic y-ray emitting X-ray binary LMC P3 represents a
new population of which we have barely scratched the surface. Whilst the five

candidates that I have identified in this survey each present an interesting new

286



10.3.4. Future Science and Closing Remarks

discovery, they are all likely a drop in the ocean when compared to the potential

future discoveries that will be uncovered by new instruments as they come online.

It is possible that SWGO and LHAASO will uncover transient XRBs at the highest
energies as the approximately 100% duty cycle of these instruments lends itself well
to transient studies. Whilst no transient XRBs have been observed by WCDs thus
far, the detection of SS433 by HAWC has shown that XRBs do emit at these

energies, although SS433 is undoubtedly a special case.

Greater potential lies with CTA, as current generation TACTs have already detected
a number of y-ray binaries. With the order of magnitude improvement in sensitivity
that CTA provides, it is likely that more will be detected as part of CTA’s observing
program. In particular, CTA will be able to provide insight into how the emission of
~-ray binaries varies with period, as current generation instruments largely observe
these objects at periastron, where emission is most luminous. With additional
sensitivity, it is possible that detections at other points in the period could be

made, shedding light on the impact of orbit on the y-ray emission in these systems.

No microquasars other than SS 433 are currently detected at VHE, however given
the results of Abe et al. (2022) it is possible that CTA will be able to make the first
VHE observations of a microquasar in outburst. The detection of a microquasar
at VHE would provide a huge insight into the processes at play in these systems,
whether hadrons or leptons (or both) are responsible for the -ray emission detec-
ted, and at what point in the outburst y-rays are produced. In particular, given
that V404 Cygni goes into outburst every decade or two, it is likely that such an
outburst from this system will occur during the operational lifetime of CTA, and
whilst TACTs failed to detect emission during the 2015 outburst, CTA may detect

emission during the next outburst.

AMEGO holds great potential for future XRB science. Like Fermi, AMEGO will
observe the whole sky and will be able to catch transient events such as microquasar

outbursts as they happen, and the nature of the instrument will lend itself well to
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future surveys like the one presented in the preceding chapters. AMEGQ’s science
payoff will occur from being a mission which targets the MeV energy range with
greater sensitivity than any other instrument before it. The spectra of many XRBs
dip between the synchrotron and inverse Compton radiation components in this
range, and hence AMEGO will provide greater sensitivity in probing this gap,
complementing CTA and WCDs at higher energies, and X-ray telescopes at lower
energies. These observations will provide greater capability of examining the broad
band spectra of XRBs of all types. AMEGO will also build on the science done with
Fermi, which is itself a powerful tool for examining the variability and periodicity
of XRBs, and will allow for greater investigation of how ~-ray variability is linked

to the wider properties and state changes of XRBs.

Whilst I have managed to answer the two questions I set forth to an extent, the
upcoming generation of instruments will allow scientists to go further in answering
them. Improved instrument sensitivity will allow for the uncovering of new sources,
both ~-ray binaries and, hopefully, the presently elusive microquasars. A better
and broader view of the spectral and temporal properties of the different XRB
populations will allow a better understanding of why only some XRBs are seen
to emit, their links to other sources (such as ULXs, and X-ray bursters) and to

uncover a range of new sources within our Galaxy, and beyond.
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Figure 10.2: The tenth labour of Heracles, obtaining the cattle of the three headed
giant, Geryon. By Lucas Cranach the Elder (After 1537).
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APPENDIX A

Stellar Evolution

This appendix contains supplementary material to Chapter 3, and explains stellar
populations and the fundamentals of stellar evolution, which is relevant to the
subject of compact binaries, and particularly X-ray binaries, which are the main

topic of this thesis.

A.1 Stellar Populations

All stars in the universe today can be grouped into one of three ‘populations’ (e.g.
Baade 1944, Heger and Woosley 2002, & Haywood et al. 2013. Population I stars
are those such as ours, metal rich stars found lying in the spiral arms of the Milky
way. Due to the presence of metals, they are relatively young as the formation of
metals in these stars must have come from an earlier population of stars, as only
hydrogen and helium were created from the Big Bang. Population II stars, are
metal poor stars, and are typically found in the Galactic bulge, and the globular
clusters of the Milky way. Due to the lack of metals, they are assumed to be older
than Population I stars, having formed when the universal metallicity fraction was
smaller. They are generally lower mass, and older, systems than Population I stars
by necessity, as high mass stars tend to complete the cycle of stellar evolution more

quickly, driving the metallicity of their local environment up.

fAs is standard in astrophysics, a metal is any element that is not hydrogen or helium.
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A.2. Protostar Formation

Population III stars are a heretofore unobserved group, which are predicted to
consist of the first stars to form in the Universe, with a metallicity of approximately
zero (Schaerer, 2002). No Population III stars exist in the Milky Way, and are
predicted to be only observable at extremely high redshifts, roughly corresponding
to the cosmological period of re-ionisation. Such stars may have been far more
massive than either Population I or II stars, although this is debatable (Hirano
et al., 2014). The direct detection of Population IIT stars is a key objective of
the stellar astrophysics community, and is a major goal of the James Webb Space

Telescope mission (Rydberg et al., 2013).

A.2 Protostar Formation

All stars form through the gravitational collapse of clouds of molecular gas, whether
Population I, IT or ITI. In order for this collapse to begin, the internal force of gravity
within the cloud must be greater than the internal gas pressure of the cloud, i.e.
the cloud is not in hydrostatic equilibrium. In general, for a cloud of density, p,
sound speed, ¢, and radius, R, the critical mass of this cloud before gravitational
collapse begins is given by the Jeans Mass, M, shown in Equation A.1 (Jeans,

1902).

Mj;=—pR? (A1)

When a molecular cloud collapses, a dense gaseous core forms where pressure bal-
ances the force of gravity. This dense core is known as the protostar; matter
continues to fall onto the protostar, and due to the angular momentum of this
matter, an accretion disc will form around the protostar (as opposed to Bondi ac-
cretion occurring) (Dunham et al. 2014 & Zhao et al. 2020). At this point, the
protostar is not hot enough for hydrogen to produce helium through either the

proton-proton (PP) chain or the carbon-nitrogen-oxygen (CNO) cycle, however it
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is predicted that deuterium burning (Equation A.2) occurs, forming helium-3, and

causing the protostar to expand (Stahler, 1988).

H' + H? — He? (A.2)

Despite the possibility of some limited nuclear fusion occurring within the protostar,
the majority of the energy generated by these systems comes from shocks on the
surface of the protostar and accretion disc. The energy is released in the form of
IR radiation, which is not powerful enough to prevent the continued infalling of
matter onto the surface of the protostar, and thus prevent its continued growth

(Dunham et al., 2014).

A.3 Main Sequence Stars

A protostar may eventually accrete matter to the point where nuclear fusion
through the PP chain (for cooler stars) and CNO cycle occurs (for hotter stars),
and true stellar nucleosynthesis begins. For this to occur the mass of the protostar
must exceed M = 0.08M, else the protostar will evolve to become a Brown dwarf,
which is only able to carry out deuterium fusion. Both the PP chain and CNO
cycle have the same overall reaction, but by different pathways given in Equation

A3.

ATHY 4 27 — He?™ + 2u, + 26.7MeV (A.3)

At this point the H — He fusion becomes the dominant form of energy produc-
tion in the star, increasing the internal pressure of the star causing hydrostatic
equilibrium to reestablish itself, halting accretion onto the surface of the star. The
radiation pressure from the star blows the surrounding gas away from the stel-
lar surface, destroying the accretion disc, and dispersing any remaining molecular

gas back into the interstellar medium. At this point, a star has moved onto the

368



A.3. Main Sequence Stars

main-sequence of the Hertzsprung-Russell diagram as it will be producing optical
emission, where stars spend the majority of their lifespans converting their hydro-

gen into helium (Russell, 1914).

Main sequence stars vary significantly in their nature from case to case, with the
smallest having a mass of 0.01Mg to the largest having masses of over 100Mg
(Demory et al. 2009). The distribution of masses across the stellar population is
given by an empirical function called the Initial Mass Function (IMF), which has
been revised multiple times based on refined observations. The first form of the
IMF was devised by Edwin Salpeter and takes the form of a power law in Equation

A4 (Salpeter, 1964).

RN

§(m)om = €o(M®)_“(M7®) (A.4)

In this equation &(m)dm is the number of stars within a given volume of space with
masses in the range m — m + dm, &y is a constant related to the overall stellar
density of the given volume, and « is the power-law index. In the case of the Sal-
peter IMF, a = 2.35 for 0 > m > oo. Whilst the Salpeter IMF provides an accurate
representation of the mass distribution of stars at m > 1M, it overestimates the
number of stars at masses m < 1M. Therefore, several reevaluations of the IMF
have been published, notably including Kroupa (2001) which introduces a series
of power law breaks below 1M to account for the overestimation and Chabrier
(2003) which introduces a log-parabola below 1M to also account for this overes-
timation. The initial mass functions of both Chabrier (2003) and Kroupa (2001)

both agree with the Salpeter (1964) IMF at m > 1M,

The initial mass of a star is important, as the larger the mass the more luminous
the star becomes due to an increase in the number of fusion reactions taking place
because of a larger hydrogen fuel reserve within the star. The mass-luminosity

relation describes this relation, and is again an empirical relationship, with varying

369



A.3. Main Sequence Stars

SUPERGIANTS

=
3
%]
]
s
=
o
=
ge’
o]
=
@
o
E

30 000 10 000 6 000 3 000

Surface Temperature (in degrees)

Figure A.1: A simplified Hertzsprung-Russell diagram. The vertical logarithmic
axis plots stellar luminosity in units of solar luminosity (Lg). The horizontal log-
arithmic axis gives stellar surface temperature in units of degrees Kelvin. The
colour scale along the temperature axis indicates the colour of the stellar surface.
The dominant feature of this plot is the main sequence, which shows a strong
positive correlation between surface temperature and solar luminosity. The white
dwarfs lie below the main sequence, as these stars are comparatively smaller than
a main sequence star of the same temperature, hence are far less luminous. Con-
versely, both the giants and supergiants lie above the main sequence, as these stars
are comparatively larger, and hence more luminous, than main sequence stars of
comparable temperatures. (Image credit: NASA/CXC/SAO)
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values of a* depending on the mass m of the star in question (Kuiper, 1938). The

empirical mass relation is seen in Equation A.5.

L m

—)¢ A5
=G (4.5)
Any given star will remain on the main sequence as long as it has enough hydrogen

to burn in nuclear fusion, and this timescale is called the nuclear timescale. The

nuclear timescale is given by Equation A.6.

o 2
boe = 12" (A.6)

Here, n is the nuclear burning efficiency, Am is the fraction of hydrogen already
burned, c¢ is the speed of light and L is the stellar luminosity. As the stellar
luminosity is a function of stellar mass, the time that a star spends on the main
sequence can be expressed in terms of stellar mass as:

—nAme? Mg,
7fnuc — 7(7

. Um ) (A7)

Therefore, the time that a star spends on the main sequence is inversely propor-
tional to its mass. from this, the sun is expected to have a nuclear timescale of
about 100 Gyr, however in reality the nuclear timescale is a factor of 10 too large,
as main sequence stars tend to evolve into red giant stars when 10% of their core
hydrogen is fused into Helium, as the core temperature changes as Helium builds
up, so the star expands to maintain hydrostatic equilibrium. A stellar mass star
such as the sun is expected to have a nuclear timescale of approximately 10 Gyr,
whereas a massive m > 10M star would only remain on the main sequence for a
few million years, and a less massive star would remain on the main sequence for

longer than the age of the universe.

*« is well constrained to be between 2.8 Mg and 4.0M for all real values of m.
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The relationships between stellar luminosity, mass and nuclear timescales have been
established, however the temperature and colour of a star are also related to the
stellar luminosity. As a star essentially radiates as a black body, the temperature
and luminosity are linked by the Stefan-Boltzmann law which for a star of radius

R is given by Equation A.8, and hence more luminous stars are intrinsically hotter.

L = 4nR%cT* (A.8)

As we treat the star as a blackbody, through applying Wien’s Displacement Law
(Equation A.9) we see that that the colour of a star changes with temperature,
with the peak wavelength of the blackbody spectrum being inversely proportional

to the stellar temperature.

b
)\peak == f (Ag)

From the relationships described above, we can deduce an important set of key
characteristics about main sequence stars and the way that their properties are
related to each other. The more massive a star is, the more luminous, hotter and
bluer it is. As stellar mass increases, the time spent on the main sequence will
decrease. Furthermore, more massive stars are significantly rarer than less massive
ones. These relationships are important to clarify as the rest of this thesis deals

with both high and low mass stars in a variety of contexts.

A.4 Post Main Sequence Evolution

The processes which occur after the main sequence vary based on stellar mass. For
stars with a mass m < 8My), they expand into a red giant which begins fusing
helium, and eventually the star sheds it’s envelope leaving a white dwarf in the
centre of as planetary nebula. For stars with a mass m > 8M fusion of metals

begins and continues up until the point where Iron fusion begins, which causes a
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core collapse supernova, and leaves a compact object and the centre of a supernova

remnant.

A.4.1 Less Massive stars

For a solar mass star, when the hydrogen in the stellar core becomes depleted pp-
chain fusion ceases in the now purely Helium core, but continues in a shell around
the core. At this point the Helium core is not hot enough to begin Helium fusion,
and thus no heat is produced in the core, hence it begins to contract as hydrostatic
equilibrium is no longer maintained in the core. The core begins to heat as it
further contracts, and the Hydrogen shell continues fusion around the core which
causes a force on the inert Hydrogen envelope around the shell. This causes the
envelope of the star to expand as the core contracts causing the star to apparently

cool and redden, hence earning the moniker of ‘red giant’.

As the He core continues to contract and more Helium ash is added to the core
from the hydrogen shell, the core density increases until it is balanced by electron
degeneracy pressure. At this point, the core is hot enough for Helium fusion to
begin through the triple-a process which converts Helium to Carbon shown in

Equation A.10.

“He + *He — ®Be (A.10)

He + 8Be — 2C + 7.275 MeV

The degenerate Helium in the core is unstable, hence when triple-a fusion begins,
a large amount of Helium is fused at once in an explosive manner, this is known as
the Helium flash. Following the Helium flash, Helium fusion continues and an inert
carbon core forms, which once again contracts causing the star to expand further.

Around this core is a layer of burning He and a layer of burning H, nested inside
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one another. The Helium shell ignites only intermittently, and when it does so the
force from the ignition causes the outer envelope of the star to be shed into the
interstellar medium. This causes a gaseous cloud around the star to form called
a planetary nebula. Eventually the Hydrogen and Helium layers are also ejected,
and what is left is the extremely hot but inert Carbon core, which cannot collapse
further due to electron degeneracy pressure (unless further mass is added to the
star). This core is known as a white dwarf, and is the final remnant of the majority

of stars.

A.4.2 More Massive Stars

For stars with mass m > 8 M, a similar process is followed to the lower mass stars,
but with the fusion of heavier elements. As with less massive stars, the envelope
expands as the Helium core contracts, and the Helium core eventually begins triple-
« fusion at the onset of the Helium flash. However, where less massive stars grow an
inert carbon core, the core temperature and pressure in a more massive star allow
carbon, and subsequent heavier elements to begin fusing. The result is Russian doll
like star, successive layers of subsequently heavier and heavier elements are fusing

as one move through the star to the core.

Eventually a core of Iron forms and as the fusion of Iron is an endothermic process
rather than exothermic, fusion halts. Eventually, the iron core will build to a mass
of 1.4M¢ a limit known as the Chandrasekhar limit, where the electron degeneracy
pressure can no longer counter the force of gravity. As a result, the core of the star
begins to collapse causing an explosion of the outer layers of the star to be ejected
into the interstellar medium. This process is called a or core collapse supernova,
and supernovae are the only processes energetic enough in the universe to cause the
fusion of elements heavier than Iron (which require endothermic fusion reactions).
Supernovae are extraordinarily bright, often outshining their host galaxies. What
remains of the original star is a dense compact object, either a neutron star or a

black hole, depending on the initial pre-supernova mass of the star. This compact
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object will only have a fraction of the original star’s mass, as the majority of the

stellar material will be ejected from the star during the core collapse supernova.
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Figure A.2: Heracles and Eurystheus; having completed the 10 labours for
Eurytheus as penance for murdering his family, Eurystheus decreed that two did
not count as Heracles had help. Thus Heracles embarked upon an additional two
labours. Daniel Sarrabat (Year Unknown)
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APPENDIX B

High Mass X-ray Binary Survey
Sample

The following section provides a table of each HMXB included in the survey; the
binary name column gives the X-ray name of each X-ray binary included in the
survey from the Liu et al. catalogue, and the alternate name column gives either
the optical name of the system from Liu et al. or the most commonly used name
for the system (i.e. Cyg X-1). LII and BII are the Galactic coordinates of the
system used in our data analysis; the position type gives the waveband from which
the coordinates were taken (for example, O corresponds to the coordinates of the
optical counterpart, X to the X-ray, etc.). The period refers to the orbital period
of the binary system measured in days; where no binary period is known a value of
0 is shown. The Flux U.L value refers to the 95% upper confidence limit on energy
flux (with units of MeV em~2s71) obtained from the position of each HMXB where
no measurement of a v-ray flux is made. Where a measurement of energy flux is

made, these are shown in Table 5.2.

377



B. High Mass X-ray Binary Survey Sample

,-0TX99°¢ 00 X 9%€€E0  TE6ES'EEE  L8TIIVT AH SV67-C6TITL UDI
g—0TXLETY eLe @) LEIT'T  6V6IF'LZE  YON AD ¢G-8€ST N¥
g—0T%X99°€¢ 00 0 VRGTL'ET- 8931€'99C 9999 AH 63S-66L0 HT
g—0TXEY/T 9°0€ X €0L98°0-  CIVV6°LTE TVS-€9ST S¢
1—0TXGV'g 00 0 T68€T’T-  8T9L6'9TE  9C6TIVT AH €GG-GGST HIT
g—0TX€6'9 99°6L X ICI9%'1-  TCIS6'73E 89G-EVSTIL HLX
g-0TXZEC 00 X 9zZ€F'T  1639€°G8C  869T ST L¥9G-G"LE0TI XU
1-0TX€0'T 00 o) LY00L'G  89F9€°€0€  NUD 0 NIN L9G-GG¢T HIT
V'N 0°get 0] €LIT]T-  C6666°C8T LS-800T OUD
,—0TX82°C 00 X VT6vL'E  9969°T0€ 88G-9¥CT V1
g—0TX96'L 00 0 ¢6CLO'T  6TE68'T6C  VIVIOE AH CG6G-GTCTIL UDI
V'N 00 X 2e059'Cc  8€09L°T0€ 66S-8€TT HI
g—0TXTLY 60'C X 9GGEE'0  GE060'T6C  NHD 6LLA €09-611T N¥
g—0TX 9.°6 00 X €76Tee  S169V°20¢ 709-7¥CT VI
V'N 00 i LIRGR'9T-  LCE69'ELT  €99%9 AH 009-67L0 HI
g—0TXLG9 9728 0 8TT0L'0 €668 76T 60T9-GEVTTIL UDI
1-0TXZET 0°€et I eVLYE T TLT0T'H0E  NHD 098A 19-8G2T N¥
,—0TXEV'T 00 0 PLI68°0- 84867'C6C  079-€ NAH GT9-8TIT VI
g—0TXLEL ! 0] 7860070~  L8687°G6C  NHD 0£8A IP19-T'GVIT |1
V'N 00 X 86609°0  T0£6L'90€ 00297 72EIl XVS
1—0TXZS'T G .81 0] 820¥Z0-  LOTT9°G6T  NHD TOSA 6T9-GVTT ST
g—0TX6S°C ey 0] 8786S° T~  GTITOETE ¥29-L1¥1 ST
1—0TX 89°C 65TV 0] ¢19€0°0-  CI860°00¢ ¢ NUD dd ¥29-62¢T NF
,-0TX9¢T 00 @) €1€0C°0- ¢0896'T0¢ 11D Zd LE9-6VCT HI
g—0TX99'8 00 i 60121 T-  ¥Z880°V0€ 9084€9-9'6STOETL dXHT
g—01%09°6 00 X €90GL°T-  T6LST'TOE  NID IM VEVI-6TECTL UDI
g—0TX6I'F 00 0 8VLIGCI-  €SEPTT0E  LS860T AH 19.-€52T HI
(T_S,_um AOIN) "T') X0[J PO  odAJ, uonisoq 11d 11 oureN Ny oureN Areurq

378



B. High Mass X-ray Binary Survey Sample

g—0TXT6'C §ve 0 LE0SOV-  G9T8C°0FC  dNd TFVA 092-9220 V€
V'N 00 I 6GGEE°0-  669ET'E 6T9Z-FFGLIL UDI
1-0TXVT'T 86 X VLL0G0  €8CLET LT-0GLTL O¥D
1—0T%X60°C 00 0 VeS0T T8LGE'T  MDS TE8EA  ETLT-LTWLIL XY
1—0TX90F 00 X LSTIT0 TOL'T GTLT-TOVLIL XV
1—0TX67°9 00 X V2900 LT8G'T €ELT-T'6VLIL XV
,—0TX80'T 00 X LSES0'T  LLEGT 6SE L¥8C-T'OVLIL XV
1—0TXLET 00 X 9V0EL'0  899F9'8GE eV6T6EL1L XU
1—0TXGL9 00 X LIGFP0  #8L90°8G€ 20€-66L11 ALX
g—0TXT8'T €18 ol LLVS' T LOTLS6VC €66 ST VITE-7CI80r XU
g—0TX00'8 V.6 i G6EGE°0-  LTLEVTSE €9€-22LT OXHA
1—0TX0G'T 00 Y 699€C°C  969TS 6VE PZ9E-T60LTL UDI
,-0TX0T'T e 0 VELT'T  OVPGLLYE  616€ST AH LE-00LT NV
g—0TXTT'€ 96'8 0 £6606'¢  6£850°€9  T8GLL AH 07-0060 N¥
,-0TXT0'T 70T X 8I6IE'0  ST69E Ve GTP-LS9T OVO
1—0TX0L'T 00 X LILET0  TSHIOTIE 6T7-00L1L XV
g—0TXC0F 8°G0T 0 7LOTST-  96050°9C 0£7-7€80 SO
1-0TXL9'T 00 X 1G209°0  6L0LETFE 8VET-E6VITL UDI
V'N Gq'1 o) CIVI'61- TP90L'€SC  86L6V AH  61¥-0'8¥90L VOMI
VN 00 i GOGET'0  LGESOOVE LOGT-GOPITL UDI
1—0TXGL9 00 X 99¥g1°0-  90¥9T 07 PIGT-6LVITL UDI
g—0TXTLT 00 X ITSTS0  60€61°6€€E CEST-8IVITL DI
1-0TX68F 00 i 80GL0°0  ¥TTI00'8EE crIv-0'6€91L XV
VN 00 X 680000~ TTETT LEE 9ZLY-8GEITL DI
VN 96'8 X T689T°0  L66TE 9EE TGLV-03€9TL ¥DI
1—0TXE0°C 00 X €020T°0  TL92E GEE 8ERT-E8TITL DI
g—0TX9¥'C 00 0 9LLYV0-  665T19°CEE 8F8F-8TEITL DI
(T_Sp_ud AOIN) T XN[J Ppoudd odAy uonsod I 1 owreN Yy oureN Areurq

379



B. High Mass X-ray Binary Survey Sample

,-0IXTZ'T 00 0 e8VLT'T  GTL6Y CF 60+9061( ALX
¢ 0TXTIE'8 00 X 67290°C  V99VT 1¥ €80+6SSTI ALX
L—0TXF0°T iy I IGITS0-  STL6STH L0+606T N
,—0TX8F'T z1T 0 62270°T-  9LTST°90C €€60+2°6e90r XVS
,-0IXETC el H'0 L¥¥e - 156968 eev SS 8F0+6061 V€
,-0TXIEF 00 0 LIVZ0'0-  $LG089€ PEO+8GSIL ALX
¢—0TXG0F 8G6°CC X GT1- ST9T°LE €0+T106T NF
,-01X9T°C 00 0 9LGT9'T-  €6E8€°GE PIO+T061L ALX
o 0TXFT'G 00 0 9689'T  £€99¢0°€¢ 600+€FST SO
,—01XZT'L 0° 1 X T9G0¥'0-  $S0TF 0€ ¥20-G¥8T ST
o 0T XF8°G L90°9 X 62960 LT9L0°TE 920-GSST[ HLX
,-0TXGZ'T 00 X L060L°c-  SISHT 1€ 20-GG8T SO
¢—0TX0¢'8 00 X PLECL0-  LTIFL6C T1E0-ESFSIL DI
VN 00 X €T0IT'0  €8€L8°2T 70-6£8T SO
¢—01X29°C 00 X L1969°0-  TSSHT'ST €ev0-0'SP8T XV
,-0TXTG'T 00 0 6L8€C°0-  6TVILOT 9€G0-0'TFSIL XV
,-0TXG0'T 00 X GT80G°0-  FSLT9'9T 90-6£8T SO
L-0TXLP'T 00 X GEO6T'0-  8L9ET'ST GG90-0'8ESTL XV
¢—01X9Z°9 00 0 GTLIL'T- 6S821°02C €€ (18I €L0-8690 ALX
V'N 00 X GLO9T'0- TSIV ¥C 920-€€ST H
,-0IXTh¢E 00 X 98L2°0  66969°T¢ 860-6ZST[ ALX
,—0TXT16C 00 X €81G8°C  LPS09'8T 0T-L0ST N¥
,-0IXT9°C 00 X 166900  G8TL¥'9T PEP1-G' 0281l XV
V'N 6°¢ | €T68C T~ LGISS9T 6€0G ST 0SP1-2° 92811 XY
L—0TXF0°T 00 X 8ZOTL0-  €ISL0FT  ¢8L0S9T AH  €OLT-9SISIL XVS
,—0TXG0'T 9% X 9¢eH0' T LVLIV6 LT0Z-L'208T[ XVS
< 01X69°6 8°C 0 GOL6L'F-  8E9GL'9  MUDS TFIVA  SCST-E6ISIL XVS
(T_S w2 AOIN) "T') X0[J POMdg odAT uonsod  IIe 1 ouwreN Ny oureN Areurg

380



B. High Mass X-ray Binary Survey Sample

,—0TX6T'T 00 0 T008°0- SOTFS6ZT  GE€C 19+ 1ST  TITT9+H6°9FTOr XU
¢—0TX6E'8 029G o) €€T9e'c  9SFEL L0T 9TT9+E€6£8a XVS
V'N 967°9¢ 0 92980°'T  63GL9°GET  €0€ 19+ 1 ST 0019+9°9¢20 AT

,—0TXT0°T 65°€0¢ 0] SPSFT'G- T89.G°€CT  SVD VININVD 709+£S00 ST
s—0TX0S°6 00 0) QIECTE'E  €9210°66 dHID 067A 6.S+8€TC HT
¢—0TXG6°G 1761 o) TVEET'Y  LEILT'6VT VD ID 09S+T12F0r HALX
V'N LG6 0) 96S0T°T- CIE09°00T 06L¢ £+ A4 e¥Se+900e N¥
¢—01%X09°€¢ 00 o) ¥206°ST  L86F8°G8  ¢9¢g €5+ INA I#G+9¢61 HIT
g—0TXF0°L CT¥e 0) 88€61°C-  C6TSO9FT VD O €G+zee0 A
¢—0TXT8'C 00 o) CITVO7-  T8LFT L6  SILE 67+ A4 106+202g HT
V'N 00 0) 79.70°G  L0£T°SS GgL6V OVS TSLV+G 0802 XY
¢—01%9.°9 89°CT o) L0G89°0-  €6631°L8 SYSH+G e0Tor XVS
V'N 00 X GISTH'S  6S9T€C8 I-X €9M
g—0TX0e¥ 00 0) €10L2'T- S0LFP8'6ST LI ¥F+ A ST TEVP+6 0770 XY
V'N €0°GG o) €FGC9C-  8L69S°ES er+8505L OUD
V'N z0 4| CIG69°0  9TFS6L €-X 84D 07+0£02 N¥
,-0TX9T°¢ 00 o) 6¢0TL°0  €TESO0LT MOV 0GFA  L'LELE+H0T6TS0 OXH
g—0TX¥9°9 2097 0 LGTFC T~ GLIGT LL ¢LE+0£0% OXH
V'N 0°¢ q'0 8990°¢  S0GEE'TL I-X 84D ¢e+9G6T NF
g—0TX29°9 €08¢ o) GEET'LT- CF8LO'€9T Yad X 60£+2S€0 N¥
¢—0TX29°L 7o 0) L6,60°C 0880799 00€+2¥6T S
g—0TX€EL9 00 o) 996S8°T  9T¥RC’ IS8T  6LI6FC AH 98¢+9550 HT
,—0TXLG'T z691 o) €L86S°T  €0L0T°€9 VLeH9V6TL LLX
V'N 0TTT o) TrEV9T-  COSTRIST NV STLA 29T+GES0 VT
L—0TXEP'T 00 0 8LETS'0  9TGRE 'S8T G0gG+7L090r UDI
,—0TX89°¢ 86G €T X 898970~  6296T TF 1S60+0FTI6TL UDI
,—0TX¥0'T 8¢'8 0) GP0LV'0  6ESTLEV 60+L06T N¥
(T_S w2 AO]N) "T') X0[ PoOMdg odAT uonsod I 1 oureN Ny oureN Areurq

381



B. High Mass X-ray Binary Survey Sample

1—0TX80'T 00 0 TL88T'G  9TCSE 6T €TL9+€8STOr UDI
g OTXTT'¥ 00 0 8VCL'E  TSV6ELTT  TIT DD «INA  0T99+€9ETOr YOI
g—0TXG9'G 91T 0 €6€99°C  8660L°GCT  SVD G99A 0S9+¥1T0 ST
g—0TXL¥'9 €T 0 VLGT0'T  99€26'SCT SV GEIA vE€9+S110 NF
,—0TX8¥'T §99°¢T 0 VOVOV 1-  €1gee 1ol €L 09+ ad  ©gl9+0L£00L DI
(T_S w2 AOIN) "T') X0[J POMdg odAT uonsod I 1 ouwreN Ny oureN Areurq

382



APPENDIX C

High Mass X-ray Binary False

Positive Results

C.1 1IGRJ16320-4751

IGR J16320-4751 (henceforth IGR1632) is a system thought to be a pulsar in orbit
with either a giant K-type, or O/B, star (Rodriguez et al., 2003). It is notable for
its variable nature in the X-ray waveband and particularly short orbital period of
approximately 9 days (Garcia et al., 2018). Over the 12.5 year observation time,
I obtain a TS of 31.1 in support of the hypothesis that there is a ~-ray source at
this position, with numerous bins in the 6-month binned light-curve (Figure C.1)

with 20 < z < 30, but no clear evidence for variability.

Whilst it is possible that this coincident ~-ray point source is associated with
IGR1632, I strongly suspect source confusion has caused a false detection, as
IGR1632 lies 0.087° away from 4FGL J1631.6-4756e (TS = 47.3) and 0.198° away
from 4FGL J1633.0-4746e (TS = 4240). Both sources are associated in the 4FGL
with the TeV PWN HESS J1632-478 (Aharonian et al., 2006a). Such proximity
between any two sources can see one source (usually the more significant) contam-
inating the second with photons. IGR1632 is extremely close to two significant

and extended sources rather than a single point source, and lies within the cal-
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C.1. IGRJ16320-4751
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Figure C.1: The Fermi-LAT light-curve of the ~-ray excess coincident with
IGR J16320-4751 with time bins of 6 month width. Upper limits are placed on
any time bin where the TS of that bin is less than 4.

culated radius of the larger and more significant of the two, 4FGL J1633.0-4746e.
Figure C.2 shows the extent of the coincident ~-ray excess with the position of
IGR1632 overlaid, and the extent of the two extended sources shown to highlight

the positional coincidence between these and the IGR1632 source.

We generate light-curves of both extended sources to compare against the IGR1632
light-curve to identify any correlated variability (a signature of source confusion),
or differences in variability (a signature of source independence); however, neither
of the extended sources is significantly variable (4FGL J1633.0-4746e is variable
at the 2.000 level, 4FGL J1631.6-4756e at the 0.200 level), and no correlations
are observed between these light-curves and the IGR1632 coincident source light-
curve. Therefore, the light-curve calculation does neither supports nor rejects the

hypothesis that the IGR1632 excess is the product of source confusion.
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Figure C.2: A TS map showing the excess coincident with IGR J16320-4751 (white
cross) and the position of the binary, the two extended sources, and other 4FGL
sources (blue crosses), and additional sources identified by the gta.find_sources
algorithm (green crosses).

We generate an SED of the IGR1632 coincident source across the entire energy
range I employ, and find that the best fit to the data is a power law with spectral
index I' = —2.04 + 0.09, which indicates an almost flat spectrum source, although
I note that this fit to the data appears to be poor. This SED is illustrated in Fig-
ure C.3. We also generate SEDs of 4FGL J1633.0-4746e, which has a log-parabola
spectral shape, and 4FGL J1631.6-4756e which is best modelled by a hard power
law. The 4FGL indicates a power law spectral index of I' = 2.17 for the more sig-
nificant of the two sources, 4FGL J1633.0-4746e, marginally softer than that of the
IGR1632 coincident source. It is highly likely that the spectrum for this coincident
source is essentially that of 4FGL J1633.0-4746e with a smaller normalisation and
a contaminating component from 4FGL J1631.6-4756e which slightly hardens the

spectral index. Given this, and the fact that the predicted counts of both extended
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Figure C.3: The SEDs of the added source coincident with IGR J16320-4751
(black), and the two extended sources within which it lies: 4FGL J1631-4756e
(blue) and 4FGL J1633.0-4746e (orange). The IGR J16320-4751 coincident source
and 4FGL J1631-4756e are both fitted with power-law spectral models, and
4FGL J1633.0-4746e is fitted with a log-parabola. The number of bins per dec-
ade is chosen based on the available photon statistics for each source and upper
limits are fitted to any bin with TS < 4.
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C.2. IGRJ16358-4726
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Figure C.4: The daily binned light-curve of IGR J16358-4726 taken with Swift-BAT
shown in Panel A, with the calculated monthly-binned Fermi-LAT light-curve for
a source fitted to the position of IGR J16358-4726 shown below in Panel B, and the
corresponding TS values of these bins shown in Panel C. We place 95% confidence
limits on any Fermi-LAT energy flux bins with TS < 4. Whilst some weak periodic
activity is seen in the Swift-BAT light-curve, this does not correspond to any known
timescales for the system, nor does it correlate with the ~v-ray light-curve.

sources (in a reference model) decrease by roughly the same number of counts as is
predicted for the IGR1632 coincident source, I conclude that this apparent source

is a false positive, and the emission originates from the extended 4FGL sources.
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C.2. IGRJ16358-4726

C.2 IGRJ16358-4726

IGR J16358-4728 (Revnivtsev et al. 2003 and Bodaghee et al. 2012) (henceforth
IGR1635) is either a HMXB in which a pulsar orbits a super-giant Be star (Chaty
et al. 2008 and Rahoui and others. 2008), or, based on the presence of CO lines
in the K-band spectrum making the companion star a KM giant, a symbiotic
LMXB (Nespoli et al., 2010). Under this former hypothesis, one might expect -
ray emission at periastron. We detect a v-ray excess coincident with this source
with TS = 9.5 over the LAT observation period, and also measure a flux value where
TS > 4in 5 light-curve bins. This light-curve is shown together with the daily Swift-
BAT light-curve in Figure C.4. Of the 5 bins which exceed the TS > 4 threshold
in this light-curve, only one exceeds the 3o level. This bin, and the preceding bin
are the only adjacent bins, making it difficult to perform any subsequent analysis

of this source.

It seems likely that the origin of this weak ~-ray excess is source confusion with
the nearby, significantly extended source 4FGL J1636.3-4731e (SNR G337.0-00.1,
TS = 1500) as they are separated by an angular offset of 0.087° and 4FGL J1636.3-
4731e is extended by a radius of 0.11°, so the apparent excess is within the ~y-ray
extension of this SNR. We generate a light-curve for this source and find that it
is not variable, with the exception of one particularly low flux point. Both the
IGR1635 coincident source and the extended source are well-fitted by a steady

source model.

We do not have sufficient photon statistics in the IGR1635 coincident excess for
a comparative spectral analysis with 4FGL J1636.3-4731e. As one cannot effect-
ively distinguish one source from the other with variability one cannot prove the
independence of the IGR1635 excess from 4FGL J1636.3-4731e, nor associate this
excess with the binary in question, hence I conclude it is likely a false positive

caused by source confusion.
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C.3. IGR J16465-4507
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Figure C.5: A TS map with 0.1° bins, over the full 12.5 year observation time,
showing the y-ray excess and with the localised point source shown by the orange
cross. The orange circle shows the 95% positional uncertainty on the point source,
after localisation. The white cross indicates the infrared position of IGR J16465-
4507. The blue crosses show the position of sources from the 4FGL-DR2, and
the green crosses show the position of uncatalogued sources identified by the
gta.find_sources algorithm. Note the presence of a 4FGL source (a blue cross)
behind the legend of this figure.

C.3 1IGR J16465-4507

IGR J16465-4507 (henceforth IGR1646) (Lutovinov et al. 2004 and Romano et al.
2014) is a supergiant HMXB system consisting of a Be star (Negueruela and
Schurch, 2007) and a pulsar (Lutovinov et al., 2005) orbiting each other with a
period of 30.2 days (La Parola et al., 2010). We detect a point source coincident
with the position of IGR1646 to T'S = 50.8, equivalent to z = 7.10, the most signi-
ficant of all the coincident sources and excesses in my survey. The nearest sources

to the IGR1646 coincident source are 4FGL J1645.8-4533¢ (angular offset = 0.456°,
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C.4. 1WGA J0648.0-4419

TS = 417.93) which is tentatively associated with the LMXB 4U 1642-45. Further
sources near the IGR1646 coincident source include 4FGL J1649.2-4513c (angular
offset = 0.456°, TS = 417.93) and 4FGL J1649.3-4441 (angular offset = 0.642°,

TS = 205.14). Neither source has a multi-wavelength counterpart.

Figure C.5 shows the TS map of the central part of the IGR1646 ROI, centered
on the position of IGR1646. Given the significance of the recorded point source,
I am able to localise the emission with the gta.localize algorithm and refit the
point source to the peak of the y-ray emission. We find the best positional fit for
the point source is LII = 339.9764° + 0.0324°, BII = 0.0557° £ 0.0498°. There is
thus an angular offset from the position of IGR1646 of 0.1107°, compared to a 95%
positional uncertainty of 0.0981°. The TS of the source also increases from 50.8 to
59.7 in its new position. Thus, following localisation I no longer consider this point
source to be spatially coincident with the binary system and find it more likely
that this new point source is either a product of source confusion with one of the
nearby 4FGL sources, or an unknown new source which is unlikely to be associated

with IGR1646.

C4 1WGA J0648.0-4419

1WGA J0648.0-4419 (also known as HD 49798, and henceforth referred to as IWGA06)
is a binary system consisting of a pulsar (Israel et al., 2009) and an O-type sub-
dwarf star (Kupfer et al., 2020). We find a «-ray excess coincident with the position
of IWGAO06 with a TS of 18.5, giving a z-score of 4.30. The nearest 4FGL source
to TWGAO06 is 4FGL J0647.7-4418 (associated with the blazar SUMSS J064744-
441946), with an angular offset of 0.068°, less than one spatial bin width from the
position of the binary. With a point source fitted to the position of IWGAO06, the
blazar is only marginally detected, with a TS of 8.18 (slightly below 30). This is
far less than the detection significance given in the 4FGL-DR2, which is 8.3c¢. It is

possible that the y-ray excess observed at the position of 1IWGAOQ6 is due to source
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Figure C.6: Panels B and A show the «-ray flux and associated TS values of these
flux points for the excess coincident with the optical position of IWGA J0648.0-
4419. Panels C and D show the vy-ray flux and associated TS values of these
flux values for the nearby blazar 4FGL J0647.7-4418, without the excess in the
model. We use approximately 6 month bins in each of these light-curves, and 95%
confidence upper limits on flux are used for any bin where the corresponding TS
value is less than 4.
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C.5. AXJ1740.1-2847

confusion with this blazar; temporal variability is used to test whether this is the

case.

A similar occurrence of source confusion between a y-ray excess at the position of
an X-ray binary (in this case V404 Cygni), and a blazar is dealt with in Chapter
4, where the apparent y-ray excess was actually originating from a nearby flaring
blazar. Given that I measure only two «-ray flux points in the 6-month binned light-
curve of the IWGAOQ6 excess, I remove this excess from the model and generate
a light-curve of the blazar to see whether these v-ray flux points would otherwise
be attributed to the blazar. If this is the case, then the excess at the position
of IWGAOG6 is not independent of the blazar, and source confusion is occurring.
Figure C.6 shows both the light-curve of the 1IWGAO06 excess and the light-curve
of the blazar. Given that there are only two ~-ray flux measurements amongst an
otherwise complete set of upper limits for the excess, and there are correspond-
ing flux points in the light-curve of the blazar, the v-ray excess coincident with

1WGADOG6 is likely due to source confusion with the blazar.

C.5 AXJ1740.1-2847

AX J1740.1-2847 (henceforth AX17) is a HMXB system with a long-period pulsar
(Sakano et al., 2000) in orbit around an unknown companion star (Kaur et al.,
2010). Over the entire observation window, I find a 7-ray excess coincident with
the position of AX17 with a TS of 7.17, giving a z-score of 2.70. Across the 6
month binned light-curve I identify 5 bins with TS > 4, with the peak TS being
12.8 (3.6 o). This 7-ray excess is very likely due to source confusion given that
the nearest sources are 4FGL J1740.4-2850 (TS = 100 and an angular offset from
AX17 of 0.082°) and 4FGL J1739.7-2836 (TS = 93.9, offset 0.218°). Neither of
these sources has any association with sources at other wavelengths. The primary
source confusion counterpart for the y-ray excess is likely to be 4FGL J1740.4-2850,

with an angular offset that is less than one bin width. This presents a similar case
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Figure C.7: Panels B and A show the «-ray flux and associated TS values of these
flux points for the excess coincident with the optical position of AX J1740.1-2847.
Panels C and D show the y-ray flux and associated TS values of these flux values for
the nearby ~-ray source 4FGL J1740.4-2850, without the excess in the model. We
use approximately 6 month bins in each of these light-curves, and 95% confidence
upper limits on flux are used for any bin where the corresponding TS value is less
than 4. The grey dotted lines indicate bins where source confusion between the
4FGL source and ~v-ray excess are likely.
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Figure C.8: Panels B and A show the «-ray flux and associated TS values of these
flux points for the excess coincident with the optical position of AX J1740.1-2847.
Panels C and D show the y-ray flux and associated TS values of these flux values for
the nearby ~-ray source 4FGL J1739.7-2836, without the excess in the model. We
use approximately 6 month bins in each of these light-curves, and 95% confidence
upper limits on flux are used for any bin where the corresponding TS value is less
than 4. The grey dotted lines indicate bins where source confusion between the

4FGL source and ~v-ray excess are likely.
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C.6. H1833-076

to IWGAO06, dealt with in Section C.4, where I establish that the «-ray excess
is not independent of its nearest 4FGL neighbour. We calculate the 6 monthly
binned light-curves of the AX17 excess and 4FGL J1740.4-2850, shown in Figure
C.7, and also 4FGL J1739.7-2836 (shown with the AX17 excess) in Figure C.8.
Unlike 1WGAO6, source confusion in this case cannot be attributed to a single

source, but rather to contamination from both nearby sources.

Figures C.7 and C.8, show that the bins from the ~-ray excess where a flux is
measured (as opposed to an upper limit) typically correlate with an enhancement
in the TS values of one of the two nearby 4FGL sources. In particular, four of the
five bins with measured v-ray flux in the excess light-curve correlate in time with
the two most significant bins from the 4FGL sources. These are indicated by the
dotted grey lines. The evidence suggests that the y-ray excess is not independent
of either of its neighbouring sources, and therefore does not represent a legitimate

detection of y-rays from AX17.

C.6 H1833-076

H 1833-076 (also known as Sct X-1 (Makino et al., 1988) and henceforth referred
to as H18) is a high mass X-ray binary system, thought to consist of an accreting
pulsar and red supergiant donor star (Kaplan et al., 2007). We identify a y-ray
excess coincident with the position of H18 with an angular offset from the X-ray
position of H18 of 0.169°. This excess has a TS of 29.2 and a 95% positional un-
certainty of 0.175°. Given that the position of this excess lies right at the edge
of the positional uncertainty bound, I localise its position to improve the uncer-
tainty. Using the localize algorithm, I find a best fit position for the excess of
LIT = 24.5019° 4+ 0.0266°, BII = —0.0371° +0.0325° with an overall 95% positional
uncertainty of 0.0717°. Given the shift in excess position and smaller, improved
uncertainty, the y-ray excess is no longer coincident with the position of H18 and

I therefore believe it is unlikely to represent y-ray emission from this X-ray binary.
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C.7. GS1859-04

C.7 GS1839-04

GS 1839-04 (henceforth referred to as GS18) is an X-ray binary system with an un-
known accretor and unknown companion star. We observe a y-ray excess identified
by the gta.find_sources algorithm coincident with the position of GS18 which is
designated PS J1842.0-0418. This has a T'S value of 17.8 and an angular offset from
the position of GS18 of 0.147°, although the 95% positional uncertainty around PS
J1842.0-0418 is unusually large at 1.01°. Contained within this uncertainty region
are 7 4FGL sources, with the nearest neighbours to PS J1842.0-0418 being the
unidentified source 4FGL J1842.5-0359¢ (TS = 318 and an angular offset from the
position of GS18 of 0.498°) and 4FGL J1840.8-0453e, the young supernova rem-
nant Kes 73 (Gotthelf and Vasisht, 1997) (TS = 1050, offset 0.501°). Given that
the positional uncertainty of PS J1842.0-0418 is so large, encompasses numerous,
luminous ~y-ray sources and that PS J1842.0-0418 is extended, I localise its position,
even though the TS of PS J1842.0-0418 is below 25*.

Figure C.9 shows a TS map centered on GS18, highlighting the extent of the PS
J1842.0-0418 uncertainty and the sources within it. After localising the ~y-ray
emission from PS J1842.0-0418 I find that the 95% positional uncertainty shrinks
by approximately an order of magnitude to 0.1234°. As shown by Figure C.9,
this means that the X-ray position of GS18 is no longer within the 95% positional
uncertainty of PS J1842.0-0418 and therefore PS J1842.0-0418 is very unlikely to

represent y-ray emission from GS18.

C.8 SAX J2103.5+4545

SAX J2103.544545 (henceforth SAX21) is a pulsar (Hulleman et al., 1998) accretor

in orbit with a Be star companion (Reig et al., 2005) with an orbit of 12.7 days

*Usually we lack photon statistics for more advanced analysis methods at such low source
significance.
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Figure C.9: The TS map of the central 3° of the GS1839-04 ROI across the
full 12.5 year observation time. Here, the positions of the closest 4FGL sources
are indicated by blue crosses, whilst the positions of sources identified with the
gta.find_sources algorithm are indicated by green crosses. The centroid (shown
with a cross) and 95% positional uncertainty (shown with a circle) of PS J1842.0-
0418 are given in yellow (before source localisation) and orange (after source local-
isation). The position of PS J1842.0-0418 barely shifts with localisation hence the
orange and yellow markers overlap. The position of GS 1839-04 itself is indicated
by the white cross, and is no longer spatially coincident with PS J1842.0-0418 fol-
lowing localisation. This T'S map is generated after ROI optimization and fit, but
before a point source for GS 1839-04 is fitted to the model, to highlight the spatial
coincidence between the excess and the position of GS 1839-04. Bin widths are 0.1°
across.
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C.8. SAX J2103.5+4545

countsem 2!

1.0
T 08
allm 0.6
g 0.4
° 0.2
= 0.0
202
—0.4
T
CTI(“
5 105
>10
&
2
=
=10°°
Z,
!
™
60
50
m40
= 30
20
10
0
Figure C.10:

{ A: BAT flux

| B: MAXI flux

- C: LAT flux

K202

K2R

X X X

XX X X X X X X X X X X X X x x X

x  D:LAT TS

X
X X %

55000

57000
Time (MJD)

56000

58000 59000

The Swift-BAT and MAXI daily binned light-curves of SAX

J2103.544545 are shown in Panels A and B respectively, with the 6-month en-
ergy flux measurements and TS values of the coincident -ray excess shown in
Panels C and D respectively. We place 95% confidence limits on any Fermi-LAT
energy flux bins with TS < 4. The vertical dashed lines indicate the beginning and
end of the 6-month period when there is a significant enhancement in the ~-ray

flux.
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C.8. SAX J2103.5+4545

(Baykal et al., 2000). SAX21 is the closest known neutron star-Be star system
to Earth (Blay et al., 2006). SAX21 is a well-studied system, with outbursts
well documented since its discovery, the most recent of which was in 2019 (Ducci
et al., 2019), and persistent monitoring with Swift-BAT meaning a wealth of multi-
wavelength data is available for the source. Unlike the majority of X-ray binaries
I report on here, I identify no persistent y-ray excess coincident with the position
of SAX21. However, I do identify significant transient emission in the 6-monthly

binned light-curve.

Figure C.10 shows the X-ray light-curve of SAX21 together with the ~-ray light-
curve generated at the position of SAX21. We measure 2 flux points, one with
TS = 63.5 (2 = 8.00) and the other with TS = 4.39 (z = 2.1¢). Given that there
are 25 bins, one would expect one of these to be of 20 in a simply noise dominated
distribution, however given the significance of the 8¢ bin, there is no statistical

doubt that this represents a flaring ~-ray point source of some morphology.

To test whether this transient point source represents y-ray emission from SAX21,
or another undiscovered source, I perform a full analysis using the same parameters
as detailed in Table 5.1, with the exception that the time range now exclusively
encompasses the bin containing the 8.00 ~-ray flare (MJD 55231 - MJD 55414).
We then fit a ~-ray source to the position of SAX21 and localise its position. We
then generate a TS map of the ROI, and plot the positions of all known sources,
together with the position of SAX21 and the now localised position of the ~-ray

excess, and its associated 95% positional uncertainty.

Figure C.11 shows the TS map of the SAX21 ROI during the 6 month period of
the y-ray flare, which is the dominant feature of the plot. Whilst the white cross
indicates the position of the binary itself, the orange cross indicates the localised
position of the ~-ray flare, with the orange circle representing the bound of the
95% positional uncertainty of the flare. As can be seen, SAX21 lies outside the
positional uncertainty bound following localisation, so it is unlikely that SAX21 is

the cause of this flare.
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Figure C.11: The TS map of the central 3° of the SAX J2103.54+4545 ROI, after my
likelihood fit and the gta.find_sources algorithm, over the MJD 55231 - MJD
55414 period. The blue crosses refer to the positions of 4FGL sources and the green
crosses refer to the positions of uncatalogued sources. The white cross indicates
the catalogued location of SAX21, whereas the orange cross and circle refer to the
central position of the excess, and 95% uncertainty after localisation. Our spatial
bins have an angular width of 0.1°.
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C.8. SAX J2103.5+4545

Figure C.12: The eleventh labour of Heracles, stealing three of the golden apples
of the Hesperides. By Lucas Cranach the Elder (After 1537).
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APPENDIX D

Low Mass X-ray Binary Survey
Sample

The following section provides a table of each LMXB included in the survey; the
binary name column gives the X-ray name of each X-ray binary included in the
survey from the Liu et al. catalogue, and the alternate name column gives either
the optical name of the system from Liu et al. or the most commonly used name for
the system (i.e. CirX-1). The (GC) tag appended to an alternate name indicates
that this system is located with LII and BII are the Galactic coordinates of the
system used in our data analysis; the position type gives the waveband from which
the coordinates were taken (for example, O corresponds to the coordinates of the
optical counterpart, X to the X-ray, etc.). The period refers to the orbital period
of the binary system measured in days; where no binary period is known a value of
0 is shown. The Flux U.L value refers to the 95% upper confidence limit on energy
flux (with units of MeV cm~2s71) obtained from the position of each HMXB where
no measurement of a ~vy-ray flux is made. Where a measurement of energy flux is

made, these are shown in Tables 5.4 and 5.5.
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D. Low Mass X-ray Binary Survey Sample
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APPENDIX E

Low Mass X-ray Binaries in

Globular Clusters

Numerous low mass X-ray binaries in the sample are within globular clusters, some
of which are y-ray emitting (for example M 15), and some of which are not known
to be. Globular clusters are generally non-variable sources as their y-ray emission
primarily originates from pulsars within the cluster, and hence any variability could
be indicative of emission from an LMXB within the cluster, rather than the wider

cluster pulsar population.

The LMXBs within y-ray emitting globular clusters are MXB 1730-335 in Liller 1,
XB 1832-330 in NGC 6652, EXO 1745-248 in Terzan 5 and M 15 X-1 & X-2. None
of these sources are known to be variable (given their variability indices in the
4FGL-DR3), which suggests that if the LMXBs contribute to the emission in these
systems, they are not the dominant component. Additionally, a number of LMXBs
are seen from globular clusters where there is no measured flux from the LMXB
position (regardless of whether or not the globular cluster emits ~-rays) indicating
no measurable v-ray emission from the LMXB within. These are GRS 1747-312
in Terzan 6, 4U 1724-307 in Terzan 2, SLX 1732-304 in Terzan 1, 4U 1820-30 in
NGC 6624 and AX J1824.5-2451 in M 28; upper limits for all of these LMXBs can

be found in Appendix D.
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E.1. 4U0513-40 in NGC'1851

Coordinates RA(°) Dec(°)
4U05 Optical Position 78.5267 -40.0439
PS J0514.1-4003 78.5400 -40.0625

Localised PS J0514.1-4003 78.5178 +0.0399 —40.0370 £ 0.03997

Table E.1: The optical positional coordinates of 4U 0513-40, the coordinates of PS
J0514.1-4003 from the find sources algorithm, and the results of the localisation
of this source (plus uncertainties) given in equatorial coordinates.

One LMXB within a globular cluster, 4U 0513-40 in NGC 1851, is found to have
significant spatially coincident -ray emission, detailed below in Section E.1, al-
though with the recent release of the 4FGL-DR3, the ~-ray source identified has
been firmly associated with NGC 1851. Nonetheless, the analysis is still included

for completeness.

E.1 4U0513-40 in NGC 1851

4U 0513-40 (henceforth 4U05) (Clark et al. 1975 & Vidal and Freeman 1975) is
an ultracompact X-ray binary consisting of a white dwarf donor, a neutron star
accretor and an orbital period of 17 minutes (Zurek et al. 2009 & Juett and Chakra-
barty 2005). 4U05 is located within the globular cluster NGC 1851, which itself
is located off the Galactic plane. An uncatalogued ~-ray point source is observed
with a very slight offset from the position of 4U05/NGC 1851 of 0.021° which is
designated PS J0514.1-4003. PS J0514.1-4003 is a significant source of ~-rays with
TS = 51.1 (z = 7.10), and the nearest catalogued ~-ray source is 4FGL J0521.8-
3848 (the blazar PKS 0520-388), which has an angular offset from the position of
4U05/NGC 1851 of 1.946°, and a TS of 208 (z = 14.40). Given the separation
from PS J0514.1-4003, source confusion with 4FGL J0521.8-3848 is not responsible

for this ~-ray point source.

Given the significance of PS J0514.1-4003, localisation of the ~-ray emission is
possible to further improve our knowledge of the sources position. We therefore

use localize in order to find an improved positional fit for PS J0514.1-4003.
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E.1. 4U0513-40 in NGC'1851

Table E.1 shows the results of this localisation; a very small adjustment is made
to the position of PS J0514.1-4003, and the TS of the source increases slightly
to 55.6 (7.50). The optical position of 4U05/NGC 1851 lies within the 67% (1o)
error radius of PS J0514.1-4003, indicating strong spatial coincidence between the
~-ray source and the binary and cluster. Neither low mass X-ray binaries nor
globular clusters are extended sources when viewed with Fermi-LAT, however as
PS J0514.1-4003 potentially represents a new system, it is important to test for
spatial extension. We run gta.extension in order to test a radial disc model
against the point source null hypothesis and find that the test statistic for this
hypothesis test is 0, therefore firmly favouring the point source hypothesis over the
extended source. We calculate a 95% upper confidence limit on radial extension
of 0.110°. As a point source the spatial morphology of PS J0514.1-4003 resembles
both the known globular cluster and X-ray binary populations when viewed with
Fermi-LAT. Figure E.1 shows the spatial coincidence between the localised PS

J0514.1-4003, and also it’s point source nature.

In order to determine whether PS J0514.1-4003 is the counterpart to 4U05 or
NGC 1851 (both of which can, in principle emit y-rays), one may look at variability
as an indicator. Globular clusters are non variable sources, with it being expected
that the majority of their y-ray emission comes from their pulsar populations (which

themselves are non-variable).

Figure E.2 shows the -ray light-curve of PS J0514.1-4003 together with the X-ray
light-curves of 4U05 with MAXI (soft X-ray, 2 - 20 keV) and with Swift-BAT (hard
X-ray, 15 - 50 keV). There are no giant outbursts in the X-ray light-curves of 4U05,
however there does appear to be variability on daily timescales in both X-ray light-
curves. The ~-ray light-curve shows very little variability and is likely to be best
fitted by a constant flux model, although the majority of bins are upper limits so
it is not possible to reliably fit a model in this case. Given that the orbital period
of 4U05 is 17 minutes, this is far too short a period to attempt to resolve phased

~-ray emission from PS J0514.1-4003.
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E.1. 4U0513-40 in NGC 1851
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Figure E.1: The TS map of the central 4° of the 4U0513-40 ROI over the full
mission time. Here, the positions of the closest 4FGL sources are indicated in blue,
whilst the position of 4U 0513-40/NGC 1851 is indicated in white. The positions of
uncatalogued sources are indicated in green. Bin widths are 0.1°. The yellow cross
indicates the localised position of PS J0514.1-4003, with the yellow circle showing
the 95% positional uncertainty of PS J0514.1-4003.

Figure E.3 shows the SED of PS J0514.1-4003, where I find that the best fitting
spectral shape is a soft power law. This is typical of both X-ray binaries and
globular clusters, as both populations have a mixture of log-parabola and power-
law spectral shapes. In both populations it is typical that the more significantly
detected sources (with better photon statistics) have log-parabola spectral shapes,
whereas less significant sources have power-law spectral shapes. However, a notable
exception to this rule is 4FGL J0427.8-6704 (1SXPS J042749.2-670434), an eclipsing
LMXB significantly detected at 250 in the 4FGL-DR2, which has a power-law
spectrum, rather than a log-parabola. Therefore I find that the spectrum of PS
J0514.1-4003 is compatible with both a globular cluster and LMXB source model.
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Figure E.2: Panels A and B show the daily hard and soft X-ray fluxes from Swift-
BAT and MAXI respectively for 4U 0513-40. Panels C and D show the energy
flux and respective TS of PS J0514.1-4003 where 95% confidence upper limits are
placed on flux for any bin where TS < 4.
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Figure E.3: The spectral energy distribution of PS J0514.1-4003 with 2 bins per
decade in energy. A power-law spectral shape is fitted to this SED with the best-fit
parameters of Ny = (1.936 4 0.319) x 1073, I' = 2.389 £ 0.122 and Ey = 1.0 GeV.
Upper limits are placed on energy bins where TS < 4.

Given the almost perfect positional coincidence between PS J0514.1-4003 and the
NGC 1851 (and 4U05 within it), it is extremely likely that the y-ray emission from
PS J0514.1-4003 originates in either the binary or the wider globular cluster itself.
The non variability in the light-curve of PS J0514.1-4003 (Figure E.2) is consistent
with the non-variable behaviour of a globular cluster, although it is entirely pos-
sible that PS J0514.1-4003 is variable on timescales too short to detect from ~y-ray
emission, as this source is seen to have X-ray variability on daily timescales and a
periodicity of just 17 minutes. The spectrum of PS J0514.1-4003 is consistent with
both a globular cluster and an X-ray binary and spatially PS J0514.1-4003 is best
modelled as a point source, again as all globular clusters and X-ray binaries are
in the «-ray regime. Hence the properties of PS J0514.1-4003 means the system
outwardly resemble either a globular cluster or an X-ray binary, with no detectable

variability tipping the scales slightly towards the Globular cluster hypothesis.

Considering the wider population of globular clusters, NGC 1851 is one of 157
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E.1. 4U0513-40 in NGC'1851

such systems in the Milky Way (Harris 1996 & Harris 2010). Of these 157 systems,
30 are ~v-ray emitters and are catalogued in the 4FGL-DR2, making 19% of the
Galactic globular cluster population detected «-ray emitting sources. There are
slightly more LMXB systems known, at 187 (Liu et al., 2007), however of these
systems only 4 are known v-ray emitters, or 2% of the population. None of these
systems are ultracompact X-ray binaries like 4U05. On balance, it is much more
likely that PS J0514.1-4003 represents significant emission from a globular cluster
than an LMXB, and hence I conclude that PS J0514.1-4003 represents novel y-ray
emission from NGC 1851, making this system the 31st globular cluster detected

with Fermi-LAT at a significance of 7.50.
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APPENDIX F

Low Mass X-ray Binary False

Positive Results

F.1 1E161348-5055.1

1E 161348-5055.1 (Tuohy and Garmire, 1980) (henceforth referred to as 1E16) is the
central X-ray source in the supernova remnant RCW 103 and is either a low mass
X-ray binary with an unclassified companion star and orbital period of 0.2779 days
(Becker and Aschenbach, 2002), or an isolated neutron star (possibly a magnetar)
accreting from a supernova fallback disc from RCW 103 (Li, 2007). A v-ray source is
identified coincident with the position of 1E16 with a T'S value of 56.0 (7.50) (Figure
F.1). 1E16 lies in a crowded field of 7-ray sources, with the closest catalogued
source being 4FGL J1616.2-5054¢, the extended pulsar wind nebula HESS J1616-
508. Given the significance of the newly-detected source, positional localisation can
be performed showing that the position of the excess shifts, so that it is no longer
spatially coincident with 1E16. As 1E16 does not lie within the 99% positional
uncertainty, there is < 1% chance that this excess represents y-ray emission from

1E16.
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F.2. GX340+0 (4U1642-45)
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Figure F.1: The TS map of the central 2° of the 1E 161348-5055.1 ROI over the
full mission time. Here, the positions of the closest 4FGL sources are indicated in
blue, whilst the position of 1E 161348-5055.1 is indicated in white. The positions
of uncatalogued sources are indicated in green. Bin widths are 0.1°. The orange
cross and circle represent the localised position of PS J1617.5-5105, and the 95%
positional uncertainty of this source. The yellow cross and circle represent the
centroid, and extent of the nearby pulsar wind nebula 4FGL J1616.2-5054e.

F.2 GX 34040 (4U 1642-45)

4U 1642-45 (also known, and henceforth referred, to as GX340+0) is a Z-track*
LMXB, with a neutron star accretor and an unclassified companion star (Margon
et al. 1971a & Penninx et al. 1991). No orbital period is known for GX 340+0.

The catalogued v-ray source, 4FGL J1645.8-4533c, is spatially coincident! with

*The Z-track LMXBs are so named because of they make a ‘Z’ shape in their colour-colour and
hardness-intensity diagrams. They are the brightest subgroup of LMXB, and display characteristic
flaring, transient super-Eddington luminosity, and have neutron star compact objects (Church and
Balucinska-Church, 2011).

TThere is a small angular offset of 0.058° from the radio position of GX 340+0 used in Liu
et al. (2007).

418
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Figure F.2: The TS map of the central 2° of the GX 340+0 ROI over the full mission
time. Here, the positions of the closest 4FGL sources are indicated in blue, whilst
the position of GX 34040 is indicated in white. The positions of uncatalogued
sources are indicated in green. Bin widths are 0.1°. The yellow cross indicates the
localised position of 4FGL J1645.8-4533¢, with the yellow circle showing the 99%
(i.e. most generous) positional uncertainty for 4FGL J1645.8-4533c.

the radio position of GX 3404+0. 4FGL J1645.8-4533c is associated with GX 340+0
in the 4FGL-DR2, although the catalogue source type is ‘unknown’ rather than an
‘Imb’ (Low Mass X-ray Binary), indicating that whilst the source of the y-rays may
be GX 34040, the mechanism for their production is unknown. When producing
the 4FGL-DR2, two measures of association between catalogue sources and their
multi-wavelength counterparts is used: a likelihood association probability and a
Bayesian association probability. The probability of association for GX 340+0 and
4FGL J1645.8-4533c¢ via the likelihood method is 0.961, however for the Bayesian
method the probability fails to reach the probability threshold of 0.8. A lack of
agreement between the two association probability calculations means that the

association of GX 34040 with 4FGL J1645.8-4533c¢ is tentative.
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F.2. GX340+0 (4U1642-45)

Coordinates RA(°) Dec(°)
GX 340+0 Radio Position 251.4487 -45.6109
4FGL J1645.8-4533¢ 251.4550 45.5536

Localised 4FGL J1645.8-4533¢c  251.4578 +£0.0204 —45.4979 4+ 0.0227

Table F.1: The positional information of GX 340+0, its associated 4FGL source,
and the results of the localisation of this source (plus uncertainties).

Given the additional 3 years of observations available, compared to that of the
4FGL-DR2, a more detailed analysis of the connection between GX 340+0 and
4FGL J1645.8-4533c is now possible. Following the standard analysis chain de-
scribed in Chapter 6, 4FGL J1645.8-4533c is detected with TS = 479 (22.90)
and approximately 22000 predicted y-ray counts from 13 years of data. This is a
marked increase over the detection significance reported in the 4FGL-DR2: 12.70.
Given the improved photon statistics for this source, I am able to present a refined
positional fit for 4FGL J1645.8-4533c, by using the Fermipy Localize routine.
Figure F.2 shows the TS map of the centre of the GX 34040 ROI with the loc-
alised position of 4FGL J1645.8-4533c, with the 99% positional uncertainty, the
largest uncertainty typically calculated in localisation*. As the radio position of
GX 34040 does not lie within the bounds of the positional uncertainty of 4FGL
J1645.8-4533c, it is unlikely that this point source is coincident with the radio po-
sition of GX 340+0. Table F.1 gives the positional information of the GX 340+0
radio position from Liu et al. (2006), together with the catalogued 4FGL J1645.8-
4533c positional information together with the refined fit with 13 years of data and

its associated uncertainties.

As a Z-source, GX 34040 is one of the most luminous, with clear variability seen
when the system is on the flaring branch of the hardness-intensity diagram. GX 34040
is additionally a source with known quasi-periodic oscillations (van Paradijs et al.,
1988), although given the integration time required to make a ~-ray detection

compared to other wavelengths, one would not expect to see QPOs in y-ray emis-

*A reminder that my typical criterion for spatial coincidence is the stricter 95% positional
uncertainty (i.e. 20 confidence), I display the 99% uncertainty here to highlight the lack of
apparent spatial coincidence between 4FGL J1645.8-4533c and GX 340+0.
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Figure F.3: Panels A and B show the daily hard and soft X-ray fluxes from Swift-
BAT and MAXI respectively for GX 340+0. Panels C and D show the energy flux
and respective TS of 4FGL J1645.8-4533¢ where 95% confidence upper limits are
placed on flux for any bin where TS < 4.

421



F.2. GX340+0 (4U1642-45)
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Figure F.4: The spectral energy distribution of GX 340+0 with 8 bins per decade.
A log-parabola spectral shape is fitted to this SED with the best-fit parameters of
a = 2.80540.125, B = 0.197540.0259, Ny = (1.53140.193) x 10~'2 and Ep = 1.77
GeV

sion. Figure F.3 shows the X-ray light-curves of GX 34040 from both Swift-BAT
and MAXI, together with the 6 month binned light-curve of 4FGL J1645.8-4533c.
4FGL J1645.8-4533¢ appears to be a largely steady source, with reasonably consist-
ent flux measurements being made in each bin (with the exception of one 6 month
period where no significant emission was detected). The Swift-BAT light-curve
shows no significant flaring, and the MAXI light-curve shows an average flux of

2571 there is significant variability above and below this flux, but

1.5 countscm™
no obvious long term trends. There is therefore no obvious link between the ~-ray
light-curve of 4FGL J1645.8-4533¢ and the X-ray light-curve of GX 34040, and as

there are no known orbital or spin periods known for GX 34040, a phased search

is not possible.

Finally, the 4FGL-DR2 states that 4FGL J1645.8-4533¢ has a log-parabola spectral
shape, as do 3 of the 4 catalogued 4FGL-DR2 LMXBs. My calculated spectrum is

consistent with this although note that several points appear to significantly deviate
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F.3. 2A1822-371

from expected spectrum in the 100 MeV - 1 GeV range, and that there appears
to be a slight spectral hardening immediately before the high energy cutoff at

approximately 10 GeV.

Based on the localisation of 4FGL J1645.8-4533c, it is unlikely (< 1% chance)
that this y-ray source is spatially coincident with the radio position of GX 340+0.
Whilst in the case of other binaries (e.g. SS433) offset emission is seen due to
the presence of a relativistic jet, GX 340+0 is not a known microquasar, nor is
is there any evidence for a jet. Furthermore, a lack of information regarding the
period of the binary or spin of the neutron star* makes it difficult to search the
4FGL J1645.8-4533c¢ data for signatures of binary emission and any detection of the
rapid variability seen in the X-ray is unlikely with the LAT. Without longer term
trends in the X-ray data or orbital periodicity data, it is not possible to associate
4FGL J1645.8-4533c firmly with GX 340+0. Whilst the log-parabola spectral shape
is consistent with the understanding of LMXB ~-ray spectra, log-parabola spectra
are also common in blazars. Therefore it is possible that 4FGL J1645.8-4533c is, in
fact, a blazar with a hitherto unknown multi-wavelength counterpart, rather than

representing y-ray emission from GX 34040.

F.3 2A1822-371

2A 1822-371 (also known as 4U 1822-371 and V691 CrA; henceforth referred to as
2A18) is a LMXB system with a pulsar accretor in orbit with an unclassified com-
panion star with an orbital period of 5.57 hours, it is notable for being viewed
almost edge on at an 85° inclination angle, and its rapidly changing orbit implies
a larger than average mass transfer rate between companion and accretor (e.g.
Griffiths et al. 1978, Cowley et al. 1982, Mason and Cordova 1982, Jonker and
van der Klis 2001, Burderi et al. 2010). A previous study, Ciampa et al. (1989),

claimed detection of phase-modulated ~y-ray emission from 2A18, however given

*Despite containing neutron stars, Z-binaries do not typically display pulsations.
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Figure F.5: Panel A shows the daily X-ray flux from MAXI for 2A 1822-371. Panels
B and C show the energy flux and respective TS of PS J1825.5-3655 where 95%
confidence upper limits are placed on flux for any bin where TS < 4. The grey
dotted lines indicate the start and end of the 18 month period where the significant
excess appears.

that this emission only reaches 2.40 and this emission has not been observed by
any subsequent y-ray observatories, this emission was either transient and the bin-
ary simply hasn’t emitted ~-rays since this time (there is no clear mechanism for
this behaviour) or, more likely given the low significance, this result was due to

either a background fluctuation or an nearby unresolved point source.

The 13-year dataset reveals a «y-ray excess dubbed PS J1825.5-3655 coincident with
the position of 2A18 with T'S = 12.6 (angular offset: 0.184°). Figure F.5 shows the

424



F.3. 2A1822-371

2A18

4FGL Sources

PS J1825.5-3655 20
Uncatalogued Sources

-36°00’

-37°00’

Declination

-38°00

-39°00’
278°00" 277°007 276°00” 275°00" 274°00’

Right Ascension

Figure F.6: The TS map of the central 4° of the 2A 1822-371 ROI over the 18
month excess period. Here, the positions of the closest 4FGL sources are indicated
in blue, whilst the position of 2A 1822-371 is indicated in white. The positions of
uncatalogued sources are indicated in green. Bin widths are 0.1°. The orange cross
denotes the position of PS J1825.5-3655, whilst the orange circle shows the 95%
positional uncertainty around PS J1825.5-3655.

MAXT light-curve of 2A18, together with the y-ray light-curve of PS J1825.5-3655.
An approximately 18 month period* towards the end of the observation period
shows a consistent ~v-ray flux, whereas the rest of the light-curve shows two less

significant measurements and upper limits.

I reanalyse the ROI over this 18 month period, and find that the TS of PS J1825.5-
3655 roughly doubles to 27.7 (5.30). During this period, PS J1825.5-3655 is the
most significant ~-ray source within a 2° radius, meaning source confusion with a
catalogued source is unlikely. We localise the position of PS J1825.5-3655, and find
that it shifts slightly to LII = 357.0262° £+ 0.0521, BII = —11.1525° + 0.0562° with

*MJID 58662.9 - 59231.5
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a 95% positional uncertainty radius of 0.1321°. Figure F.6 shows the TS map of the
2A18 ROI, with the y-ray emission from 2A18 as the most luminous source present,
and 2A18 lying outside of the uncertainty bound of PS J1825.5-3655. Therefore,
PS J1825.5-3655 is no longer spatially coincident with the position of 2A18, and it
is therefore unlikely to represent «-ray emission from this LMXB. Given that it is
more than 10° off the Galactic plane, it is likely that PS J1825.5-3655 represents a

very faint flaring blazar which was undetectable prior to this 18 month period.

F.4 SLX1746-331

SLX 1746-331 (Skinner et al., 1990) (henceforth SLX17) is an LMXB transient
source and black hole candidate (White and van Paradijs 1996 & Tetarenko et al.
2016). The system has an unclassified companion star, the orbital period is un-
known. An excess is observed at the position of SLX17 with TS = 19.29 (4.40),

and the light-curve condition is also fulfilled in this case.

Swift-BAT and MAXI X-ray data are available for this system, and therefore I
plot the daily X-ray light-curves alongside the y-ray data in Figure F.7. In the
~-ray light-curve, I observe 4 bins in the 20 < z < 30 TS range, with upper limits
otherwise. The flux measurements of each bin appear broadly consistent with one
another, indicating that there is no detectable variability exhibited by this y-ray
excess. The ~-ray bins do not correlate with any known enhancements in the X-
ray data. Given poor photon statistics, localisation and spectral analysis are not

possible for this v-ray excess.

Figure F.8 shows the TS map of the SLX17 ROI, where one clearly sees that
SLX17 is coincident with the peak of a v-ray excess. We also see a close catalogued
source, 4FGL J1750.9-3301 (TS = 13.67, angular offset: 0.299°); this TS is low for
a 4FGL source and the catalogue gives it’s detection significance as 5.50, which
should correspond to a TS of at least 30. Given the close proximity between

4FGL J1750.9-3301 and SLX17 it is inevitable that there is some source confusion
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Figure F.7: Panels A and B show the daily hard and soft X-ray fluxes from Swift-
BAT and MAXI respectively for SLX 1746-331. Panels C and D show the energy
flux and respective TS of the coincident vy-ray excess where 95% confidence upper
limits are placed on any bin where TS < 4.
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Figure F.8: The TS map of the central 3° of the SLX 1746-331 ROI over the full
observation time. Here, the positions of the closest 4FGL sources are indicated by
blue crosses, whilst the position of SLX 1746-331 is indicated with a white cross.
The positions of uncatalogued sources are indicated by green crosses. Bin widths
are 0.1°.

occurring here, and that this is responsible for the excess one sees at the position
of the binary, and responsible for the apparent lack of observed significance from

4FGL J1750.9-3301.

F.5 4U1811-17 (GX 13+1)

4U 1811-17 (Giacconi et al. 1971 & Giacconi et al. 1972), also known as GX 13+1
and Sgr X-2 is a low mass X-ray burster (e.g. Fleischman 1985, Matsuba et al. 1995
& Kuulkers and van der Klis 2000) with a neutron star accretor and a companion
of spectral type K5III (Bandyopadhyay et al., 1999). Whilst I do not identify any
persistent «-ray excess coincident with the position of GX 1341, the light-curve

condition for this binary is fulfilled, indicating that there is some significant ~-ray
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emission within the light-curve at the position of the binary.

Figure F.9 shows the X-ray light-curves of GX 1341 as seen by MAXI and Swift-
BAT along with the Fermi-LAT light-curve at this position. In the y-ray light-curve
all but two of the bins are upper limits, and these two bins are not consecutive.
The first and less significant of the two bins occurs from MJD 55630 - 55819, and
a TS of 7.18 (2.70) is calculated for this bin. The second and more significant bin
occurs from MJD 56577 - 56767, with a TS of 19.7 (4.40). There are a number
of above average points in the X-ray data corresponding to Type I thermonuclear
X-ray bursts, however there appears to be no correlation between these and the
~-ray flux points, although the v-ray flux bins are approximately 100 times longer
than the X-ray bins, so direct comparisons can be difficult when short term (i.e.
daily) variability occurs in the X-ray data. The flux measurements of both ~-ray

bins appear to be broadly comparable with one another.

Considering only the time period of the more significant of the two bins (MJD
56577 - 56767), 1 generate a TS map of the ROI surrounding GX 13+1, shown in
Figure F.10. Whilst GX 13+1 is spatially coincident with a «-ray excess during this
period, there is a 4FGL source less than one bin width away from the position of the

binary. This source is 4FGL J1814.1-1710, a source with no previous association®.

The very small separation between the excesses seen in the GX 1341 light-curve
and 4FGL J1814.1-1710 makes it impossible to resolve emission between the two.
There is therefore no significant evidence for any -ray emission from the GX 1341

system.

*This source has been removed from the most recent iteration of the LAT point source cata-
logue, the 12-year 4FGL-DR3. This is likely due to it being insignificant. However, given that
this source exceeds the 50 level over the full lifetime of Fermi-LAT I choose to include it in my
model, and not delete it.
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Figure F.9: Panel A shows the daily X-ray flux of GX 13+1 measured by MAXI;
Panel B shows the daily X-ray flux of GX 13+1 measured by Swift-BAT. Panels C
and D show the energy flux and respective TS of the position of GX 13+1 where
95% confidence upper limits are placed on flux for any bin where TS < 4.
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Figure F.10: The TS map of the central 3° of the GX 1341 ROI during the period
MJD 56577 - 56767, where the more significant excess is seen.. Here, the positions
of the closest 4FGL sources are indicated by the blue crosses, whilst the position
of GX 1341 is indicated by the white cross. The positions of uncatalogued sources
(including PS J1814.0-1750) are indicated by green crosses. The orange circle indic-
ates the extent of the spatially extended pulsar wind nebula: 4FGL J1813.1-1737e,
with the orange cross indicating the centroid of this source. Bin widths are 0.1°.

F.6 4U1812-12

4U 1812-12 (henceforth 4U1812) (Forman et al. 1976 & Amnuel et al. 1979) is a
low mass X-ray burster (Murakami et al., 1983), with a neutron star accretor, a
companion star of unknown spectral class, although it is thought to be an evolved
Helium-rich system (Armas Padilla et al., 2020). This system is an ultra-compact
X-ray binary but has no known orbital period. Whilst no persistent y-ray excess
is identified at the position of 4U1812, the light-curve condition is fulfilled for the
position of 4U1812, indicating the presence of significant ~-ray emission in the

light-curve.
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Figure F.11: The light-curve of the position of 4U 1812-12, with approximately 6
month bins. The top panel displays energy flux as a function of time, and the
bottom panel displays the respective TS of each energy flux bin. Upper limits on
flux are calculated for each bin where the respective TS < 4.

Figure F.11 shows this light-curve in which 21 of the 25 bins have upper limits, and
4 bins have evidence for emission in the 2.5¢ < z < 30 significance range. The flux
points appear to be consistent with one another, although the uncertainty on each
flux point is large. Whilst 4U1812 is a well established variable source in the X-ray
waveband (due to its Type I bursts), no useful light-curve data are available for
this source from either Swift-BAT or MAXI. It is therefore not possible to make a

connection between these light-curve excesses and any multi-wavelength features.

Several sources are close to the position of 4U1812 in the sky: 4FGL J1816.5-1208c
(TS = 68.6, angular offset from 4U1812: 0.353°) and 4FGL J1813.7-1152 (TS =
102, offset: 0.391°). Neither of these sources is known to be variable on monthly

timescales. Additionally, the highly significant pulsar 4FGL J1813.4-1246/PSR
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J1813-1246 (TS = 30400) also lies nearby (offset: 0.789°), and like the general

pulsar population, is non-variable.

It is not possible to perform any advanced analysis due to a lack of a significant per-
sistent emission, and no multi-wavelength data are available making it impossible
to associate the excesses in this light-curve with 4U1812 itself. Given the proximity
of 4U1812 to a number of steady ~-ray sources, it is likely that these excesses are

the product of source confusion, rather than a genuine signature of y-ray emission.

F.7 4U 1918415

4U 1918415 (Villa et al. 1976 & Forman et al. 1978) (henceforth 4U19) is a low mass
X-ray binary system, and a soft X-ray transient thought to consist of a neutron
star accretor and an unclassified companion star with an unknown orbital period
(Cominsky et al. 1978 & Campana et al. 1998). We observe a significant ~-ray
excess coincident with the position of 4U19 with a TS value of 38.6 (6.20), and
also see that the light-curve condition for this X-ray binary is fulfilled indicating

significant ~-ray emission in the light-curve of this source.

Given the large number of photons and the significance of the persistent ~y-ray
excess, I am able to perform a positional localisation on this excess. Figure F.12
shows the result of this localisation overlaid on the TS map of the ROI around
4U19. After localisation I find that the source moves so that it now has an angular
offset of 0.2533° from 4U19, with the 99% positional uncertainty radius of this
localisation being equal to 0.2164°. Consequentially there is a less than 1% chance
that this excess is truly coincident with the binary, and therefore it is highly unlikely

to represent y-ray emission from 4U19.
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Figure F.12: The TS map of the central 3° around 4U 1918+15. The position of
4U 1918+15 is indicated by the white cross, with the positions of 4FGL sources
indicated by blue crosses. Uncatalogued sources are indicated by green crosses.
The orange cross indicates the position of the localised excess, with the orange
circle indicating the 95% positional uncertainty of the localisation. Bin widths are
0.1° across.
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Figure F.13: The twelfth labour of Heracles, the capture of Cerberus, the guardian
of the underworld. By Peter Paul Rubens (1636-1637).
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APPENDIX G

X-ray Binary v-ray Spectra

This Appendix contains the spectral energy distributions of the known ~-ray emit-
ting X-ray binaries which are analysed in Chapter 9 with a 13 year dataset. In most
cases, 10 energy bins per decade are used to produce the SED, however in certain
cases where the source significance is lower, 5 bins per decade were used to increase
the photon statistics per bin, reducing the number of upper limit bins. Each SED
is modelled with either a log-parabola, or power-law depending on which is the
better fit to the data, and the parameters used are those calculated from these
SEDs, as opposed to those given in the 4FGL. The parameters themselves for each
SED are extremely similar to those provided in the 4FGL, so can be found in that

catalogue.
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Figure G.1: The spectral energy distribution of the extragalactic high mass X-ray
binary LMC P3, with 10 energy bins per decade. Upper limits are placed on any
bin where TS < 4. The data is fitted with a log-parabola spectral model, using
best fit parameters.
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Figure G.2: The spectral energy distribution of the high mass X-ray binary
PSR B1259-63, with 5 energy bins per decade. Upper limits are placed on any
bin where TS < 4. The data is fitted with a power-law spectral model, using best
fit parameters.
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Figure G.3: The spectral energy distribution of the high mass X-ray binary 4FGL
J1405.1-6119, with 10 energy bins per decade. Upper limits are placed on any bin
where TS < 4. The data is fitted with a log-parabola spectral model, using best
fit parameters.
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Figure G.4: The spectral energy distribution of the high mass X-ray binary 1FGL
J1018.6-5856, with 10 energy bins per decade. Upper limits are placed on any bin
where TS < 4. The data is fitted with a log-parabola spectral model, using best
fit parameters.
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Figure G.5: The spectral energy distribution of the high mass X-ray binary LS 5039,
with 10 energy bins per decade. Upper limits are placed on any bin where TS < 4.
The data is fitted with a log-parabola spectral model, using best fit parameters.
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Figure G.6: The spectral energy distribution of the high mass X-ray binary
HESS J1832-093, with 5 energy bins per decade. Upper limits are placed on any
bin where TS < 4. The data is fitted with a log-parabola spectral model, using

best fit parameters.
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Figure G.7: The spectral energy distribution of the high mass X-ray binary HESS
J06324-057, with 5 energy bins per decade. Upper limits are placed on any bin
where TS < 4. The data is fitted with a power-law spectral model, using best fit
parameters.
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Figure G.8: The spectral energy distribution of the high mass X-ray binary HESS
J06324-057, with 5 energy bins per decade. Upper limits are placed on any bin
where TS < 4. The data is fitted with a power-law spectral model, using best fit
parameters.
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Figure G.9: The spectral energy distribution of the high mass X-ray binary
Cygnus X-1, with 5 energy bins per decade. Upper limits are placed on any bin
where TS < 4. The data is fitted with a power-law spectral model, using best fit
parameters.

- i
1070 +
T, 4
8 4""-.
Sl T -
: ! k.
< T
;ZU —6 TT
10 T
1 T
T
102 10% IRTIL 10°

Energy (MeV)

Figure G.10: The spectral energy distribution of the high mass X-ray binary
Cygnus X-3, with 10 energy bins per decade. Upper limits are placed on any bin
where TS < 4. The data is fitted with a log-parabola spectral model, using best
fit parameters.
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Figure G.11: The spectral energy distribution of the high mass X-ray binary
LSI+61303, with 10 energy bins per decade. Upper limits are placed on any
bin where TS < 4. The data is fitted with a log-parabola spectral model, using
best fit parameters.
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Figure G.12: The spectral energy distribution of the low mass X-ray binary 4FGL
J0540.0-7552, with 5 energy bins per decade. Upper limits are placed on any bin
where TS < 4. The data is fitted with a log-parabola spectral model, using best
fit parameters.
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Figure G.13: The spectral energy distribution of the low mass X-ray binary 1SXPS
J042749.2-670434, with 10 energy bins per decade. Upper limits are placed on any
bin where TS < 4. The data is fitted with a power-law spectral model, using best
fit parameters.
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Figure G.14: The spectral energy distribution of the low mass X-ray binary 2S
0921-63, with 5 energy bins per decade. Upper limits are placed on any bin where
TS < 4. The data is fitted with a log-parabola spectral model, using best fit
parameters.
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Figure G.15: The spectral energy distribution of the low mass X-ray binary
4FGL J0407.7-5702, with 5 energy bins per decade. Upper limits are placed on
any bin where TS < 4. The data is fitted with a power-law spectral model, using
best fit parameters.
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Figure G.16: The spectral energy distribution of the low mass X-ray binary
1RXS J154439.4-112820, with 10 energy bins per decade. Upper limits are placed
on any bin where TS < 4. The data is fitted with a log-parabola spectral model,
using best fit parameters.
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Figure G.17: The spectral energy distribution of the low mass X-ray binary

4FGL J0336.0+7502, with 10 energy bins per decade.

Upper limits are placed

on any bin where TS < 4. The data is fitted with a log-parabola spectral model,

using best fit parameters.
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Figure G.18: The spectral energy distribution of the low mass X-ray binary
2SXPS J094023.5-7610, with 10 energy bins per decade. Upper limits are placed
on any bin where TS < 4. The data is fitted with a log-parabola spectral model,

using best fit parameters.
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APPENDIX I I

X-ray Binary Light-Curves

This Appendix contains the energy flux light-curves of the known ~-ray emitting
X-ray binaries which are analysed in Chapter 9 with a 13 year dataset. In each
light-curve, 25 bins are used of equal size, and the bins do not overlap. In addition
to the energy flux values of each bin, the respective T'S value of each bin is also
shown. The variability of index for each light-curve can be found in the 4FGL, and

gives a statistical measure of how variable each XRB is.
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Figure H.1: The light-curve of the extragalactic high mass X-ray binary LMC P3.
The upper panel shows energy flux, the lower panel shows TS. Upper limits are
placed on any bin where TS < 4.
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Figure H.2: The light-curve of the high mass X-ray binary PSR B1259-63. The
upper panel shows energy flux, the lower panel shows TS. Upper limits are placed
on any bin where TS < 4.
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Figure H.3: The light-curve of the high mass X-ray binary 4FGL J1405.1-6119.
The upper panel shows energy flux, the lower panel shows TS. Upper limits are
placed on any bin where TS < 4.
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Figure H.4: The light-curve of the high mass X-ray binary 4FGL J1405.1-6119.
The upper panel shows energy flux, the lower panel shows TS. Upper limits are
placed on any bin where TS < 4.
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Figure H.5: The light-curve of the high mass X-ray binary LS5039. The upper
panel shows energy flux, the lower panel shows TS. Upper limits are placed on any
bin where TS < 4.
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Figure H.6: The light-curve of the high mass X-ray binary HESS J1832-093. The
upper panel shows energy flux, the lower panel shows TS. Upper limits are placed
on any bin where TS < 4.
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Figure H.7: The light-curve of the high mass X-ray binary HESS J0632+057. The
upper panel shows energy flux, the lower panel shows TS. Upper limits are placed

on any bin where TS < 4.
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Figure H.8: The light-curve of the high mass X-ray binary CygX-1. The upper
panel shows energy flux, the lower panel shows TS. Upper limits are placed on any

bin where TS < 4.

450



H. X-ray Binary Light-Curves

‘|‘+ _|_-|-

L e A T 1

X

100 x

X

0 X X X X X x x X X x x x X x * x

x

55000

56000

57000

53000

59000

Time (MJD)

Figure H.9: The light-curve of the high mass X-ray binary CygX-3. The upper
panel shows energy flux, the lower panel shows TS. Upper limits are placed on any
bin where TS < 4.
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Figure H.10: The light-curve of the high mass X-ray binary LSI+61303. The
upper panel shows energy flux, the lower panel shows TS. Upper limits are placed
on any bin where TS < 4.
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Figure H.11: The light-curve of the low mass X-ray binary 4FGL J0540.0-7552.
The upper panel shows energy flux, the lower panel shows TS. Upper limits are

placed on any bin where TS < 4.
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Figure H.12: The light-curve of the low mass X-ray binary 1SXPS J042749.2-
670434. The upper panel shows energy flux, the lower panel shows TS. Upper

limits are placed on any bin where TS < 4.
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Figure H.13: The light-curve of the low mass X-ray binary 250921-630. The upper

panel shows energy flux, the lower panel shows TS. Upper limits are placed on any
bin where TS < 4.
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Figure H.14: The light-curve of the low mass X-ray binary 4FGL J0407.7-5702.
The upper panel shows energy flux, the lower panel shows TS. Upper limits are
placed on any bin where TS < 4.
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Figure H.15: The light-curve of the low mass X-ray binary 1RXS J154439.4-112820.
The upper panel shows energy flux, the lower panel shows TS. Upper limits are
placed on any bin where TS < 4.
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Figure H.16: The light-curve of the low mass X-ray binary PSR+J1023+0038. The
upper panel shows energy flux, the lower panel shows TS. Upper limits are placed
on any bin where TS < 4.
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Figure H.17: The light-curve of the low mass X-ray binary 4FGL J0336.04-7502.
The upper panel shows energy flux, the lower panel shows TS. Upper limits are

placed on any bin where TS < 4.
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Figure H.18: The light-curve of the low mass X-ray binary 2SXPS J094023.5-
761001. The upper panel shows energy flux, the lower panel shows TS. Upper

limits are placed on any bin where TS < 4.
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APPENDIX

Data and Software Accessibility

The production of this thesis has made use of data from a variety of sources, all

of which are fully accessible to the public. In addition to this, I have made use of

a number of software packages, both written within the Python 2 language, and
otherwise. All of these are listed below with the relevant links to the

documentation for each source.

e The Fermi-LAT P8R3 photon and spacecraft files, the LAT 8 year extended
source templates and the 4FGL-DR2 fits catalogue, available from the LAT
data server here: https://fermi.gsfc.nasa.gov/ssc/data/access/

e The Swift-BAT precomputed daily X-ray light-curves available from:

https://swift.gsfc.nasa.gov/results/transients/

e The MAXI precomputed daily X-ray light-curves available from:
http://maxi.riken.jp/top/lc.html
e Optical photometry measurements from the American Association of Variable

Star Astronomers (AAVSO), available from the AAVSO data server here:

https://www.aavso.org/databases

o The X-ray binary catalogues described in the Liu et al. (2006) and Liu et al.

(2007), available in flexible image transfer system (fits) format here:
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I.1

https://heasarc.gsfc.nasa.gov/W3Browse/all /Imxbcat.html

and here: https://heasarc.gsfc.nasa.gov/w3browse/all/hmxbcat.html

Data and coordinates have been taken from the SIMBAD online database
here:

https://simbad.unistra.fr/simbad/

Software

The Fermitools software, version 1.2.23, available here:

https://github.com/fermi-lat /Fermitools-conda

The Fermipy module, available here:
https://github.com/fermiPy /fermipy/blob/master/docs/index.rst
All code has been written in Python using the Anaconda distribution, and

the Jupyter Notebook interface. All plots were made with Matplotlib.

Anaconda and relevant packages can be found here:

https://www.anaconda.com/
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Figure I.1: Having completed the twelve labours in penance; Heracles is speculated
to have joined Jason and the Argonauts in their search for the Golden Fleece
(pictured). By Jean-Francois Detroy (Year Unknown).
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