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Abstract of Dissertation

The Transient Universe: Compact Objects Near and Far

Neutron stars are at the center of modern time domain astronomy. They are often

invoked to explain the most luminous, and explosive transients, such as magnetar giant

flares, fast radio bursts, kilonovae, and gamma-ray bursts. In my thesis, I studied

neutron stars both in our Galaxy and at cosmological distances, as these separate

populations probe the formation and evolution of a variety of high energy transients.

In the first half of my thesis, I analyzed X-ray observations obtained as part of

the Swift Deep Galactic Plane Survey, a NuSTAR Legacy Project and Swift Key

Project, covering 40 square degrees of the Galactic Plane between 10< jlj <30 deg

and jbj <0.5 deg. The goal of the DGPS is to produce a rich sample of new sources

and transients, while also covering a broad discovery space. I present the first catalog

of X-ray sources discovered through the Survey and discuss the classification of two

individual sources, a high-mass X-ray binary and a cataclysmic variable, discovered

through Survey operations.

The second half of my thesis was aimed at studying the host galaxies and en-

vironments of short duration gamma-ray bursts. Short gamma-ray bursts were

unambiguously connected to binary NS mergers through the simultaneous detection

of GW170817 and GRB 170817A. As such, short gamma-ray bursts play a signifi-

cant role in astrophysics with far-reaching implications, from the rate of detectable

gravitational wave events to the production of heavy elements in the Universe. Their

environments and distance scales yield important information as to their progenitors

and their formation channels. In particular, I used the early X-ray afterglows of Swift

short gamma-ray bursts to probe the density of their surrounding environments and,

moreover, I carried out an extensive observational campaign to study the host galaxies

of 31 short GRBs.
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1 Introduction

1.1 Overview

A compact object, such as a neutron star (NS), black hole (BH), or white dwarf

(WD), represents the end stage of a star's life. NS and WD stars are held up against

gravitational collapse by the Pauli exclusion principle. If the degeneracy pressure

is not strong enough, then these stars will collapse to form a BH. Compact objects

represent the most extreme states of matter (i.e., gravity, density, magnetic �eld) in

the Universe, and are the end products of the most energetic and explosive phenomena

across space and time. Throughout this thesis, I focus on studying compact objects

both within our own Galaxy (Chapters 2, 3, and 4) and at cosmological distances

(Chapters 5, 6, and 7).

1.2 Galactic X-ray Sources

1.2.1 A Brief Summary of Galactic X-ray Surveys

Compact objects tend to be strong soft X-ray emitters, due either to their large

magnetic �elds, or due to accretion from a companion star onto the object's surface.

For example, the �rst X-ray sources ever detected (e.g., Sco X-1) are associated with

NS and BH systems (e.g., X-ray binaries). These systems tend to have high X-ray

luminosities (1036 � 1039 erg s� 1), making them the brightest Galactic objects in the

X-ray sky (Figure 1).

Early X-ray missions were focused on surveying the sky, with the �rst source names

designated based on their constellation (e.g., Scorpius X-1, Serpens X-1, Cygnus X-1).

The �rst X-ray satellites detected only a handful of sources, wherein this naming

convention was practical. Eventually, due to increased sensitivity from advanced

instrumentation, newer missions detected a rapidly increasing set of sources, which

were also localized to smaller areas on the sky. These missions began naming sources
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Figure 1: All-sky X-ray map from eROSITA observations. The Galactic plane is
visible along the center of the image. Some of the �rst ever X-ray sources identi�ed
are easily visible here, such as Sco X-1 just above the center of the plane. Credit: J.
Sanders, H. Brunner & eSASS team (MPE) / E. Churazov, M. Gilfanov (on behalf of
IKI).

by their exact locations, as opposed to the more general constellation in which the

targets fell. For example, EXO 2030+37 refers to a transient X-ray pulsar discovered

by EXOSAT at right ascension and declination: RA, DEC = 20h30m22s; +37� 2800000.

Still, early X-ray surveys were severely limited by sensitivity and angular resolution,

with EXOSAT cataloging only � 1200 X-ray sources in its 3 year mission between

1983 and 1986 (Reynolds et al., 1999).

Current X-ray missions, such as theNeil Gehrels Swift Observatory(hereafter

Swift), have led to catalogs of upwards of 127,000 sources across� 10 years of observa-

tion (Evans et al., 2014). This represents a factor of� 100 increase in the number of

known X-ray sources between 1986 and 2014. A major characteristic of X-ray surveys,

both historically and today, is aimed at identifying object variability. The variability

can be used to diagnose the source properties, including any modulation due to spin
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of a compact object or the orbital period of the system. The spin and orbital periods

are main identi�ers of the X-ray source classi�cation.

In my thesis, I present the results of theSwift Deep Galactic Plane Survey (DGPS;

Chapter 2) Phase-I catalog, aimed at discovering new X-ray sources in the Milky Way

Galaxy (Figure 1). I will then discuss the use and derivation of compact object spin

and binary orbital periods to classify two previously un-characterized X-ray sources

(Chapters 3 and 4). In the following sections we introduce the main classes of Galactic

sources discusses in this thesis.

1.2.2 Magnetars

Magnetars are a class of young neutron stars (NSs), with extremely strong magnetic

�elds ( B � 1014� 15 G; Kouveliotou et al. 1998), that emit radiation in the X-ray to

soft 
 -ray regimes1. These strong magnetic �elds di�erentiate them from other classes

of rapidly rotating neutron stars, such as pulsars (Hewish et al., 1968). Magnetars

are historically discovered through their activation periods, during which they emit a

few to thousands of short, X-ray bursts (� 150 ms to tens of seconds long). Their

persistent emission is attributed to the decay of their strong magnetic �elds through

magnetic dipole radiation (Pacini, 1967; Gold, 1968; Spitkovsky, 2006; Mereghetti

et al., 2015; Kaspi & Beloborodov, 2017; Younes et al., 2017), while their bursts

may originate in NS crust quakes or magnetic reconnection (Thompson & Duncan,

1995; Lyutikov, 2003; Heyl & Hernquist, 2005; Lyutikov, 2006). In recent years they

have been linked to fast radio bursts (FRBs; CHIME/FRB Collaboration et al. 2020;

Mereghetti et al. 2020; Bochenek et al. 2020), and are also commonly applied as energy

sources for the most powerful explosions such as superluminous supernovae (Kasen

& Bildsten, 2010; Woosley, 2010; Bersten et al., 2016; Sukhbold & Woosley, 2016)

or gamma-ray bursts (Duncan & Thompson, 1992; Usov, 1992; Metzger et al., 2011;

1These objects are historically known as Anomalous X-ray Pulsars (AXPs) and Soft Gamma
Repeaters (SGRs).
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Rowlinson et al., 2013; Metzger et al., 2018). Recently, two ultra-long period sources,

thought to be magnetars, have been discovered through radio observations (Caleb

et al., 2022; Hurley-Walker et al., 2022).

Under the assumption of magnetic dipole braking, the surface magnetic �eld is

given by B = 3:2 � 1019
p

P _P (Mereghetti, 2008; Mereghetti et al., 2015; Kaspi &

Beloborodov, 2017), whereP is the spin period of the neutron star and_P is its �rst

derivative. Magnetar spin-down timescales (� P= _P) are typically a few thousand

years, with values of 2 s� P � 12 s and 10� 15 s/s � _P � 10� 9 s/s (Olausen & Kaspi,

2014; Woods et al., 1999). These spin periods and spin-down rates implyB > 5� 1013.

Their quiescent X-ray luminosities (2-10 keV) range from� 1030 to � 1035 erg s� 1

(Olausen & Kaspi, 2014; Kaspi & Beloborodov, 2017; Younes et al., 2017; Mereghetti

et al., 2015; Coti Zelati et al., 2018). The detectability of new magnetars depends on

burst brightness during an outburst phase (Coti Zelati et al., 2018), while quiescent

detections rely on serendipity and the identi�cation of the NSP and _P (Muno et al.,

2008).

1.2.3 High-mass X-ray Binaries (HMXBs)

High-mass X-ray Binaries (HMXBs) comprise a compact object (generally a NS) in

a binary with a high-mass star (� 5 � 10M � ). Accretion onto the compact object

from either stellar wind or Roche lobe over
ow leads to luminous X-ray emission

(Chaty, 2011). HMXBs are commonly split into two categories based on the manner

of accretion: i ) Be2 X-ray binaries (BeXRBs; Coleiro & Chaty 2013) accrete material

from the companion star during periastron passage (Figure 2) andii ) supergiant X-ray

binaries (sgXBs) are wind accreting HMXBs that can be further split into a sub-class

of supergiant fast X-ray transients (SFXTs; Walter & Zurita Heras 2007). The main

2A high-mass main sequence star with spectral type B where the added identi�er \e" refers to
their luminous Hydrogen emission lines radiated from a decretion disk around the star (Rivinius
et al., 2013).
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di�erence between sgXBs and SFXTs is the rapid and short-lived outbursts (Sguera

et al., 2005) emitted from SFXTs due to accretion of a clumpy wind (Bozzo et al.,

2011), as opposed to persistent X-ray emission from sgXBs, largely due to their near

circular orbits and steady wind accretion.

BeXRBs are instead consistently periodic with Type I outbursts (Okazaki &

Negueruela, 2001; Reig, 2007; Chaty, 2011) occurring regularly as the NS passes

through the decretion disk (Rivinius et al., 2013) of the Be star at periastron (Figure

2). Thus, Type I outbursts are a useful identi�er of BeXRBs and allow for the

determination of the orbital period of the system (Corbet, 1984, 1986; Reig, 2011),

which generally ranges from days to hundreds of days and is highly eccentric. In these

systems, the spin period of the NS ranges between 1 to 1000 s (Corbet, 1984, 1986).

In Chapter 4, I present my classi�cation of a BeXRB utilizing the spin and orbital

periods of the system (O'Connor et al., 2022b).

Figure 2: Schematic of a Be X-ray Binary system showing the high-mass star sur-
rounded by circumstellar material. The star is in an elliptical orbit with a NS. As the
NS periodically passes through the circumstellar disk at periastron passage it accretes
matter onto its surface, leading to a Type-I outburst. Reproduced from Tauris & van
den Heuvel (2006).

1.2.4 Cataclysmic Variables (CVs)

Cataclysmic Variable (CV) systems consist of a WD and a low-mass donor star. The

WD accretes matter from the donor, leading to luminous soft X-ray emission. CVs
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comprise a variety of sub-classes based on their outburst luminosity and frequency,

manner of accretion, and the WD magnetic �eld strength:i ) classical novae,ii ) dwarf

novae,iii ) recurrent novae, andiv ) magnetic CVs (Warner, 1995). For the purposes

of this thesis, we split CVs into two categories: non-magnetic and magnetic.

Magnetic CVs have WD stars with a strong magnetic �eld of> 106 G and are

further broken down into i ) polars (Fabian et al., 1977; Berg & Duthie, 1977) andii )

intermediate polars (Bath et al., 1974; Warner, 1983; Patterson, 1994). In contrast to

non-magnetic CVs, the large magnetic �eld of the WD disrupts the formation of an

accretion disk (Warner, 1995; Ramsay et al., 2001; Warner, 2003; Ramsay & Cropper,

2004, 2007; Mukai, 2017). Instead, matter is funnelled onto the WD poles following

magnetic �eld lines. Polar CVs are synchronous such that the orbital period of the

system and the WD spin period are the same (Campbell, 1985; King & Whitehurst,

1991), whereas in intermediate polars the spin and orbital periods are asynchronous

(Norton et al., 2004). These are de�ning properties of these two classes.

Magnetic CVs are further di�erentiated from non-magentic systems via their orbital

periods. While angular momentum losses still lead to an evolution of the orbital

period, magnetic CVs are not limited by the CV \period gap", where between 2� 3 hr

(Knigge, 2006) only a handful of non-magentic CVs exist. In CVs with large orbital

periods (> 3 hr) the orbit is dominated by magnetic breaking, while in short period

binaries (< 2 hr) gravitational radiation losses are the dominant factor. However,

magnetic breaking is thought to be ine�ective when the companion star becomes fully

convective, leading to the observed period gap. As many magnetic CVs are found with

orbits between 2� 3 hr, it is likely that the large magnetic �eld of the WD impacts the

orbital evolution through either magnetic �eld evolution or reduced magnetic braking

(Li et al., 1994; Webbink & Wickramasinghe, 2002; Belloni et al., 2020). In Chapter 3,

I report on my discovery of a new polar magnetic CV lying in the period gap.
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1.3 Neutron Star Mergers

Binary systems comprising two massive stars may evolve into double compact ob-

ject binaries (Fryer & Kalogera, 1997; Belczynski et al., 2002; Voss & Tauris, 2003;

O'Shaughnessy et al., 2005; Belczynski et al., 2006, 2008; Fryer et al., 2012; Tauris

et al., 2017; Belczynski et al., 2018; Andrews & Mandel, 2019); see Figure 2. These

systems are probes for a wide range of stellar astrophysics, as they typically involve

two supernova explosions and multiple stages of mass transfer and common envelope

evolution (Tauris et al., 2017). In the case of binary neutron star (BNS) systems,

in-spiralling of the compact objects due to gravitational radiation losses result in

cataclysmic mergers that are detected across the multi-messenger spectrum: elec-

tromagnetic (EM; radio to 
 -rays) and gravitational waves (GWs). Short duration

gamma-ray bursts (sGRBs) are known to be produced by NS mergers (LIGO Scienti�c

Collaboration & Virgo Collaboration, 2017; Goldstein et al., 2017; Savchenko et al.,

2017; Evans et al., 2017).

1.3.1 Short Duration Gamma-ray Bursts (sGRBs)

GRBs are the brightest gamma-ray explosions in the Universe with isotropic-equivalent

energies of� 1050� 54 erg. GRB emission is non-repeating, separating it from other

astrophysical phenomena (e.g., magnetars, FRBs). They were discovered serendipi-

tously with the Vela satellites in 1967 (Klebesadel et al., 1973). The discovery of the

phenomenon was followed by the launch of dedicated instruments, e.g., Burst and Tran-

sient Source Experiment (BATSE ), Fermi Gamma-ray Burst Monitor (GBM), and the

Swift Burst Alert Telescope (BAT), which have greatly improved our understanding

of the phenomenon. Their duration distribution spans �ve orders of magnitude (from

ms to thousands of seconds) and displays a bimodal distribution with a minimum

at � 2 s, see Figure 3 (Kouveliotou et al., 1993). Canonically, sGRBs are de�ned

as events with durationsT90 < 2 s, whereas long gamma-ray bursts (LGRBs) have
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Figure 3: The bimodal duration distribution for 222 BATSE GRBs used to de�ne
the short and long GRB classi�cation scheme. Reproduced from (Kouveliotou et al.,
1993).

T90 > 2 s, whereT90 is de�ned as the time period over which the cumulative counts

increase from 5% to 95% above background (Kouveliotou et al., 1993). Additionally,

sGRBs are generally spectrally harder than their long duration counterparts.

A further sub-class of GRBs was later suggested (Lazzati et al., 2001). These

events, deemed short GRBs with extended emission (hereafter sGRBEEs; Lazzati et al.,

2001; Norris & Bonnell, 2006; Gehrels et al., 2006; Norris et al., 2010), due to their

longer lasting (10� 100 s) gamma-ray emission that is softer and less intense than the

initial hard spike with duration < 2 s. These events were found to display negligible

spectral lag (Norris & Bonnell, 2006) between the arrival of the low energy and high

energy radiation, in agreement with the lags observed in garden-variety sGRBs. In

some cases, the extended emission is delayed from the initial spike, which is instead

followed by a period of quiescence of a few to ten seconds. Only a small fraction

(� 25%) of sGRBs display extended emission (Norris et al., 2010). These events may

represent a secondary formation channel for sGRBs (Troja et al., 2008; Kopa�c et al.,
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2012), e.g., NS-BH mergers, but due to the low number of events this claim has not

yet been substantiated (Fong et al., 2010; Gompertz et al., 2018; O'Connor et al.,

2022a).

Figure 4: Schematic demonstrating the �reball model for GRBs. Credit: NASA/JPL.

Figure 5: Synchrotron spectrum typical for GRB afterglows in the slow cooling regime
� m < � c and an ISM (k = 0) environment. Reproduced from (Sari et al., 1998).

9



1.3.2 Afterglows

GRB afterglow observations provide information on parameters describing jet micro-

physics (Yost et al., 2003; Fox et al., 2005; Cenko et al., 2011; Berger et al., 2013b;

Santana et al., 2014; Fong et al., 2015; Beniamini & van der Horst, 2017a), dynamics

and energetics (Fox et al., 2005; Soderberg et al., 2006; Butler & Kocevski, 2007;

Racusin et al., 2009; Cenko et al., 2010; Margutti et al., 2013; Wanderman & Piran,

2015; Ghirlanda et al., 2016), and the GRB redshift (Vreeswijk et al., 2001; Price et al.,

2003; Cenko et al., 2011; Kr•uhler et al., 2011; Zafar et al., 2011). They also allow for

constraints on their environments through improved localization. GRB afterglows are

detected across the EM spectrum from radio waves to gamma-rays, and with varying

duration at di�erent frequencies, e.g., on the order of years in radio compared to days

in X-rays and optical (Frail et al., 1997; Galama et al., 1998; Chevalier & Li, 1999;

Harrison et al., 1999; van Paradijs et al., 2000; Vreeswijk et al., 2001; Price et al., 2003;

Piran, 2004; Fox et al., 2005; Campana et al., 2006; Nakar, 2007; Kann et al., 2010;

Cenko et al., 2011; Berger et al., 2013b; Kumar & Zhang, 2015; Troja et al., 2018c).

In the standard model of GRB afterglows, a highly-collimated blast wave (with

half opening angle� c) is launched ultra-relativistically with bulk Lorentz factor �

(Rees & Meszaros, 1992; M�esz�aros & Rees, 1997; Sari et al., 1998; Wijers & Galama,

1999) by the central engine. A schematic demonstrating the typical �reball model for

GRBs is shown in Figure 4. The afterglow emission is due to synchrotron radiation

from a power-law distribution of electrons (N (
 ) / 
 � p) accelerated in the forward

shock, where the dynamics of the shock-wave are governed by the Blandford-McKee

self-similar solution (Blandford & McKee, 1976). A typical synchrotron spectrum for

sGRBs is shown in Figure 5. The shock-wave expands into an ambient medium with

density pro�le � ext (r ) = A r � k , wherek = 0 corresponds to a constant density medium.

In the case of long GRBs (LGRBs), with a massive star progenitor, a wind medium

with k = 2 is often more appropriate (Granot & Sari, 2002). In the case of sGRBs, an
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interstellar medium (ISM) is expected and typicallyk = 0 is adopted (Sari & Piran,

1999; Granot & Sari, 2002). The standard afterglow model (Rees & Meszaros, 1992;

M�esz�aros & Rees, 1997; Sari et al., 1998; Wijers & Galama, 1999; Granot & Sari, 2002)

is described by a set of �ve parameters:f p, "B , "e, Ekin , ng, where"B and "e are the

nucleon energy density fractions behind the shock distributed in the magnetic �eld and

electrons,Ekin is the burst kinetic energy, andn is the circumburst particle density.

The standard model can be extended to include the observer's viewing angle� v with

respect to the polar axis of the jet (Figure 6), and to include additional energetic

wings to the jet which can be represented as a power-law or Gaussian structure in

energy per solid angle (M�esz�aros et al., 1998; Dai & Gou, 2001; MacFadyen et al.,

2001; Kumar & Granot, 2003; Rossi et al., 2004; Ryan et al., 2020).

Figure 6: Schematic of the GRB jet and kilonova emission. Credit: Daniel Tompkins.

1.3.3 Kilonovae

The recent gravitational wave (GW) detection of GW 170817A by the LIGO-Virgo

collaboration (LIGO Scienti�c Collaboration & Virgo Collaboration, 2017) solidi�ed

the connection between BNS mergers, short gamma-ray bursts (Goldstein et al., 2017;

Savchenko et al., 2017), and kilonovae (Troja et al., 2017; Cowperthwaite et al., 2017;

11



Tanvir et al., 2017; Soares-Santos et al., 2017; Margutti et al., 2017; Chornock et al.,

2017; Alexander et al., 2017; Fong et al., 2017; Covino et al., 2017; D'Avanzo et al.,

2018; Troja et al., 2018c, 2019a). The latter are optical and infrared transients powered

by the radioactive decay of heavy elements forged in the neutron rich merger ejecta

(Figure 6). Therefore, BNS mergers are a major site of heavy element (atomic number

A > 130) production in the Universe.

Due to the wide range of nuclei decay times, the radioactive heating leads to a

power-law decay rate in the bolometric lightcurve,L(t) / t � 1:3 for t > t p, where

tp is the peak time (Li & Paczy�nski, 1998; Metzger et al., 2010). Kilonova models

typically depend on the ejecta massM ej, ejecta velocityvej, opacity � , and viewing

angle� obs from the polar regions (jet's core). The typical values for the ejecta mass

are aroundM ej = 10� 3 � 10� 1M � with velocities of Vej = 0:1 � 0:3c (Korobkin et al.,

2012; Metzger, 2017; Kasen et al., 2017; Hotokezaka et al., 2018; Rosswog et al., 2018;

Côt�e et al., 2018; Metzger, 2019).

Kilonovae consist of two distinct types of ejecta with varying opacities. The

lanthanide-poor component, with a low opacity� � 0:1 � 1 cm2 g� 1, leads to \blue"

thermal emission within a day of merger (e.g., AT2017gfo) which fades to reveal \red"

emission lasting for around a week post-merger. Lanthanide-rich (electron fraction

Ye< 0:25) material with a high opacity (� � 10� 100 cm2 g� 1) produces the longer

lasting red emission, while the blue component is contributed by ejecta with higher

electron fractions (Barnes & Kasen, 2013; Kasen et al., 2015, 2017; Tanaka et al., 2017;

Wollaeger et al., 2018, 2019; Fontes et al., 2020; Even et al., 2020; Korobkin et al.,

2021). These two components arise from separate processes within the merger:i ) the

neutron rich component is dynamical ejecta tidally stripped from the colliding neutron

stars, whileii ) neutron poor material from an accretion disk formed around the merged

neutron stars is ejected by neutrino-driven winds (Metzger et al., 2008; Dessart et al.,

2009; Lee et al., 2009; Fern�andez & Metzger, 2013; Perego et al., 2014; Just et al., 2015;
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Miller et al., 2019). Lanthanide-poor kilonova components peak at earlier times (� 1

day) and are bright, with peak bolometric luminosity� 5 � 1041 erg/s, compared to

lanthanide-rich kilonovae, which peak on timescales closer to� 5 days with luminosity

� 2:5 � 1040 erg/s. The exact lanthanide and electron fractions, composition of the

material, and ejecta morphology depend heavily on the implementation of neutrino

transport (Miller et al., 2019) and the nature of the central remnant, e.g., BH or NS

(Kasen et al., 2015).

A number of kilonova candidates associated with sGRBs exist in the literature,

e.g., GRB 050709 (Jin et al., 2016), GRB 060614 (Yang et al., 2015), GRB 070809

(Jin et al., 2020), GRB 080503 (Perley et al., 2009), GRB 130603B (Tanvir et al.,

2013; Berger et al., 2013a; Hotokezaka et al., 2013), GRB 150101B (Fong et al., 2016;

Troja et al., 2018a), GRB 160821B (Lamb et al., 2019a; Troja et al., 2019b), GRB

200522A (Fong et al., 2021; O'Connor et al., 2022b), and GRB 211211A (Troja et al.,

2022; Rastinejad et al., 2022). However, to date, only one spectroscopically con�rmed

kilonova exists (AT2017gfo; Coulter et al. 2017). This will be a topic of future work,

especially during the upcoming LIGO-Virgo-KAGRA (LVK) O4 gravitational wave

observing run (set to begin May 24, 2023). In Chapter 6, I discuss my work regarding

kilonova emission from GRBs 160624A and 200522A (O'Connor et al., 2021).

1.3.4 Environments

The host galaxy and environment of sGRBs informs our understanding of their

progenitor system, binary evolution, age and merger delay time3, star formation

history, and the interstellar medium. The connection between a GRB and its host

galaxy is derived through probabilistic arguments (Bloom et al., 2002, 2007; Levan

et al., 2007; Berger, 2010, 2009). This requires an accurate localization of the GRB,

as generally in any line of sight there are a number of galaxies that are plausible hosts.

3The delay time is de�ned as the duration between the formation of binary and its eventual
merger.
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Figure 7: Projected physical o�set distribution of short duration (Fong et al., 2013;
O'Connor et al., 2022a) GRBs versus long duration GRBs (Blanchard et al., 2016)
from the center of their host galaxies.

In � 18 years of operation,Swift has detected� 130 sGRBs (T90 < 2 sec) and� 30

sGRBEEs. In total, � 100 of these events are considered well-localized, based on

either an arcsecond accuracy X-ray or sub-arcsecond optical afterglow position. Of

this well-localized population, 20� 30% have been found to lack a strong (coincident)

host galaxy association, and, therefore, have been identi�ed as hostless (Berger, 2010;

Fong et al., 2013; Fong & Berger, 2013; Tunnicli�e et al., 2014; O'Connor et al., 2022a).

Observational followup with the Hubble Space Telescope (HST) of these hostless

sGRBs has set limits to 26� 27 AB mag on coincident host galaxy detection (Perley

et al., 2009; Fong et al., 2010; Rowlinson et al., 2010; Berger, 2010; Fong et al., 2013;

Fong & Berger, 2013; Tunnicli�e et al., 2014; O'Connor et al., 2022a).

Hostless sGRBs represent an important dichotomy in our understanding of BNS

mergers. Early studies (Berger, 2010; Fong et al., 2010) interpreted these events as

sGRBs with a signi�cant angular separation from their putative host (birth) galaxy

(Figure 7), leading to a smaller probability of association due to the larger number of

plausible host galaxies on the sky. On one hand, large o�sets are a natural expectation
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for BNS systems given that there are two supernova explosions (Figure 2) prior to

the formation of the binary, which can provide a large kick (Hansen & Phinney, 1997;

Fryer et al., 1999; Wex et al., 2000; Behroozi et al., 2014; Beniamini & Piran, 2016;

Beniamini et al., 2016a; Zevin et al., 2019; Andrews & Mandel, 2019), causing the

system to travel a signi�cant distance from where it was born. Provided a kick of a

few hundred km s� 1 and a time delay of a few Gyr between formation of the binary

and its eventual merger, these systems can travel distances up to a few Mpc (Bloom

et al., 1999; Fryer et al., 1999; Salvaterra et al., 2010; Church et al., 2011; Behroozi

et al., 2014). However, this requires that the system received a kick that is larger than

the escape velocity of the host galaxy, which, depending on the assumed distribution

of natal kicks (e.g., Galactic BNSs versus isolated pulsars), is not expected for a

signi�cant fraction of BNS systems (Beniamini et al., 2016a; Beniamini & Piran,

2016).

The most likely alternative explanation is that BNS systems forming sGRBs receive

similar natal kicks compared to the� 15 BNS systems observed in our own Galaxy

(15 � 50 km s� 1), which are signi�cantly smaller than observed in isolated pulsars

(Hansen & Phinney, 1997). In this scenario, the BNS system will not travel far from

where it was born, as the typical escape velocity from the center of a Milky Way sized

galaxy is 450 km s� 1. This suggests that instead of a large angular separation between

the GRB and its host, the birth galaxy is likely to instead have gone undetected due

to its intrinsic faintness at a moderate to high redshiftz � 1 � 3. This has signi�cant

implications for compact binary evolution and delay time distributions, star formation

rates, heavy element enrichment, and the rate of local GW events. The results of my

analyses of hostless sGRBs (O'Connor et al., 2020, 2022a) is presented in Chapters 5

and 7.
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2 The Swift Deep Galactic Plane Survey (DGPS) Phase-I Catalog

Authors: B. OConnor , C. Kouveliotou, P. A. Evans, N. Gorgone, H. Yang, M.

G. Baring, E. Bellm, P. Beniamini, J. Brink, D. A. H. Buckley, S. B. Cenko, D. Egbo,

S. Gagnon, E. G•o�g•u�s, J. Granot, C. Hailey, J. Hare, F. Harrison, D. Hartmann, A. J.

van der Horst, D. Huppenkothen, L. Kaper, O. Kargaltsev, J. A. Kennea, A. J. van

Kooten, K. Mukai, P. O. Slane, D. Stern, E. Troja, Z. Wadiasingh, R. A. M. J. Wijers,

P. Woudt, and G. Younes

This work will be submitted to the Astrophysical Journal. Minor

changes were made to the manuscript to match the formatting of this

dissertation.

This work would not have been possible without the prior dissertation

work performed by Nicholas Gorgone, whom I owe a great thanks. This

research was performed in close collaboration with dissertation director

Chryssa Kouveliotou, who assisted greatly in the interpretation of the re-

sults throughout this project (both with respect to my work, and that

performed by Nicholas Gorgone).

I performed a manual inspection of all DGPS observations used in this

work, and the �nal creation of the catalog based on the source list derived

by Phil Evans using his XRT pipeline. The multi-wavelength crossmatch-

ing was performed by myself using scripts originally created by Nicholas

Gorgone and later modi�ed by Alex van Kooten and myself. Seth Gagnon

and Alex van Kooten contributed to the analysis of DGPS Phase-II obser-

vations. The sources and transients detected in these Phase-II observations

are not the subject of the analysis presented here.

Hui Yang contributed the machine learning analysis of DGPS sources us-
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ing his Chandra source catalog analysis pipeline.

2.1 Introduction

Since the inception and discovery of X-ray astronomy, from the detection of Sco X-1

and the launch of the �rst X-ray satellite in 1970 (Uhuru; Giacconi et al., 1971), a

diverse assortment of X-ray emitting sources have been discovered and sorted into

numerous distinct classes. These classes include chromospheric activity from young

stars, cataclysmic variables (CVs), symbiotic binaries, young stellar objects (YSOs),

magnetars, and X-ray binaries comprised of a compact object, either a neutron star

(NS) or black hole (BH), and a low-mass (LMXBs) or high-mass (HMXBs) star.

Within our Galaxy, the brightest X-ray sources are known to be X-ray binaries

with peak X-ray luminosities in excess ofLX > 1036� 39 erg s� 1. However, a signi�cant

population of faint X-ray sources (LX < 1033� 35 erg s� 1) exists (Muno et al., 2005a,b;

Degenaar & Wijnands, 2009, 2010). These sources are likely dominated by magnetic

CVs (Barrett et al., 1999; Wang et al., 2002; Revnivtsev et al., 2009; Pretorius et al.,

2013), quiescent LMXBs (Muno et al., 2005a,b), and quiescent magnetars (Coti Zelati

et al., 2018), among others. Their discovery is crucial to expand our understanding of

their source populations and their formation pathways within our Galaxy.

X-ray surveys of the Galactic Plane (GP) represent a prime opportunity for

discovery of these faint sources. Sensitive and high-resolution X-ray satellites, such as

XMM-Newton or Chandra (Wijnands et al., 2006; Jonker et al., 2011; Nebot G�omez-

Mor�an et al., 2013), have been used to search for serendipitous faint X-ray sources

within the true target's �eld of view, but such procedures are not uniform in depth

nor do they cover the full extent of the GP, relying instead on pointings directed at

known bright sources. Therefore, dedicated, homogeneous X-ray surveys are required

to identify the population and rate of faint X-ray sources within the Galaxy.

The Neil Gehrels Swift Observatory(Gehrels et al., 2004) X-ray Telescope (XRT;

Burrows et al., 2005) utilizes a CCD detector with sensitivity to X-ray photons over
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the range 0:3� 10 keV. The instrument �eld of view (FOV) is 23:60 � 23:60 with

an e�ective area of 110 cm2 at 1.5 keV and an angular resolution of 1800. The low

background (10� 6 cts s� 1 pix � 1; Evans et al. 2014), arcsecond source localization, and

fast slew rate make theSwift/XRT optimal for surveys of crowded environments, such

as the Galactic Plane (Reynolds et al., 2013), Small Magellanic Cloud (Kennea et al.,

2018), and the Galactic Bulge (Shaw et al., 2020; Bahramian et al., 2021).

Here, we outline theSwift Deep Galactic Plane Survey (DGPS) strategy and

present the catalog of sources detected in Phase-I observations across the 40 deg2

portion of the Plane covered by the DGPS. We present the survey design and strategy

in x2.2. In x2.3 we discuss our source detection procedures and the process for creating

a unique source catalog. The catalog results, discussion of implications, and overall

conclusions are presented inx2.4, x2.5, andx2.6, respectively.

2.2 Survey Footprint and Observing Strategy

The Swift Deep Galactic Plane Survey (PI: C. Kouveliotou) is aSwift Key Project and

NuSTAR Legacy Program4 covering 40 deg2 of the GP (Figure 8) between Galactic

latitude 10< jl j < 30 deg and longitudejbj < 0:5 deg. The Survey encompasses 380

unique XRT pointings (see Figures 9 and 10), each observed for� 5 ks for a total of

� 1:93 Ms exposure carried out between March 2017 to May 2021. Approximately

half of these observations were performed between 2017 and 2019, and the second

half between 2020 and 2021. All observations were performed with theSwift X-ray

Telescope (XRT; Burrows et al., 2005) in Photon Counting (PC) mode.

The design of our survey (latitude and longitude range; Figures 9 and 10) was

driven by our primary science goal of the thorough characterization of the magnetar

and HMXB populations in the Galaxy by their persistent emission, while avoiding

the crowded Galactic center (Figure 8). We have additionally selected the Survey

4https://www.nustar.caltech.edu/page/59#g9
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Figure 8: The shaded blue regions show the line of sight of the DGPS survey footprint
through the Milky Way's disk. The background image is an illustration of the Milky
Way with credit to NASA/JPLCaltech/ESO/R. Hurt.

footprint such that each tile has a 40 overlap with its neighbor, taking into account

the 23:60 instrument FOV.

In total, the Survey is comprised of 769 observations5 by Swift covering the 380

pointings (Figure 9), including those covered by the DGPS Pilot Survey. This is due

to the fact that in most cases (� 70%) multiple observations of the same �eld were

required to yield a total of 5 ks exposure. In Figure 11, we display a histogram of

5An observation is de�ned as all exposures covering a speci�c pointing obtained within a single
UT day.
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Figure 9: Swift/XRT exposure map of the DGPS footprint. The 40 overlap region
between adjacent tiles is clearly observed. A few tile positions were serendipitously
observed twice, leading to a higher exposure (brighter regions). The median exposure
across all pixels is 4.6 ks. The variation in exposure in the two sides of the GP is
negligible.

exposure times for these 769 single-epoch observations. We note that although a

signi�cant fraction (47%) of single-epoch observations consisted of less than 2 ks of

exposure, the median cumulative exposure across the Survey footprint is 4.6 ks (Figures

11 and 9). The fact that many tiles were observed multiple times was extremely useful

for the identi�cation of variable X-ray sources (seex2.4.2 andx2.5.4).

On average, the survey is complete to depthLX > 1:0 � 1034 erg s� 1 out to the

edge of the galaxy, and we can detect sources withLX � 1:0 � 1033 erg s� 1 out to

� 3� 6 kpc.
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