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Studying the origins of the high-energy emission in the Universe can profoundly affect our
fundamental understanding of the cosmic origin and its evolution at the most extreme scales.
In this dissertation, I explore the high-energy observations of different astrophysical systems
to inform our understanding of the theoretical frameworks used to describe them. I harness
the current multimessenger infrastructure to investigate questions ranging from new physics and
transient astronomy to compact objects and extended emission in the gamma-ray, gravitational-
wave, and neutrino skies.

The focus in the first part of this dissertation is on utilizing the Fermi Large Area Telescope
(LAT) low-energy (LLE) technique to search for the light axion-like-particle (ALP) within the
MeV gamma-ray emission of long gamma-ray bursts (GRBs). We perform a data-driven sensi-
tivity analysis to determine distances for which detection of an ALP signal is possible with the
LLE technique, which, in contrast to the standard LAT analysis, allows for a larger effective area

for energies down to 30 MeV. Assuming an ALP mass m, < 1071° eV and ALP-photon coupling



Jay = 5.3 X 1072 GeV~1, we find that the distance limit ranges from ~ 0.5 to ~ 10 Mpc. We
demonstrate that the sensitivity of the LLE technique to detecting light ALPs is comparable to the
standard LAT analysis, making it an excellent complementary—yet independent—way to search
for ALPs with Fermi.

Next, we select a candidate sample of twenty-four GRBs and conduct a model comparison
analysis in which we consider different GRB spectral models with and without an ALP signal
component. We find that including an ALP contribution does not result in any statistically signif-
icant improvement of the fits to the data. Motivated by the delay between the ALP emission time
and the time of the jet break-out associated with its ordinary long-GRB emission, we conduct a
novel search for ALPs within time windows that precede the main-episode gamma-ray emission
of a long GRB, focusing on the sample of sources with known precursor emission detected with
LAT and LLE. We report no statistically significant detection of ALPs within the GRB precursor
emission and discuss the parts of the ALP parameter space probed with this method.

Multimessenger astronomy is at the heart of the remainder of this dissertation. First,
I present a follow-up search for excess emission of X-rays with the Swift Burst Alert Tele-
scope (Swift-BAT) and that of gamma rays with the Fermi Gamma-ray Burst Monitor (Fermi-
GBM), in spatial and temporal correspondence to gravitational-wave events reported by the
LIGO/Virgo/Kagra (LVK) Collaboration. In collaboration with the Fermi-GBM Team, we com-
bine the observations from these two instruments to determine whether there is any statistically
significant excess emission around the given gravitational-wave trigger. We report no new joint
detections but present the joint flux upper limits.

Finally, I present the results of the cross-correlation studies between the unresolved Fermi-

LAT gamma-ray and the IceCube neutrino skies. We report no positive cross-correlation in the



real-data sky maps. We then combine simulation and observation techniques to place upper lim-
its on the fraction of neutrinos produced in proton-proton or proton-7 interactions that occur in
blazars. Assuming all gamma rays from unresolved blazars are produced from neutral pions via
proton-proton interactions, we find that—for energies above 10 GeV—up to 60% of the unre-
solved blazar population may contribute to the diffuse neutrino background (the fraction is 30%
for proton-v interactions). We also include predictions for the improved sensitivity considering

20 years of IceCube data.



NEW MESSENGERS & NEW PHYSICS: A SURVEY OF THE
HIGH-ENERGY UNIVERSE

by

Milena Crnogorcevic

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2023

Advisory Committee:
Professor Massimo Ricotti, Chair
Dr. Regina Caputo, Advisor
Professor Cole Miller, Committee Member
Dr. Christopher Karwin, External Examiner
Professor Peter Shawhan, Dean’s Representative



© Copyright by
Milena Crnogorcevic
2023



Preface

All work presented in this dissertation is either published or under a journal or collab-
orations review. The research in Chapter 3 is published in Physical Review D as “Searching
for Axion-Like Particles from Core-Collapse Supernovae with Fermi-LAT’s Low Energy Tech-
nique” [1]. The work in Chapter 4 is funded through the Fermi Guest Investigator Program Cycle
15 (PI. Milena Crnogorcevi¢) and is currently undergoing the Fermi-LAT Collaboration review.
This work has been presented in multiple conferences and meetings, including the Fermi-LAT
Collaboration Meeting and the 241st AAS Meeting in Seattle, WA. Chapter 5 is currently un-
dergoing the review of three collaborations involved in the paper (Fermi-GBM, Swift-BAT, and
LVK), and will be submitted to the Astrophysical Journal shortly as “A Joint Fermi-GBM and
Swift-BAT Analysis of Gravitational-Wave Events from the Third Gravitational-wave Observing
Run”. Although this work will contain many authors and members of different collaborations, I
was entirely in charge of the Swift-BAT side of the analysis. I also collaborated with the Fermi
and LVK teams to combine the results. Alongside Dr. Joshua Wood and Dr. Corrine Fletcher,
I am a corresponding author on this paper. The work summarized in Chapter 5 has been pre-
sented multiple times, including the APS April Meeting 2022, the 241st AAS Meeting, and the
HEAD meeting 2023. Finally, Chapter 6 is published in the Astrophysical Journal as “A Cross-
correlation Study between IceCube Neutrino Events and the Fermi Unresolved Gamma-ray Sky”
[2]. T am the second author of this paper and I have significantly contributed to the Fermi-LAT
data preparation, development and testing of the cross-correlation analysis pipeline, and the in-
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terpretation of results. Each chapter is presented here with minor modifications from published

or submitted versions.
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Let me keep my distance, always, from those
who think they have the answers.

— “Mysteries, Yes,” Mary Oliver

v



Dedication

To all the curious kids
with a fire in their belly
and a tremble in their voice
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Chapter 1: Introduction

They say the first sentence in any
speech is always the hardest. Well,
that one’s behind me, anyway.

Wistawa Szymborska

High-energy astrophysics (HEA) studies some of the most extreme and mysterious phe-
nomena in the Universe. This field is often referred to as the study of nature-made particle
accelerators, featuring physical processes at the most extreme energies that we are unable to
reproduce in laboratories on Earth. These astrophysical environments accelerate particles to en-
ergies billions to trillions of times greater than that emitted each second from the Sun. As such,
the HEA physical systems provide unique conditions to explore and test our understanding of the
fundamental principles that govern the creation and evolution of the Universe.

Arguably, the first recorded observation of a high-energy astrophysical event dates back
to 4500 BCE, when Indian astronomers observed and noted one of the earliest known super-
novae, HB9 [3]. Despite centuries of human interest in observing such extraordinarily bright
events, the term HEA—and the field itself—solidified only in the second half of the 20th cen-
tury, guided by necessary advancements in detector technology. The field of HEA began to take
shape in the 1910s, when an Austrian astrophysicist, Victor Hess, measured that the ionization

levels in Earth’s atmosphere increased with altitude. The only explanation for such observation,



he thought, was that the outer atmospheric layers had to be excited by high-energy radiation
originating outside Earth, i.e., from the cosmos—introducing the concept of “cosmic rays” [4].
Indeed, he was right (as confirmed by the Physics Nobel Prize Committee in 1936.) The dis-
covery of cosmic rays (CRs) is regarded as a pivotal moment that initiated the advancement of
HEA.

A few decades passed until the technological advancements took full swing: with the de-
velopment of new technologies, such as X- and gamma-ray detectors and high-altitude balloons,
the field of HEA swiftly became more prominent. The 1960s and 1970s saw significant progress
in HEA, with the detection of X- and gamma-ray emission from various astrophysical sources
and the launch of dedicated space telescopes. The first cosmic gamma-ray detection was made
by Explorer-XI in 1961, detecting photons with energies exceeding 50 MeV. The Explorer-XI’s
~150 hours of observations provided the first all-sky image in gamma rays. This led to an
interesting realization: the observed brightness of the gamma-ray sky was significantly higher
than that predicted by theory, necessitating additional gamma-ray producing mechanisms that
would explain it. In addition to gamma rays produced in interactions of CRs with the inter-
stellar medium, which was believed to be the dominant mechanisam of gamma-ray production,
other mechanisms were proposed—in particular, the interaction of high-energy CRs with the
surrounding medium via inverse Compton scattering and bremmstrahlung emission [5]. The all-
sky gamma-ray map observed with the Explorer-XI's successor—the Orbiting Solar Observatory
(OSO-3)—featuring data collected in the late 1960s is shown in Fig. 1.1. An all-sky map from

the currently-operating gamma-ray Fermi Observatory is also shown for comparison.



Figure 1.1: Left: OSO-3 gamma-ray map adapted from [6]. The density of lines indicates the
number of gamma-ray photons per solid angle, with obvious clustering towards the central plane
of the Milky Way. Right: The Fermi Observatory gamma-ray sky (gamma-ray sources shown in
red hues.) In addition to the prominent Milky Way plane, a number of bright point sources—
mostly coming from distant active galaxies—also pop up, showing the improvement in angular
and energy resolution between two instruments [7]. Credit: NASA/DOE/Fermi-LAT Collabora-
tion.

In 1963, the identification of X-ray emission originating from the Crab Nebula marked a
significant milestone in the field of HEA [8]. This X-ray emission, originating from synchrotron
processes of fast-moving electrons within the strong magnetic field of a rapidly rotating neutron
star (NS) within the Crab Nebula, penetrated through dust and gas that obscure the visible wave-
lengths and, for the first time, gave us a glimpse into a whole new landscape of the previously
hidden X-ray Universe. Soon after, in 1968, the Crab Nebula was also identified as the brightest
source in the gamma-ray sky [9].

The 1970s and 1980s came to the scene with even more sensitive X- and gamma-ray in-
struments. The Uhuru satellite mapped the first all-sky X-ray emission, observing previously-
unknown X-ray sources, such as X-ray binaries, active galactic nuclei (AGNs), and supernova
remnants [10]. In 1967, the Vela satellites detected a series of gamma-ray bursts (GRBs), the
origin of which remained a mystery until the 1990s [11]. A plethora of new sources came with

the launch of the Einstein and Compton Gamma Ray observatories, shedding light on the physics



of the most extreme environments of NSs and black holes (BHs). Later on, the detection of 24
(1) neutrinos in a little over 13 seconds by three different neutrino detectors (Kamiokande II in
Japan, Irvine-Michigan-Brookhaven in the US, and Baksan in then Soviet Union) from the su-
pernova explosion SN1987A was yet another significant accomplishment for HEA, confirming
some aspects of the theoretical models of supernova explosions, as well as providing important
information about the properties of neutrinos [12—-14].

The field of HEA nowadays spans decades in photon energies—from keV to hundreds of
TeV—thus relying on several different detection technologies. Such a wide range in energy is
comparable to the span of the remainder of astronomy (radio to UV). Even within a single high-
energy observation of an event, we may simultaneously see many physical phenomena. The
endeavor to characterize such systems is exciting but challenging: one of the most difficult tasks
is disentangling different physical processes and finding the culprit responsible for the observed
high-energy signature. Often, such investigations lie at the heart of observational HEA research.

Or, at least, these questions are central to my thesis work:

How can we use high-energy observations of astrophysical systems to inform our understanding
of the theoretical frameworks we use to describe them? Conversely, can we identify and address

the limitations of our theoretical models in describing the observations?

It is my turn to try.

1.1 New physics

The 19th century was regarded as the era of “nothing left to learn in physics”. Newton’s

theory of gravity and Maxwell’s equations of electromagnetism governed the interactions of mat-
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ter via gravitational and electromagnetic forces. This notion of “nothing left to learn” was shaken
by the development of “new physics,” which, at the time, entailed the formalization of the quan-
tum theory by Planck, Einstein, and Bohr [15—17]. In the 1930s, Hideki Yukawa postulated the
existence of a meson—a strong force mediator [18], and Enrico Fermi challenged the notion of
fundamental particles by invoking the existence of the weak interaction to explain the beta de-
cay of atomic nuclei [19]. The 1950s and 1960s were exhilarating years in experimental physics:
physicists conducted many experiments where they smashed particles into each other and learned
that we lived in a “particle zoo,” i.e., that there were, in fact, many more fundamental particles
than we had previously thought. By the 1970s, physicists developed their version of the periodic
table of elements: the Standard Model (SM) of particle physics [20-24].

The theoretical framework of the SM—Quantum Field Theory (QFT)—describes interac-
tions between twelve matter particles (fermions) and six force-carrying particles (bosons) through
three fundamental forces: electromagnetic, weak, and strong. Carrying the title of one of the
most complete scientific theories, the SM is extraordinarily successful in describing and predict-
ing the behavior of fundamental particles. However, the “nothing left to learn in physics” era
that followed the establishment of the SM was short-lived. Despite its outstanding success, a
few cracks surfaced from the SM: in particular, its inability to incorporate the theory of general
relativity into the framework, describe the nature of dark matter (DM) and dark energy, explain
non-zero neutrino masses we observe, or interpret the matter-antimatter asymmetry in the Uni-
verse. Some experimental results also may lack SM explanations: for example, the observed
mass of the W boson (weak force mediator) disagrees with the SM prediction at a 7-¢ level [25],
while the observed dipole moment of the muon with a disagreement of a 4.2 ¢ [26]. Despite
the difficulties involved in making these measurements and calculations, they nonetheless cast
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doubts on the completeness of the SM. Some other considerations are more nuanced and may
only be considered discrepancies in some cases; for example, the strong CP problem that arises
in quantum-chromodynamics (QCD) [27].

The strong CP problem is related to a phenomenon known as charge-parity (CP) violation.
One of the predictions of the SM is that the strong force should violate CP symmetry, resulting,
under certain conditions, in particles and antiparticles behaving differently. However, empirical
evidence suggests that this violation is much smaller than predicted by the SM, suggesting that
there may be some additional physical mechanisms at play that offset the expected level of CP
violation. One of the solutions, the Peccei-Quinn theory, introduces a new scalar field that in-
teracts with the strong force—giving rise to a new particle, the axion. The CP problem and the
axion solution is presented in detail in Chapter 2. The search for new physics (and axions) is an
ongoing effort.

The physical processes occuring inside extreme environments of NSs, BHs, AGNs, blazars,
collapsing or merging stars, and other high-energy systems, provide ideal places to search for the
still unknown and new physics. Many new-physics models leave distinctive signatures at the
highest energies. As a result, using high-energy observations is an excellent way to explore new
physics and can yield valuable insights into our most fundamental understanding of the inner

workings of the Universe.

1.2 New messengers

To understand and truthfully characterize an observation of an astrophysical event, it is in

our best interest to look at the system through multiple lenses. Consider the following scenario:



let us assume we detect a very bright gamma-ray flash localized to a point in the sky, lasting
~one second. The question arises: what information can we deduce with certainty based solely
on such observation? Without having observed many similar events prior to the one in question,
the answer is: not much. We may check our observation against some theoretical framework—
but we have to keep in mind that our observations often inform our theoretical models. As
such, very rarely will our observations perfectly match the theory the first time around'. Now,
let us assume that we also observe this event using, e.g., a radio, optical, infrared, or an X-ray
instrument. These complementary observations show us that different physical processes may
be responsible for their corresponding observed signatures. For example, a time delay between
gamma-rays and X-rays in our example may indicate that the process that caused the gamma-
ray emission came before the subsequent X-ray-producing mechanism. Electromagnetic (EM)
radiation, from radio to gamma rays, is an information carrier—a messenger. If we also consider
other types of messengers, such as gravitational waves (GWs) or neutrinos, we may gain a more
complete understanding of the system in question, eventually allowing us to unequivocally claim
that what we observed is, in fact, a binary neutron star (BNS) merger. Such is the story of the
famous GW170817/GRB 170817A coincident detection [31, 32].

Of course, our observatory resources are limited, and not every bright gamma-ray flash will
merit the extraordinary extent of follow-up observations, as was the case for GW170817/GRB
170817A. Nevertheless, the current multimessenger astronomy (MMA) efforts, including the
most sensitive GW and neutrino detectors to date and a multitude of follow-up observatories,

provide an unprecedented opportunity to expand our understanding of classical physics of the

The angular power spectrum of the Cosmic Microwave Background (CMB) may be one of the very few excep-
tions [28-30].



HEA events and, in turn, help us put constraints on (or discover!) the new physics that may be
taking place in these systems.

Long-term efforts in developing new multimessenger observation techniques, in combina-
tion with recent coincident detections of EM radiation with GWs (GW170817, [31]) or neutri-
nos (TXS 0506+056, [33]), resulted in MMA being prominently featured in the Decadal Sur-
vey on Astronomy and Astrophysics 2020 [34]. In addition to furthering our understanding of
rapid, powerful events in the Universe, MMA also provides an outstanding venue to explore new
physics that would otherwise be inaccessible through laboratory experiments or single-messenger
astronomical observations. With time, as we increase the sample sizes of observed physical sys-
tems and learn more about their unique properties, the multimessenger approach may become
superfluous—however, at this time, MMA is undoubtedly one of the most powerful tools to
study the nature of astrophysical events in the Universe.

With that in mind, in my thesis, I focus on the following question:

How can the abundance of data from various instruments and messengers help us characterize
the physical properties of the systems in question, in turn allowing us to establish the most

stringent limits on classical and new physics?

1.3 Observatories

Hopefully, I have convinced the reader” that multi-wavewelength and multimessenger ef-
forts provide extensive insights for HEA. Let me now take a moment to introduce and acknowl-

edge the outstanding work of numerous instrumentation teams who designed, built, and are cur-

2and, if not, please refer to [34] again.



rently operating the instruments used in this thesis. Here, I provide a top-level overview of
the observatories and their detectors used in my thesis. Data from the Fermi Observatory are
used in Chapters 3, 4, 5, and 6, with a special emphasis on the Large Area Telescope (LAT).
The Neil Gehrels Swift Observatory is featured in Ch. 5, together with the Laser Interferometer
Gravitational-Wave Observatory (LIGO), the Virgo Observatory, and the Kamioka Gravitational

Wave Detector (KAGRA). The IceCube Neutrino Observatory is highlighted in Ch. 6.

1.3.1 The Fermi Observatory

The Fermi Gamma-ray Space Telescope was launched into low-Earth orbit on June 11,
2008. It observes the entire gamma-ray sky every three hours, covering energies from 8 keV
to more than 300 GeV. Its scientific goals range from studying the origin of diffuse emission,
understanding the origin of CRs, characterizing the environments of supermassive black holes, to
time-domain astronomy, including studies of GRBs, solar flares, and magnetars. Fermi’s gamma-
ray observations of the transient sky, dwarf spheroidal galaxies, and the Galactic Center have
provided some of the most stringent limits on the new physics and the particle properties of dark
matter [1, 35-37]. The Fermi Observatory contains two instruments on board, the Gamma-ray

Burst Monitor (GBM, [38]) and the Large Area Telescope (LAT, [39]).
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Figure 1.2: The Fermi Observatory. Shown are its two instruments onboard, LAT and GBM, with

their respective subsystems [38, 39]. Image adapted from [40].

» The LAT is a pair-conversion® telescope optimized for gamma-ray observations within the

100 MeV to 300 GeV energy range; however, its sensitivity also allows for a photon detection at

energies down to 20 MeV and up to a few TeV. It is composed of three different detector types.

A silicon-strip tracker (TKR) provides a dense medium for gamma rays to convert into an e e~

pair. The electron-positron pairs deposit energy in silicon-strip detectors (SSD). Then, the TKR

determines the direction of the incoming gamma ray by measuring the trajectory of the electron-

positron pair. Without losing much of their original energy in the ionization process within the

TKR, the electron-positron pair reaches the much denser calorimeter (CAL). This results in an

electromagnetic shower, allowing the CAL to estimate the original gamma-ray photon energy.

pry—optet e
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The third detector type is an anticoincidence detector (ACD) which discriminates between the
neutrally-charged gamma-ray photons and charged CRs. The LAT instrument is a 4 x4 array
of CAL+TKR towers encompassed within the ACD’s plastic scintillator tiles. The diagram of

the LAT instrument onboard Fermi is shown in Fig. 1.2.

The LAT’s effective area, A.s, can be expressed as a function of the incoming particle’s energy

(F) and direction (6, ¢):

Aeff(Ea 97 ¢) = Ageo(E7 97 ¢)PCOHV(E7 97 ¢)gdet(E7 ea Cb)grec(Ea 97 ¢)7 (11)

where Ay, (E, 0, ¢) is the active particle collecting area, Feony(E, 8, ¢) is the conversion prob-
ability, gt (F, 0, ¢) is the detection efficiency of the instrument, and E..(E, 6, ¢) is the effi-
ciency of the event reconstruction and background rejection algorithm. As detailed in Chapters
3 and 4, adjusting the background rejection algorithm requirements can result in an increase
of the effective area, in turn increasing the number of signal counts (but also the number of
background counts). The LAT’s A as a function of energy for an on-axis source is shown in

Fig. 1.3.
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Figure 1.3: Fermi-LAT performance plots. Top: LAT’s effective area as a function of energy
for normal incidence photons for different event classification schemes provided by the LAT
team. Bottom: Acceptance-weighted LAT’s energy resolution as a function of energy. Different
lines represent different Instrument Response Functions (IRFs), which describe the instrument’s
performance as a function of multiple parameters including the photon energy, incidence angle,
where within the tracker the photon conversion happens, etc. These plots are adapted from the
Fermi-LAT’s performance webpage®.

*https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm, as
accessed on March 12, 2023.
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Then, the LAT’s field of view (FoV) can be expressed in terms of the effective area as

Iy Aerr(2)dS2

FoV = ,
Apeak

(1.2)

where A(Q) = Aeir(6, ¢), dQ = sin(f)dfd¢, and Apeqx is the peak effective area at a given

energy. The quoted value for the LAT’s FoV for the optimal energy coverage is ~2.4 sr.

The energy resolution of LAT is 10% at 1 GeV, with a minimum of ~6% at 10 GeV (Fig. 1.3).
Finally, its spatial 68% confidence-level containment of a 1-GeV photon is ~1°, and can go

down to ~0.2° for photons with energies above 10 GeV.

GBM. The GBM is the second instrument onboard Fermi whose primary purpose is to ob-
serve the temporal and energy evolution of the prompt emission of GRBs. It contains twelve
sodium-iodide (Nal) and two bismuth-germanate (BGO) scintillation detectors, covering 8 keV
to 1 MeV and 150 keV to 40 MeV in energy, respectively. The Nal detectors are circular disks
with a diameter of 12.7 cm and a thickness of 1.27 cm. Each Nal detector is optically coupled
to its respective photomultiplier tube (PMT), which generates an electric signal in response to
the scintillating light that falls onto the detector. While of the same diameter, the BGO detec-
tors are 12.7 cm thick and are attached to a PMT on both sides of the crystal, resulting in more
collected photons. The detectors are arranged so that seven of them (one BGO and six Nal
detectors) are placed on each side of the instrument, as shown in Fig. 1.2, ensuring the best sky

coverage. The GBM’s FoV is ~9.5 sr, and the point-source localization accuracy is ~5° [38].
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1.3.2 The Neil Gehrels Swift Observatory (Swift)

The Neil Gehrels Swift Observatory, hereafter referred to as Swift, is a space-based obser-
vatory launched in November 2004. It consists of three scientific instruments: the X-ray telescope
(XRT), the Ultraviolet/Optical Telescope (UVOT), and the Burst Alert Telescope (BAT) [41-43].
We focus on the BAT instrument, as it is the only one used in this thesis.

The BAT is a coded-aperture, large FoV (2.2 sr at >10%; 1.5 sr at >50%; and 0.5 sr >90%
coding fraction), hard X-ray instrument on-board Swift. The BAT’s coded-aperture technique
utilizes a patterened mask to collect light, allowing for a recunstruction of images without the
need for traditional focusing optics. Different coding fractions correspond to different sections of
the detector plane used to conduct an observation (e.g., a coding fraction of >10% corresponds
to <90% of detector area used). BAT’s detector plane contains 32,768 Cadmium-Zinc-Telluride
(CZT) detector elements under a coded aperture mask and a graded-Z fringe shield that helps
lower the background rate. The coded mask is D-shaped and is composed of around 54,000
5x5x1 mm lead tiles with a completely random 50% open-50% closed pattern. The BAT instru-
ment monitors large portions of the sky with the goal of detecting occurrences of transient GRBs,
covering the energy range from 15 keV to 350 keV. Once triggered, the BAT can localize a GRB
to 1-3 arcmin accuracy, prompting the Swift spacecraft to slew and point its two narrow-field
instruments—XRT and UVOT—for follow-up observations. The BAT’s localization accuracy is
quantified by the instrument’s partial coding fraction, i.e., the fraction of detectors exposed to
an event at a given time and sky position. If the coding fraction for a given trigger is 0%, then
BAT cannot localize the event. The BAT averages ~90 GRB on-board triggers per year, among

which ~10% are short in duration. The diagram depicting the Swift Observatory and the BAT
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instrument is shown in Fig. 1.4
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BAT Detector Array
(a) The Swift Observatory (b) The BAT instrument onboard Swift

Figure 1.4: Left: The Neil Gehrels Swift Observatory with three instruments onboard: UVOT,
XRT, and BAT, has been observing GRBs since 2004. Right: BAT instrument onboard Swift and
its subsystems. BAT is a sensitive, large FoV, coded-aperature X-ray instrument. These diagrams
are adapted from the Swift NASA webpage”.

1.3.3 LIGO/Virgo/KAGRA

LIGO, Virgo, and KAGRA are laser-interferometric GW detectors designed to measure
ever-so-slight changes in the position of test masses (mirrors) [44—46]. The detectors are Michel-
son interferometers with arm lengths of a few kilometers. A GW passing through these interfer-
ometers will cause the arms to stretch and compress, changing their length. The instruments use
controlled laser beams sent down the arm paths to measure such changes. These beams reflect
from mirrors at the end of each arm and then recombine again at the beam splitter. The measured
change in fractional difference—strain h~—between the armlengths L; ~ L, = L is expressed as

h

(L1 — Ls)/L. Imprinted within the strain are two GW polarizations, the relative orientation

of the detector and the incoming GW, and the GW frequencies, providing us with the informa-

Shttps://swift.gsfc.nasa.gov/about_swift/, as accessed on March 28, 2023.
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tion needed to study the source of the GW detected [47]. Figure 1.5 shows the schematic of a
Michelson interferometer on the left, and two LIGO detectors in Livingston and Hanford on the
right.

The era of Advanced LIGO and Advanced Virgo started as a result of various instrument
upgrades between different observing runs (hereafter denoted as Ox, where x C 1,2, 3), includ-
ing the improvements of the main laser source, mitigation of technical noises, and upgrades of
core optics [45, 48]. The Advanced LIGO consists of two 4-km armlengths enhanced Michelson
interferometers located in the United States (Hanford, Washington and Livingston, Louisiana).

On the other hand, the Advanced Virgo is a single-site, 3-km armlength detector in Cascina, Italy.

Basic Michelson
Interferometer with 4 km
Fabry Perot Cavitiesand
Power Recycling mirror

rrrrrr

Livingston Hanford

Figure 1.5: Left: Michelson interferometer schematic. A light beam from a laser source is split
into two at the beam splitter and sent down two paths along the arms. The light is then reflected
off mirrors, and recombined to produce an interference signature. The armlength change caused
by a GW is encoded within this interference pattern. Right: The LIGO detectors in Livingston,
LA, and Hanford, WA.The diagram and the photo are adapted from the LIGO webpage®.

KAGRA is a 3-km armlength underground detector in Gifu Prefecture, Japan, and has been
operating since April 2020 [46]. The median localization volume for the last observing run,
03, is estimated to be 105 Mpc? for binary neutron star (BNS) mergers, 10° Mpc? for neutron

star-black hole (NSBH) mergers, and 10" Mpc? for binary black hole (BBH) mergers, with an

6https ://www.ligo.caltech.edu/, as accessed on March 28, 2023.
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improvement of a factor of two for the upcoming O4 run [49].

1.3.4 IceCube

The IceCube Neutrino Observatory (hereafter referred to as IceCube) is a large-scale neu-
trino detector located at the South Pole [50]. IceCube has been collecting data since 2008, with
the building stage completed in 2011. It is designed to detect neutrinos of all flavors over an
energy range spanning more than seven orders of magnitude, from 10 GeV to more than 1 EeV.

The array of 5,160 digital optical modules (DOMs) is embedded within a cubic kilometer of
ice beneath the Antarctic surface, reaching depths of almost 2.5 km. The DOMs are put together
into 86 vertical cables—so-called strings—arranged in a hexagonal grid at a distance of 125 m
from each other. Eight of the strings near the center are arranged more densely, allowing for
lower-energy measurements and a study of neutrino oscillations. The surface component of the
IceCube Observatory, i.e., the IceTop, contains 81 stations, each placed atop an IceCube string.
Each station contains two water tanks with downward facing PMTs, which serve for vetoing and
calibrating the events, as well as detecting cosmic rays (although with a very small FoV of ~3%
of the sky). Figure 1.6 shows the layout of the IceCube Observatory.

IceCube’s experimental foci are two-fold: it studies the 1) high-energy neutrinos (TeV-
PeV) produced in violent astrophysical events, and 2) lower-energy neutrinos (GeV) created by
CR interactions in the Earth’s atmosphere. When a high-energy neutrino enters the IceCube de-
tector, it collides with the optically clear ice, producing a cascade of charged secondary particles.
These secondary particles travel at speeds faster than the phase velocity of light in ice, resulting

in Cherenkov radiation. Then, the DOMs equipped with PMTs can detect the Cherenkov light
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produced in these interactions, allowing it to recover the original neutrino’s energy and direction.

IceCube Lab

Xx;_ . IceTop
S 1 __— 81 stations / 162 tanks

50m 324 optical sensors

IceCube In-Ice Array

86 strings including DeepCore
5160 optical sensors

1450 m
DeepCore

8 strings optimized for lower energies +
7 standard central strings

480 + 420 optical sensors

Eiffel Tower

_A|324m
-

2450 m
2820 m

Figure 1.6: The Ice Cube Neutrino Observatory, a cubic-kilometer neutrino detector located at
the South Pole. The diagram is adapted from the IceCube science webpage’.

1.4 This Dissertation

As a graduate student working at the intersection of time-domain, MMA and particle
physics, the scientific questions that most intrigue me concern the nature of the high-energy
Universe, mainly focusing on the physics Beyond the Standard Model (BSM). Throughout the
past few years, I have been intentional in building a strong independent multimessenger portfolio.
I hope this is reflected in my dissertation.

The work presented in this dissertation consists of projects related to several high-energy

"https://icecube.wisc.edu/science/icecube/, as accessed on March 28, 2023.
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astrophysical systems using multiple messengers and instruments. It can be read in two parts:
the focus on new-physics searches in Chapters 3 and 4 moves to multimessenger astronomy in
Chapters 5 and 6, where LIGO/Virgo/KAGRA and IceCube observations are featured. Chapter 2
provides an overview of the theoretical framework used in Chapters 3 and 4, which are focused
on conducting searches for axion-like particles (ALPs) using the observations of GRBs with
Fermi. Chapter 3 is published in a peer-reviewed journal and Ch. 4 is currently undergoing
Fermi-LAT Collaboration review. As the lead of the Swift-BAT analysis, in Chapter 5 I present
the work conducted in collaboration with the GBM Team and the LIGO/Virgo/KAGRA (LVK)
Collaboration regarding the offline, follow-up searches for EM counterparts to GW triggers in
O3. The results of the cross-correlation studies between the IceCube sky and the LAT unresolved
sky are presented in Ch. 6. Chapter 7 provides a summary of the results and in Chapter 8 I
share the questions I am most excited to tackle in the coming years. Any collaborative work is
presented with an emphasis on my contributions.

Before we proceed, however, a kind warning to the reader. The work presented in this the-
sis does not exist in a vacuum despite my best attempts to make it self-contained. The research
here was built on the shoulders of the scientists that came before me and done in collaboration
with many others. Here, I merely list my contributions to different projects in the last few years.
To comfortably read this thesis, in addition to a warm cup of tea, some familiarity with parti-
cle physics, observational astronomy, and astrostatistics at the graduate student level would be
helpful—however, I provide an extensive list of references for the curious reader.

If you have not yet done so, now is the time to grab the aforementioned warm cup of tea.

Dear reader, fasten your seatbelts, we are taking off!
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Chapter 2: Theoretical Foundations: The Curious Case of an Axion

1 started to apply [to graduate programs], and my undergraduate advisor
said, “You know, graduate schools are often reluctant to accept women.
They get married and one thing or another, and they don’t finish. But |
don’t think we need to worry about that with you.” I was thinking — “Did
I hear what he just said?”

Interview of Helen Quinn by AIP, August 2020

As I sit in my office, trying to talk myself into writing this chapter, 1 participate in the
longest staring contest known to a human: it is me against Professors Peskin and Schroeder’s
QFT textbook'. If you ask me, it is one of the observational astronomer’s greatest fears. I have
given up one too many times and opted to write a more general, math-light overview of axions;
however, not motivating it with QFT seems incomplete at this stage. As with most of my writing,
there is nothing like an academic deadline to push me into making a rash decision. So, please put

on your mathematician’s hat, take a deep breath, and let us dive into it.

I'This, in no way, should be read as a criticism of the textbook authors or its pedagogy. Instead, I instruct the
reader to take this as my (one?) moment of self-criticism. I had a chance to speak to Prof. Peskin following my
seminar at SLAC. I must say I was starstruck for most of that conversation. Still, as far as I remember, he was an
incredibly kind and insightful individual with many interesting questions about my research.
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2.1 QCD & the story of ¢

Quantum Chromodynamics (QCD) is the theoretical framework of the strong interaction,
i.e., the force that binds quarks together to form protons, neutrons, and other particles”. The force
mediator for the strong interaction is a gluon. The QCD Lagrangian, Lqcp, that describes the
behavior of quarks and gluons and follows from the SM can be written as [51]:

Ny

1 . |

Lacosm = =7 Gl Go + > Gl (Dy)is — myiglah. (2.1)
=1

The above QCD Lagrangian contains:

* The first term, —iGijg‘”, is the kinetic energy term, where G, represents the field
strength tensor for the gluon field describing the magnitude and direction of the strong

force; 1 and v represent the spacetime indices; and a runs over eight different color changes

of the gluon field.

 The second term, Z}Vzl q‘jcm“(Du)ijqj}, describes the interaction of quarks with the gluon
field. It is summed over quark and antiquark flavors, f. ¢ represents a quark field of
flavor f, with ¢y representing the antiquark field. 7* are the Dirac matrices, and D), is the
covariant derivative that includes the interaction with the gluon field. ¢ and j are the color

indices of quarks, summed overz, 5 = 1,2, 3.

¢ The third term, — Z}VZI (j‘fm féij]qjc, is the mass term of quarks, where m represents the

mass of the quark of flavor f.

2The derivations, notation, and the unit system presented here closely follow [51], with & = ¢ = 1, unless
specified otherwise.
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As Peccei and Quinn point out in [52], this Lagrangian—and thus, the strong interaction—
is invariant under the CP transformations. So, what is the problem? Unfortunately, the Eq. 2.1
does not represent the full picture of strong interaction. For one, it does not incorporate the origin
of the quark mass term that arises after the spontaneous breaking of the electroweak symmetry.

The additional mass term can be represented using the mass matrix, M:

Lonass = — ¢ Myl — qi (M), (2.2)

where ¢, and ggr are the left- and right-handed projections of ¢q. Generally, the M matrix is non-
Hermitian and non-diagonal; however, it is possible to diagonalize it by applying appropriate

transformations on the quark fields, leading to the new form of the L,,,ss Lagrangian:

LY = Arg detM=2Ge G, (2.3)
&
with
o
GGl = 5 GG, (2.4)
and
2
a5 =5 2.5)
47

where g3 denotes the coupling constant of the strong interaction. Note that Eq. 2.3 would go to
zero—resolving the CP violation—if at least one of the quarks was massless, which is contrary
to what we observe.

There is more bad news. Despite modifying the mass term in the original Lagrangian in
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Eq. 2.1, this is not the complete story either. As introduced in [53, 54], there is also an additional
“®-vacuum” term, whose Lagrangian can be expressed as
L2 = doep 2o G, (2.6)
eff 87 ur~"a
Adding Equations 2.3 and 2.6 to the original QCD Langrangian in Eq. 2.1 yields the new
effective Lagrangian:
(8% —
Letr = Locp sm + Egﬁ + ng) = Lqocpsm + ¢§GZVG5”, (2.7)
with ¢ = Arg detM + Pgep.
The expression for the L. is no longer CP invariant, causing the strong CP problem.
The reason for this is as follows: the term wa@fj” can be presented as the product of a strong
electric and strong magnetic field, E® - B,. We can think of this analogously to the Quantum

Electrodynamics’ (QED) electromagnetic tensor, F),,,, for which it holds that FWF‘“’ = -E-B,

j2278]
where E and B are electric and magnetic fields respectively. Then, to complete the analogy, let
us note that the QED vector potential A, changes the sign under the charge conjugation, while
the E and B are odd and even under parity, respectively. Therefore, E - B changes sign under the

combined operation of CP. Analoguously, if we assume that 4, — G}, E — E and B — B,,

G, G will also change sign under CP, resulting in
waég‘” x —E*- B,. (2.8)

Since we already established that Locp sm is CP invariant, looking back at the Eq. 2.7, we can
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conclude that the additional term including ¢ causes a CP violation.

An observable consequence of the CP violation in QCD would be a non-zero neutron elec-
tric dipole moment, d,,, which can be expressed as d,, = dy¢ with d, usually spanning the values
on the order of 1071 to 10717 e cm depending on the used properties of the neutron. However,
no such observation has been declared yet. Instead, the most stringent upper limit on the value of
the neutron electric dipole moment is d,, < 1.8 x 1072% e cm, given by the nEDM experiment at

the Paul Scherrer Institute in Switzerland [55]. This results in the upper limit on ¢,

9] < 2.7x 107" e cm, (2.9)

implying that

|Arg detM + $oep| < 2.7 % 107%ecm (2.10)

at a 90% confidence level (CL). As indicated in [54], both Arg detM and Pqcp are predicted to
have a magnitude close to 1, requiring that they cancel each other out at a very high accuracy. The
question then arises: why should they cancel each other? These two parameters seem to be com-
pletely independent of each other: Arg detM is a result of spontaneous electroweak symmetry
breaking, and ®qcp stems from the characterization of QCD vacuum structure.

Yet again, we stand before a mysterious fine-tuning problem in physics®.

3Some other examples include the cosmological constant problem, the flatness problem, the hierarchy problem,
etc. (See, e.g., Ref. [56-58]).
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2.2 Axions to the rescue

Following the identification of the strong CP problem, physicists Roberto Peccei and He-
len Quinn formulated the Peccei-Quinn (PQ) theory in attempt to resolve the fine-tuning in the
CP problem [52, 59]. Their approach relied upon introducing a dynamical field to describe the
behavior of the ¢ term in Eq. 2.7. In turn, the PQ theory proposed the existence of a new particle,
the axion, whose field would dynamically adjust itself to cancel out the ¢ term, thereby restoring
the CP symmetry. More specifically, the PQ theory suggested that the ¢ term can be expressed
as ¢ = a(x)/ f,, where a(z) is the axion field and f, is the axion decay scale, or the energy scale
at which the axion field starts to oscillate. When the temperature of the Universe is above this
energy scale, the axion field will be in a thermal equilibrium with other particles. However, if
the temperature of the Universe is below the f, scale, the axion field will oscillate, leading to
the emergence of the axion particle. This has interesting implications on cosmology described in
detail in Sec. 2.3.1. Substituting the new expression of ¢ into Eq. 2.7 results in

Lor = Locosu + X2 D e v @.11)

fo 87 F
In order for the L to be invariant under the CP transformation, a(x) must be a pseudoscalar
field. The PQ theory also introduces a new hypothetical Peccei-Quinn symmetry, under which
the axion field transforms into a(z) — a(x) + af,, where « is an arbitrary constant determining
the phase shift. Introducing this transformation into Eq. 2.11 leads to an anomaly term that

describes the interaction between axions and gluons, aGG, providing an effective potential to a,
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given by:

(6%

Verr(a) = (¢ + ﬁ&) SCmen (2.12)

fa

where ¢ is a parameter introduced through the anomaly term of the O(1). The groundbreaking
result of Peccei and Quinn’s work in [52] is their proof that, under this transformation, the <G@)
is a periodic function which, as shown in [51], leads to the axion-field expectation value in the

vacuum, expressed as

(a(z)) = —%sb (2.13)

at the minimum effective potential. Consequently, the field a(x) can be written as a sum of the
axion physical field, a(x)ph, and the axion-field expectation value (a(z)). Substituting a(z) =
a(z)pn + (a(x)) into the original Lagrangian from Eq. 2.11 will result in (a(x)) canceling out
the ¢ term—finally solving the strong CP problem, and at the same time introducing a physical
axion field, a(x)ph4. Further analysis results in a relationship between the axion mass, m,, and
the axion decay scale, f,:

(2.14)

10
mg =~ 0.6 meV x (M) .

Ja

2.3 What about ALPs?

Theoretical work done in e.g. [60, 61] (also known as the KSVZ model) suggests that axion
should be a very light (m, < 1eV) weakly-interacting particle in order for the PQ mechanism to
hold. If we generalize the case of the QCD axion by relaxing the requirement in Eq. 2.14, we in-
troduce the notion of an axion-like particle (ALP). As an immediate consequence, the mass range

spanned by an ALP now includes not only the Weakly-interacting Sub-eV Particles (WISPs), but

“For simplicity, a(x),h is substituted by a(x) hereafter.
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also the Weakly-interacting Massive Particles (WIMPs). On the other hand, ALPs solve the
strong CP problem only for the part of their parameter space. Interestingly, ALPs often ap-
pear also as SM extensions in string theory. In this dissertation, we focus on the WISP ALPs
(my 10719 eV).

Similarly to axions, ALPs can have non-zero coupling to photons, allowing us to carry
out indirect searches through their interactions with the EM field. The interaction of ALPs with

photons can be described by the following Lagrangian,
1 =
Loy = _ZgavFﬁwF a= g, E-Ba, (2.15)
where g, is the ALP-photon coupling [62].

2.3.1 ALP as dark matter

The existence of DM is extremely well-motivated through various astrophysical observa-
tions, including the flattening of galactic rotation curves, gravitational lensing, the fluctuation
fields in CMB, and the properties of large-scale structure (see, e.g., Ref. [63]). Our understand-
ing of a DM particle necessitates that, in addition to being weakly interacting and cosmologically
stable, a viable candidate should be sufficiently cold to allow for efficient structure formation.
The light ALP satisfies the requirement for cosmological stability quite straightforwardly, as its
low mass reduces the number and type of possible decay products implying a long lifetime.
However, in order to accomplish the necessary coldness, these particles must be produced in
non-thermal processes. The most favored means to non-thermally produce ALPs is via the mis-

alignment mechanism (see e.g. Ref. [62] for an overview). This mechanism assumes a non-zero
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initial state of the fields in the early Universe, with their mass m evolving as m o t~!. Once these
fields reach the given timescale, they oscillate and relax in their potential wells, with oscillation
density behaving as p oc a2, where a is the universe scale factor. Such behavior is characteristic
of cold dark matter, making these oscillations a realizable candidate for a given range of masses.

Detailed derivations in [62] find that

keV M b1 2
<117 2.16
Pa0 cem®  10-10 eV (5.3 X 10° GeV) ’ (2.16)

where py o is the dark matter density today. This expression provides constraints on the field
value, ¢1, at the freeze-out time, as a function of the DM axion mass, m,. Following the deriva-
tions in [62], the relevant mass range for light ALPs that we consider in this thesis is on the order
of 1071 eV. If DM in fact is made of of ALPs, most of its mass would be produced via the
described misalignment mechanism during the early evolutionary stages of the Universe.

In this thesis, however, we focus on ALPs produced through Primakoff resonant process inside
high-energy environments. As suggested in Eq. 3.1, thermal photons convert into ALPs when
they enter EM fields of a highly ionized environment created by various astrophysical sources.
Once they reach the magnetic field of our Galaxy, they are converted back into photons via the
inverse Primakoff process. The Feynman diagrams demonstrating ALP-photon coupling through
the aforementioned axion (and generally, ALP) decay and Primakoff processes are shown in Fig.

2.1.
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(a) ALP decay in vacuum. (b) Primakoff process.

Figure 2.1: The Feynman diagrams demonstrating the ALP-photon oscillations. Left panel (a):
ALPs can decay into photons in vacuum, or (b) in the presence of an external magnetic field via
the Primakoff process.

2.4 Constraining the light ALP properties

All ALP searches so far have only resulted in upper limits on its properties described by
its mass and coupling to photons, (M, g.-). Several different techniques have been employed
in attempts to detect this particle, ranging from haloscope, light-shining-through-the-wall, and
helioscope experiments, to using the astrophysical and cosmological observations to search for

indirect ALP signatures. The limits on the light ALP properties are given in Fig. 2.2.
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Figure 2.2: Top: Constraints on the ALP mass-coupling parameter space. In green are shown
the limits placed using the astrophysical observations, and differed shades of red show the limits
from haloscope experiments. Purple shades show projected limits from the future light-shining-
through-a-wall experiments. Dashed lines are the projected limits for future experiments. Bottom:
Astrophysical constraints zoom-in. The color scheme follows the one described above. Green
dashed lines show projected upper limits in case of an observed astrophysical event. The black
dashed line separates the part of the parameter space for which DM can be explained by ALPs.’

3This plot is produced using the AxionLimits code by Dr. Ciaran O’Hare, as accessed on March 22, 2023.
Additional limits and appropriate references are available within the GitHub repository.
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» Astrophysical observations. A number of astrophysical systems have been used to put
constraints on the ALP properties. For example, thermal photons produced in a core-
collapse supernova (CCSN) can convert into ALPs within the local electrostatic fields. The
lack of observed ALP-induced GRBs from supernovae has been used to place constraints
on the ALP-photon coupling and ALP mass. Similarly, pulsars—highly magnetized NSs—
can be an excellent probe into ALPs. Other highly magnetized or jetted objects, such as
galaxy clusters and AGNs, also provide important constraints on the properties of light
ALPs. Different shades of green in the bottom panel of Fig. 2.2 show several different at-
tempts at using high-energy observations to detect ALPs. Astrophysical searches currently

provide the most stringent limits on the light ALP properties [64—86].

* Helioscopes. ALPs and axions can be produced in the interior of the Sun. The high-energy
photons in the Sun’s plasma can convert into ALPs and axions within the electrostatic fields
of charged particles via Primakoff process. Heloscopes are laboratory instruments with a
large magnetic field placed at one end, and an X-ray detector on the other. They point at
the Sun with the goal of collecting ALPs and axions that would convert into X-ray photons
within the instrument’s magnetic field. An example of such instrument is the CERN Axion
Solar Telescope (CAST), with a dipole magnet with the field strength of ~ 9 T with limits
on coupling shown in Fig. 2.2 [87, 88]. The other experiment shown in the figure is the
International Axion Observatory (IAXO) proposed to be built in the Canfranc Underground

Laboratory in Spain and is currently in the conceptual design phase [89-92].

* Haloscopes. Haloscope experiments use a resonant cavity placed in a strong magnetic field

to search for signatures of ALP conversion into microwave photons. The source of ALPs
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considered in these searches is typically the Galactic halo (hence the name haloscope).
The reference microwave photons inside the cavity are set to a specific resonant frequency.
ALPs that undergo a conversion into microwave photons will resonate in the cavity, pro-
ducing a detectable signal. The properties of such signal are determined by the ALP mass
and coupling to the photons. Examples of such experiments shown in Fig. 2.2 include
A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-field
Ring Apparatus (ABRACADABRA), the Axion Dark Matter eXperiment (ADMX), and

Search for Halo Axions with Ferromagnetic Toroids (SHAFT) [93—100].

* Light-shining-through-a-wall. The setup for these experiments consists of a laser beam
shone through a magnetic field and a wall with a detector placed behind it. Similarly to
the experimental approaches already mentioned, the guiding principle for this experiment
is reliant on the ALP-photon mixing: in the presence of a strong magnetic field, ALPs
and photons can mix together, resulting in a “mixed” particle, or a photon-ALP oscillation.
Depending on the magnetic field orientation and strength, the photon-ALP oscillation can
convert ALPs into photons, which can then pass through the wall and be detected on the
other side. An example of such experiment is the Axion-Like Particle Search (ALPS)

experiment, with a proposed successor shown in Fig. 2.2 as ALPS-II.

Here, I list some of the approaches that are most relevant to detecting light ALPs; however,
many more experiment designs remain not discussed, such as the observations of CMB, the
extragalactic background light (EBL), Solar observations, light-beam dump experiments, etc.

I strongly encourage you, the curious reader, to refer to the most up-to-date, comprehensive
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database of ALP searches status by Dr. Ciaran O’Hare, AxionLimits®.

Shttps://github.com/cajohare/AxionLimits, as accessed on March 28, 2023.
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Chapter 3: Searching for axion-like particles from core-collapse supernovae

with Fermi LAT’s low energy technique

I hope five hundred years from now astronomers aren’t still talking about
the same Big Bang model. I think they won’t have done their work if they
are... I still believe there may be many really fundamental things about
the Universe we don’t know. I think our ignorance is greater than our
knowledge.

Interview of Vera Rubin by AIP, April 1989

At last, we are prepared to embark on our quest to search for ALPs. In this chapter, we
conduct a sensitivity analysis to determine the limiting distance to which the Fermi Gamma-ray
Observatory [38, 39] would be able to detect an ALP-induced GRB using the LAT low-energy
(LLE) technique [101]'. Considering astrophysical background levels from GRBs observed at
various incidence angles, we estimate the necessary ALP flux that would lead to a significant
detection of the ALP induced GRB. Furthermore, we select a candidate sample of twenty-four
GRBs and carry out a model comparison analysis in which we consider different GRB spectral

models with and without an ALP signal component.

'The work in this chapter is published in Physical Review D, under 10.1103/PhysRevD.104.103001 by
Crnogorcevié et al. It is presented here with minimal modifications.
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3.1 Introduction

Let us start with a short recapitulation of Chapter 2: the light ALP is a generalized case of
the QCD axion, belonging to the family of WISPs (see additional Ref. [102—-105] and references
within for a review of the QCD axion [52, 59, 106, 107].) The interaction of ALPs with photons

can be described by the Lagrangian,

Loy = —9,E-Ba, (3.1

where g, is the photon-ALP coupling, E is the electric field, B is the magnetic field, and a
represents the ALP field. When an external magnetic field B is present, the two-photon coupling
results in a photon-ALP conversion [108]. Photon-ALP oscillations have been invoked to explain
the excess of soft X-rays from the center of galaxy clusters [64—67], the monochromatic 3.55-keV
line in galaxy clusters [68], the low opacity of the Universe to TeV photons [69-73], anomalous
stellar cooling [74-77], as well as the low-energy electronic recoil event excess in XENONIT
[109-111]. Furthermore, ALPs are considered one of the leading candidates for cold DM [62,
112—115]. The ALP parameter space has been explored using various experimental approaches,
including light-shining-through-the-wall experiments [89], cavity experiments [116], as well as
observations of different astrophysical targets, such as Cepheid variable stars [78], star clusters
[79, 80], and galaxy clusters [81-84, 86].

In this chapter, we investigate the prospect to detect ALPs that are produced in high-
energy environments—in particular, CCSNe—uvia the Primakoff resonant process [117], and sub-

sequently travel undisturbed until they reach the Galactic magnetic field where they convert into
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~-ray photons [118, 119]. Figure 3.1 demonstrates the set-up of the physical system in question.
For a 10-solar-mass (hereafter denoted by M) CCSN progenitor, the ALP spectrum should have
a thermal shape peaking at around 70 MeV [120-122]. The duration of an ALP-induced burst
varies depending on the mass of a progenitor; nevertheless, the signal would be short (on the order
of tens of seconds). No other physical processes are predicted to produce such spectral signatures
in a CCSN’s ~y-ray spectrum. Thus, using observations of a CCSN and, in particular, searching
for its presumed associated ALP-induced GRB, can be an excellent probe for constraining the

ALP parameter space (e.g. [37, 123]).

ALP-photon conversion
probability map in the MW

il
@
Flux

Buw Energy

X Inverse
Primakoff Primakoff
Process Process

Figure 3.1: Thermal photons produced in a core-collapse are converted into ALPs via Primakoff
process in the electrostatic fields of protons and ions (see Fig. 2.1). They travel undisturbed
until they reach the Galactic magnetic field, where they undergo the inverse Primakoff process.
Photons produced in this conversion may be observed by gamma-ray observatories, for example
Fermi.

Ordinary GRBs, believed to arise from collimated ultra-relativistic outflows of materials
when, e.g., a star collapses, are among the most luminous events in the Universe, spectrally
peaking in the keV-MeV energy range [124]. The spectral functions used to characterize the
prompt emission of an ordinary GRB are described in Appendix A and are distinct from the

ALP spectral signature shown in Fig. 3.3. Depending on the duration of their prompt emission
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and their spectral hardness, GRBs are divided into two sub-types: the short-hard, for which the
emission duration is less than 2 seconds; and long-soft, with their duration exceeding 2 seconds
[125, 126]. To explain differences between the two sub-types with respect to their duration, flux,
variability, spectral parameters and evolution, the nature of their progenitors is often invoked
[127]. Short-hard GRBs are suspected to originate from compact-object binary mergers (such as
two NSs or a NS and a BH [128-130]) and long-soft GRBs are likely associated with Type Ib/c
CCSNe [131-136]. Taking into account the predicted duration of an ALP-induced burst (a few
tens of seconds), as well as the nature of the hypothesized ALP production site (CCSNe), we are
particularly interested in studying the long-soft GRBs.

Using the properties of the ALP spectral emission, we first conduct a sensitivity analysis to
determine the limiting distance to which Fermi Gamma-ray Observatory [38, 39] would be able
to detect an ALP-induced GRB using the LAT low-energy (LLE) technique [101]. Considering
astrophysical background levels from GRBs observed at various incidence angles, we estimate
the necessary ALP flux that would lead to a significant detection of the ALP induced gamma-ray
burst. Secondly, we consider a selected GRB sample and conduct a model comparison between
fits that include the ALP spectral component and those that do not. Finally, we discuss the found
limiting distances, the feasibility of upper limits on ALP couplings, and the tangibility of ALP
detection with Fermi or other gamma-ray observatories alike.

This chapter is organized as follows: Section 3.2 provides an overview of the ALP spectral
model, derived in [122]. In Section 3.3, we describe the GRB data selection process. In Section
3.4, we conduct a sensitivity study to determine the CCSN distances and photon-ALP couplings
that would result in a significant detection of a GRB in the relevant MeV energy range with

Fermi. Section 3.5 describes the ALP-fitting method for the selected sample of GRBs. Finally,
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Figure 3.2: Observed evolution of the ALP-induced gamma-ray emission in time and energy in
a core-collapse of a 10 and 18-M, progenitor, normalized by N, = 8.4 x 107°* cm~2, adapted
from [37]. Note that most of the emission occurs in the first ten seconds after the collapse. The
18-M, progenitor is a more energetic source of ALPs with a few-second prolonged emission as
compared to the 10-Mg, progenitor.

Section 3.6 provides the summary and future outlooks for ALP searches within the gamma-ray

energy band.

3.2 ALP model

To produce a spectral model for an ALP-induced GRB as observed on Earth, we utilize the
one-dimensional CCSN model derived in [122] that is, due to the complexity of core-collapse
modeling, available for only two distinct progenitor masses (10 and 18 M)). The temporal and

energy evolution of an ALP burst emission are shown in Fig. 3.2.
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The observed photon flux, do, /dE, can be expressed as

d¢7 _ Pav(gw) dNa(gw)
dE dmrd? dE '’

(3.2)

where d is the luminosity distance to the CCSN; F,, is the ALP-photon conversion probability,
proportional to ggw; and dN, /dE is the Primakoff production rate of ALPs per unit energy, also
proportional to ggv. This proportionality, P, o< gfw, breaks down before P, approaches unity

[137]. The total flux normalization may then be written as

-2 4
N = 8.4 105 em > | 2 AR ECICOAN (3.3)
10 Mpc 9o 0.1

with gy = 107 GeV~! denoting an arbitrary reference coupling, roughly corresponding to the

current upper limit, g, < 5.3 x 10712 GeV~! [122], for ALP masses ranging from m, ~ 102
pp YA ging

to 1078 eV [81, 82, 84, 122, 138]. For lower-mass ALPs, i.e. m, < 1072 eV, observations of

~Y

<6 —8x 1071 GeV~! [85] (see also

~Y

galaxy clusters provide more stringent constraints, g~

[139] and [80, 140]). Furthermore, for masses m, =

~

10710 eV, the conversion probability P,
becomes energy-dependent and effectively drops within the MeV energy range considered in this
analysis. The observed photon flux can now conveniently be expressed as

do, dN,(go)
ag =~ Ne X —p

(3.4)

Using the CCSN model in [122], we obtain the temporal and energy information about the ALP
production rates dN,(go)/dE in a CCSN due to the ALP interactions described in Eq. (3.1).

Figure 3.2 shows that most of the corresponding ALP-induced gamma-ray emission happens in
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the first few tens of seconds for both progenitor masses; hence, by averaging over the time interval

of 10 seconds starting at the core-collapse, we obtain the expected spectra shown in Fig. 3.3.

x107°

fem —— 10-M, progenitor

| 18-M,, progenitor

Epeat~70 MeV -

10! 107 10°
Energy, (MeV)

Figure 3.3: The observed ALP-induced gamma-ray spectrum for 10 and 18-M, progenitors in-
tegrated and averaged over the first 10 seconds after the collapse for a normalization, Ny, =
8.4 x 1075 cm~2 (see Eq. 3). Note that most of the flux is emitted around 70 MeV.

3.2.1 Conversion Probability

The photon-ALP conversion probability, /., is computed numerically to account for vari-
ations in the Galactic magnetic field. Following the Milky Way magnetic field model by Jansson
& Farrar [141], we compute the conversion probabilities for different positions in the sky, assum-
ing that the photon-ALP mixing happens throughout the entire Galaxy, as done in [123, 142]. The
contribution from the turbulent magnetic field component is not included in this analysis since
its typical coherence length (~10 pc) is significantly shorter than the ALP-photon oscillation

length and can be neglected for the considered ALP mass m, < 107'° eV in most sky regions

~Y
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[143, 144]. For an emission that passes only through the Galactic magnetic field, the conversion
probability is shown in Fig. 3.4, as a function of source’s position in the sky. We assume that /7,

< 10719eV), while

~

is energy-independent in our analysis, which is valid for low-mass ALPs (m,
for larger ALP masses P,, = Pa'y(gafy, ma, F/) decreases and starts to oscillate as a function of
energy [122].

We do not take into account the photon-ALP conversions that may happen in the intergalac-
tic magnetic field, as such contributions would be negligible and highly uncertain for the nearby
sources we consider. For example, if we assume a uniform intergalactic magnetic field strength
of ~1 nG, a coupling of g,, = 5.3 x 1072 GeV~! and a distance of 5 Mpc, we obtain that in

< 107 eV) [69], the order of the conversion

~Y

the strong-mixing regime (here reached for m,
probability, O(P,,), is 1072, Furthermore, considering the conversion probability in an extra-
galactic source’s host galaxy and, if applicable, its surrounding intracluster medium, would be
highly uncertain due to a lack of knowledge of their respective magnetic fields and would have to
be taken on a case by case basis. In addition, such consideration would result in an increase of the
observed gamma-ray flux [123], resulting in adjustments to Fig. 3.4 with conversion probabilities
unlikely reaching values below 10~3; hence, neglecting them renders our results conservative.
Due to case by case differences, we do not take into consideration the ALP-photon conversion

that may take place in the magnetic field of the intergalactic medium and within the host galaxy.
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Figure 3.4: ALP-photon conversion probability as a function of source position in the sky. We
consider only the ALP conversion into gamma rays within the Milky Way’s coherent magnetic
field component, as modeled in [123]. We assume an ALP mass m, = 107! ¢V and coupling
g4, = 5.3 x 10712 GeV™!, and energy 10 < E < 300 MeV. Note that for this configuration,
Pyymax ~ 0.1 is the maximum conversion probability reached in the central regions of Milky
Way. White crosses represent the best localization positions of the GRB sample considered in
Sec. 3.5, with the red cross corresponding to GRB 101123A [145].

3.2.2 ALP Model in XSPEC

Spectral modeling in this chapter is conducted using the standard high-energy fitting pack-
age XSPEC [146] and its Python adaptation, PyXspec >. The ALP spectra shown in Fig. 3.3 are
used to write a model function that is inserted into the XSPEC model library using the addPyMod

method. For the model parameters, we consider two different progenitor masses, 10 M, and 18

https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/python/html/index.html, ac-
cessed on April 23, 2019.
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M,,, with the normalization parameter Ny, from Eq. (3.4), left free to vary.

3.3 Data Selection

3.3.1 Fermi observatory

With its two instruments on board, the GBM [38]) and the LAT, [39], the Fermi observatory
provides a wide spectral coverage and excellent sensitivity for studying GRBs. The GBM’s two
different kinds of detectors, Nal and BGO, cover 8 keV to 1 MeV and 150 keV to 40 MeV in
energy, respectively. The FoV is ~9.5 sr and the point-source localization accuracy is ~5°. On
the other hand, LAT is a pair production telescope covering the energy range from 20 MeV to
more than 300 GeV, with a FoV of ~2.4 sr, and a point-source localization of <1°, for energies
above 1 GeV. More details about the GBM and LAT instruments can be found in Chapter 1.
Figure 3.4 shows the best localization values for the considered GRB sample using either GBM
or LAT instruments [145]. Particularly of interest in this paper is the LAT low-energy data (LLE,
[101]), due to the energy of the ALP spectral peak at 70 MeV, shown in Fig. 3.3.

The LLE analysis method was developed with the goal of maximizing the effective area of
the LAT instrument in the low-energy regime [101]. This is done by relaxing the requirements
on background rejection, as compared to the standard LAT transient analysis. This technique is
particularly useful for a study of transients, such as GRBs, for energies greater than ~30 MeV.
The LLE event selection relies upon having at least one reconstructed track within the LAT’s
tracker/converter, allowing for an estimate of the direction of the incoming photon. Furthermore,
all photons pass through the anticoincidence detector which enables cosmic-ray background re-

jection. Finally, this algorithm requires a non-zero reconstructed energy of the considered event.

43



Then, for the short and bright transient sources, the background is determined by an “ON” and
“OFF” time-interval technique. The background rate during the “OFF” interval is fit by a poly-
nomial function in each energy bin, providing us with an estimate of the background during the
“ON” interval. The corresponding LLE response files are produced using Monte Carlo simula-
tions of bright point sources with a specific spectral shape at the sky position of interest. The
systematic effects in reconstructing the LLE events are considered in [147], estimating the dis-
crepancy between the LLE selection criteria in the LAT data and in Monte Carlo simulations to
be ~ 17% for events below 100 MeV. Comparing the flux values reveals that LLE’s flux estima-
tions are on average lower than those from the standard LAT analysis; however, no significant
biases are reported for the energy resolution, with that of LLE estimated to ~40% at 30 MeV
and ~30% at 100 MeV. A detailed description of the LLE technique is provided in [147]. The
LLE data is publicly available from the HEASARC website *. In Sec. 3.4, we focus on utilizing
the LLE data sample; which, in Sec. 3.5, is complemented by the GBM and the standard LAT

transient data, when such observations are available.

3.3.2 Time-tagging of a core collapse

One of the main challenges for conducting ALP spectral fitting is to observationally ap-
proximate the collapse time of a supernova, i.e. the time when most of the ALPs escape the
collapse site.

The optimal way to address this challenge is through neutrino detection from the source,

as neutrinos and ALPs are expected to arrive at approximately the same time. However, obser-

3nttps://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermille.html, as accessed on Decem-
ber 24, 2019.
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vational neutrino data from supernovae are scarce (so far, only SN1987A [122]). Although the
current generation of neutrino detectors has significantly improved in sensitivity (e.g. IceCube
detection from the blazar TXS 0506+056 at z = 0.33 [33]), no neutrino signal detection is ex-
pected from an extragalactic supernova in the near future [ 148]. This imposes tight limitations on
a potential ALP-source distance from which a neutrino signal can be detected, likely to a CCSN
in our own Galaxy or in the Local Group, extending up to a few Mpc [148, 149]. Furthermore,
if we were to use neutrinos for time-tagging of a core collapse, we would also require a gamma-
ray observation of such an event in order to conduct the ALP spectral fitting. For example, the
probability for a Galactic SN to occur in the LAT FoV in the next 3 years is <1 %.

Beside neutrino detection, another way to approximate explosion times of supernovae is
by using their optical lightcurves [150]. This technique has been used in [37] to search for an
ALP-induced gamma-ray burst with the standard LAT data above 60 MeV.

Another possibility to infer the core collapse time is from the time of the ordinary astro-
physical GRB. The ordinary bursts are delayed on the order of seconds to minutes with respect
to the core collapse, as the jet needs to form and propagate through the stellar envelope (see, e.g.,
Fig. 10.1 in [151]). Moreover, the ALP-induced gamma-ray emission is approximately isotropic
from the source, in contrast to the ordinary GRB jet emission—which also might not be aligned
with our line of sight, resulting in a considerably weaker signal if seen off-axis (or even a ‘failed
GRB’ [152]). This could imply that not every ALP signal is accompanied by a subsequent or-
dinary GRB detection. A dedicated study regarding precursor emission (hypothetically, an ALP
signal prior to the observed jet emission) to GRBs may address the time-tagging issue in more
detail and is the topic of discussion in Chapter 4. In this chapter, we assume that the time when

most ALPs escape the collapse site coincides with the GRB signal time window.
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3.3.3 GRB Selection Criteria

Considering the GRBs detected so far by Fermi-LAT [145], with their corresponding opti-
cal follow-ups and, in turn, redshift information, we infer that all associated sources are too far
(the closest one being over 600 Mpc away) to be considered for a sizable ALP-induced burst ob-
servation (see the sensitivity results of Sec. 3.4.3). Thus, in our analysis we instead only consider
all the LLE-detected GRBs without redshift information (hereafter referred to as unassociated
GRBs) as potential ALP signal candidates; albeit, most likely ordinary GRBs of extragalactic
origin. With limited information on the origin of the considered GRB sample, we assume they
are either induced by an ALP signal or by ordinary astrophysical processes traditionally applied
in GRB spectral modeling (see, e.g., [145]). This allows us to start the ALP analysis at the GRB
trigger time, T, with the considered time window encompassing either (or both) the traditional
GRB emission and the potential ALP signal.

We consider all unassociated GRB detections by Fermi LAT from August 2008 to August
2018, as reported in the Fermi LAT Second Gamma-Ray Burst Catalog, 2FLGC [145], publicly
available on the HEASARC website *. Motivated by the energy of the ALP spectral peak at
~70 MeV, we further restrict our sample to GRBs with at least 5o detection in LLE alone. Such
strong signal in the low-sensitivity region of LAT often indicates a strong signal in either GBM,
or standard LAT (or, both), often meriting follow-up observations by optical telescopes. Thus,
the 5-0 requirement combined with no redshift information are the most exclusive cut criteria for
our sample. We require the source to be within the FoV throughout the entire duration of the burst

which, required by the nature of ALP emission, should be a long GRB. For the sensitivity analysis

‘https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermilgrb.html
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Table 3.1: Selection criteria applied to GRBs detected by Fermi-LAT between August 2008 to
August 2018. From the initial sample size of 186 GRBs, we narrow down the list of candidates
to 24 shown in Table 3.2. The burst duration criterion is not applied to the sensitivity analysis in
Sec. 3.4, allowing for the inclusion of three additional short GRBs.

Property Selection Criterion

Distance unassociated (no redshift)

Detection significance > 50 in LAT-LLE (2 30 MeV)

Observed time interval > duration of the GRB”

Burst duration long GRBs (Tp; = 2 seconds®)
(not used in Sec. 3.4)

(Sec. 3.4), in order to somewhat increase our GRB background sample, we drop the GRB duration
criterion as we are only concerned with the observed background levels, which are independent
from the GRB’s duration. This results in three additional short GRBs (GRB 081024B, GRB
090227B, and GRB 110529A) which can be used as background templates. As such, the spatial
distribution of all the considered GRBs, as shown in Fig. 3.4, forms a representative sample of
the GRB sources in the sky.

The GRB selection criteria are summarized in Table 3.1. From the initial sample of 186
LAT-detected GRBs, applying the above selection cuts results in a sample of 24 long GRBs, all

listed in Table 3.2.

3.4 Sensitivity Analysis

We conduct a sensitivity study using the LLE data for two reasons: firstly, to ensure that
a manually injected ALP feature can be recognized by our fitting algorithm; secondly, to de-
termine the maximum distance for a given photon-ALP coupling for which the ALP feature is
still significantly detectable in LLE. We also find the distance to a CCSN that allows for setting

competitive upper limits on the photon-ALP coupling with Fermi LLE. In this study, we use a
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Table 3.2: List of the 24 GRBs that pass the selection criteria. Ty5 corresponds to the duration
reported in Table III in [145], as seen by GBM. The following columns show the best-fit models
listed without an additional ALP component, with uncertainties representing the 90-% confidence
interval for the given fit parameter. Also included are the log-likelihood ratio (LLR) A values,
A = —2log (Lgre/ LorpsaLp), Which are derived in Sec. 3.5. We also report the best-fit param-
eters for the cases in which the Band model (denoted by XSPEC’s grbm) is one of the model
components [153], to demonstrate that the parameters do not reproduce the ALP spectral shape
which may be reproduced with oy ~ —2.4, a5 ~ —0.1, and E. ~ 30 MeV. Details of the GRB

analysis are described in Sec. 3.5.

GRB Tos Best model grbm parameters LLR
(s) (no ALP) o1 Qo E. (keV)
080825C 222 grbm -0.65 0% 241700 14373 02
090217  34.1 grbm -1.11 tggﬁ 2431003 16113 0.1
100225A 12.7 grbm -0.50702 2284007 223FH2 0.0
100826A 93.7 grbm + bb 21027091 -2.30%09%  484+72 0.0
101123A 1454 grbm + cutoffpl -1.007097 -1.94+315 187tg§ 5.8
110721A 21.8 grbm + bb -1.241082 -2.29%608 1000135 0.0
120328B  33.5 grbm + cutoffpl -0.6770%% -2.26%39% 101+12 0.0
120911B  69.0 grbm 2.501992  -1.0579%3 11ty 0.0
121011A 66.8 grbm -1.087049  2.1801L  997+84 0.0
121225B  68.0 grbm 2387002 2457005 1118 0.0
130305A 269 grbm 0.767003  -2.631096 665+ 0.0
131014A 42  grbm -0.5510:338  2.651547 255738 0.63
131216A 193  grbm + cutoffpl -0.46702% -2.67t,91 1787 0.0
140102A 4.1 grbm + bb -1.1053:42 24175319 206783 2.3
140110A 9.2  grbm 2491195 -2.1919:39 11+_233 0.0
141207A 223 grbm + bb 21217008 -2.33+04L 999418 0.0
141222A 2.8  grbm + pow -1.577093  -2.83+(-4¢ 9971+ggg 0.0
150210A 31.3 grbm + pow -0.527004 2914011 1000158 0.0
150416A 33.8 grbm 118091 -2.3640-43 999%25 0.0
150820A 5.1  grbm -0.997936 2014982 303+% 0.0
151006A 950 grbm -1.35+0:06  .2.24+0.07 998t§i 0.0
160709A 5.4 grbm + cutoffpl -1.44701 -2.18%012 99401373 1.0
160917A 192 grbm + bb -0.78340  -2.3970%  9947153% 0.9
170115B  44.8 grbm -0.801087  -3.00%557 1000 *750 2.8
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background energy spectrum derived from three different GRB observations and manually in-
ject the ALP-induced gamma-ray signal that is subsequently folded with the instrument response

function.

3.4.1 Background Considerations

We extract background information for each individual GRB using the analysis tool de-
veloped by the LAT team, gtburst. This tool allows for a selection of the off-signal intervals,
which are fitted in each energy channel with a polynomial function in time, resulting in a fitted
background count rate. A detailed description of the GRB analysis process with gtburst may be
found in Sec. 3.5.

Once we obtain the background count rates, we compute their fluences by conducting spec-
tral fitting using a power-law model, half-Gaussian profile, or a combination thereof to find the
lowest, highest, and typical values of background fluences for the LLE data selection, for energies
starting at ~ 30 MeV and reaching the GeV energies. In addition to the GRB sample listed in
Table 3.2, we include three supplementary short GRBs that pass the remaining selection criteria,
GRB 081024B, GRB 090227B, and GRB 110529A. The found fluences for GRB backgrounds
are computed and plotted as a function of the incidence angle ¢, shown in Fig. 3.5. It is important
to note that for large incidence angles, the LLE effective area drops significantly, resulting in low
count rates. In our sensitivity study, we therefore restrict our analysis to GRBs that are less than
~70 degrees off-axis, and conduct a study of the median, the lowest and the highest background
fluence values. For these GRBs, the lower background count rates reflect a drop in the effective

area for LLE events, and should therefore not be interpreted as GRBs with necessarily lower
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Figure 3.5: Background fluences plotted against the incidence angles to the detector, §. Pink
triangle, green star, and blue circle respectively correspond to the lowest, median, and highest
background fluences in the sample. Note, however, that low count numbers may be caused by a
significant drop in LLE effective area at high 0s.
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gamma-ray backgrounds. Finally, as long GRBs are expected to be uniformly distributed across
the sky [145], we may assume a representative ALP-photon conversion probability /., shown
in Fig. 3.4, for each considered background in our analysis (albeit, the GRB distribution may be

anisotropic if the unassociated sources are very close-by.)

3.4.2 Simulating the ALP spectrum

To simulate ALP-induced gamma-ray spectra, we use the XSPEC’s fakeit function. We
consider the ALP spectra in the energy range given by the LLE data file specifications, starting
at ~30 MeV and reaching the GeV energies. We use the response function and the background
observation derived previously from each considered LLE-detected GRB. On top of the scaled
ALP-induced gamma-ray signal from Fig. 3.3, we add a realization of the background, taken
to be a power-law approximation to the channels’ photon rates fits for each considered GRB.
The combination of the signal and the background is then passed through the XSPEC’s fakeit
function to create 2000 realizations of spectra corresponding to different normalization values of
the ALP signal on top of the observed background levels. An example of a simulation sample

resulting from the XSPEC’s fakeit function is shown in Fig. 3.6.

3.4.3 Sensitivity results

To find the Fermi-LAT sensitivity to detecting ALP-induced gamma-ray signal originating
from a given CCSN using the LLE data, we consider the highest, the lowest, and the median
background levels as seen in our GRB sample, respectively corresponding to backgrounds of

GRB 081024B, GRB 100826A, and GRB 121011A (also corresponding to the low, high, and
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Figure 3.6: XSPEC fakeit ALP simulations [146]. Shown in gray is a sample of 2000 realiza-
tions of the ALP spectrum for a 10-M, progenitor and normalization Ny, = 6.62 x 1073 cm—2
(corresponding to a ~1-Mpc distant CCSN with P,, = 0.1 and g,, = 5.3 x 1072 GeV~! [122])
on top of the median background, including the background statistical and systematic uncertain-
ties produced with grburst. The solid blue line represents the input ALP signal for the quoted
normalization value.
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medium #s; see Fig. 3.5). We consider a grid of normalization values for the ALP spectrum,
N, between 8.4 x 107%° cm™2 and 8.4 x 107°° cm™2, motivated by Fermi-LAT’s expected
flux sensitivity. For each of the three background levels, we add the normalized ALP spectrum
(60 steps within the range quoted above) and produce 2000 simulations for each data realization
for two different progenitor masses (10 and 18-My), resulting in a total of 720,000 simulated
spectra. Finally, we conduct spectral fitting for each spectrum, considering two different spectral
models. The first model is the ALP model described in Section 3.2 with one free parameter,
the total normalization Vo, on top of the background model described by a power law with the
normalization and power-index as free parameters. The second model is the background-only
fit. For both cases, we use XSPEC’s pgstat statistical method, which describes Poisson data
with Gaussian background [154]. Finally, we utilize Wilks’ theorem as applied to the scenario
in which the ALP signal: given a large number of realizations of data, the test statistic A =
—210g (Lunuit/ Latternative )» follows a half-y? distribution [155, 156], when no additional ALP signal
is injected. In our case, L,y is the background-only fit, Lajemaive 1S the ALP model fit, and the
difference in the number of degrees of freedom (d.o.f) is one (ALP normalization). For each
background consideration, we find a critical signal normalization for which we claim that the
ALP model is preferred—taken to be when the log-likelihood analysis indicates half of the A
values that would have probabilities less than 5.7 x 10~ if the background-only hypothesis was
correct, corresponding to a So detection. We use 60 grid steps within the V. normalization range
quoted above, with 30 of them a refinement, to accurately determine this “turn-over” point. An
example of A distributions for a 10-M, progenitor for the median background (GRB 121011A)
is shown in Fig. 3.7.

The values of A corresponding to normalization values of Ny, = 3.46 x 107°* cm~2 for
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GRB 100826A (lowest background, high ), N = 2.76 x 10~°* cm~2 for GRB 121011A (me-
dian background, medium 6), and N, = 1.51 x 1075* cm~2 for GRB081024A (highest back-
ground, low ), for a 10-M, progenitor, favor the ALP model over the background-only model.
For a given ALP coupling g¢,,, Fig. 3.8 shows the maximum allowed distance to a CCSNe for
which a 5-0 ALP signal discovery can be expected (provided the given gamma-ray background
and P, assumed from Fig. 3.4). On the other hand, if a time- and distance-tagged CCSN is
observed without any detected ALP signal, then the yellow curve gives, on average, the expected
90 % CL upper limit to be derived on the ALP coupling ¢,,. The right panel of Fig. 3.8 shows
an analogous analysis, using the 18-My progenitor. For the lowest background (high 6), the
corresponding normalization value is N = 1.56 x 107°* cm~2; for the median background
(medium 0) it is Ny, = 1.30 x 107°% cm~2; and finally, for the highest background (low ) it is
Nyt = 7.06 x 107 cm~2. The corresponding distance limits for the deduced upper bound on
coupling from the SN1987A analysis, g,, = 5.3 x 1071 GeV~! [122], in addition to a consid-
eration of different conversion probabilities, are summarized in Table 3.3. We remark that at the
detection limit, only a few ALP-induced gamma-ray photons would be detected (~10 counts in
the LLE sample), which makes it challenging to reliably reconstruct the energy spectrum or to
alone trigger a GRB signal detection (considering the look-elsewhere effect in full sky surveys).
Finally, we conclude the sensitivity analysis by noting that the distance limit variations in Fig. 3.8
are driven by differences in LLE effective area—thus, the lower background count-rates, shown

in Fig. 3.5, are mainly a consequence of decreasing detector acceptances at higher 6s.
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Figure 3.7: Top: demonstration of Wilks’ theorem for the considered simulated spectra [155,
156). The red line is the half-x? distribution with 1 d.o.f. on top of our normalized A distribution
when no additional ALP signal is injected to the median background. Bottom: the distribution of
the same A = —21og (Lyun/ Latemaive) When an additional ALP signal is injected to the median
background. The null model remains the one without an additional ALP component, but the
realizations are now drawn from a model with N, = 2.76 x 107°* cm~2, for the case of the
median background and a progenitor mass of 10 M. The median A represents the median value
of the histogram. We determine the sensitivity of our experiment to a deviation from a no-ALP
scenario, corresponding to a threshold of 50 or the p-value of 5.7 x 1077,
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Figure 3.8: Distance limits for a LAT-LLE ALP detection for a 10-M, progenitor (top panel), and
an 18-M, progenitor (bottom). The green, black, and red solid lines represent the 5-0 detection
limits on distances with so-far observed background levels from our GRB sample with Fermi
LLE, while the yellow solid line represents the expected 90% CL upper limit for the median
background. The dotted vertical line in each plot shows the upper limit for the ALP-photon
coupling, g,, = 5.3 x 107'* GeV~*, derived in [122]. The hatching in both plots shows the
parameter space to which Fermi LLE is sensitive, taking into consideration the SN1987A upper
limit on the ALP-photon coupling.
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Table 3.3: Maximum distance to the ALP source to be within reach of the Fermi-LLE sensitivity.
We assume the ALP-photon coupling g,, = 5.3 x 10712 GeV~! [122] for different ALP-photon
conversion probabilities, P, as seen in Fig. 3.4. Distance limits are in Mpc, shown for a 10-M,
progenitor on the left, and 18-My, in parentheses on the right, for different background levels.
Note that the different background levels are dependent on the LLE effective area, which de-
creases with an increase in #, hence lowering the event rate in the detector (see Fig. 3.5). This,
however, is not an indicator of the intrinsic GRB background levels, but rather detected counts in
the instrument.

Conversion probability Distance limit (Mpc)
P, (g0) Background level:
Low Median  High
0.1 44(6.5) 49((.1) 6.6(09.7)
0.05 3.1(4.6) 35(5.0) 4.7(6.9)
0.01 1.42.1) 1.523) 21@3.1)
0.001 0.4(0.7) 0.5(0.7) 0.7(1.0)

3.5 Search for an ALP signal within the selected GRB sample

We consider the selected sample of unassociated GRBs in Table 3.2 and conduct a spectral
fitting for each GRB to find the highest significance for an inclusion of the ALP spectral com-
ponent. Although it is unlikely that a nearby star’s core-collapse would remain an undetected
CCSN to the current optical all-sky surveys, such as [157-162], or that an ordinary GRB would
arrive without a time delay to the ALP signal from the core-collapse, we here make the ansatz to
search for an ALP signal only within the detected GRB signal time window. We consider a null
model to include components commonly used to describe ordinary GRB emission, and compare

it to the alternative including the additional ALP component.
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3.5.1 Data Preparation

The data in our sample was obtained from the public Fermi Science Support Center (FSSC)
website 7. To analyze data, we use the Fermi Science Tools ® in combination with the HEAsoft
XSPEC spectral fitting software °. We conduct a combined analysis between GBM, LLE, and
standard LAT transient data using the analysis tools commonly used in the high-energy transient
community [146].

The GBM analysis is done using gtburst '°. We conduct a binned analysis of the GBM
data. Firstly, we compute the overall signal-to-noise ratio (SNR) for twelve GBM detectors and
consider the three strongest signals recorded in the Nal detectors and one signal from a BGO
detector for the spectral analysis. To determine the background, we use gtburst to specify off-
signal intervals, fit a polynomial to each channel of the detector, and interpolate these polynomials
to compute a background spectrum over a given time interval. For each GBM detector, we
consider the same time interval of the burst, determined by visual inspection, approximately
corresponding to the flattening of the light curve with the background level. The corresponding
GRB duration is listed as Tys in Table 3.2, reflecting the time interval reported in Table III in
[145]. Finally, we produce spectral and background files appropriate for the analysis in XSPEC.

The preparation of the LLE data follows the same pathway as that of the GBM data. We
assume the same burst duration as determined by the GBM value of Ty in Table 3.2.

With its lower number of counts, LAT transient data requires a different approach utilizing

an unbinned analysis. Due to the transient nature of the source, we make use of the event class

"https://fermi.gsfc.nasa.gov/ssc/data/, accessed on April 23, 2019.
8https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/, accessed on April 23, 2019.
‘nttps://heasarc.gsfc.nasa.gov/lheasoft /, accessed on April 23, 2019.
Onttps://github.com/giacomov/gtburst
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P8R3_TRANSIENTO020_v2, analyzed with the corresponding galactic and isotropic diffuse tem-
plates ', over a time interval determined by the Tys values referenced in Table 3.2. Using grburst,
for most GRBs, we perform a zenith cut of 100°, with a few-degree variation depending on a
given source. We conduct a maximum likelihood analysis of the LAT source to obtain a LAT
counts map within the considered region of interest (Rol, usually 12°). Once we obtain likeli-
hood fit result parameters using gt 1ike, we proceed onto creating energy-binned background
files using gtbkg and spectral files of energy-binned signal counts using gtbin, both readable
by XSPEC. Throughout this analysis, we use the point-source localization information provided

in the Fermi LAT Second GRB Catalog, 2FLGC [145].

3.5.2 XSPEC analysis

We conduct a standard spectral fitting procedure of the selected GRB sample [163]. Fitting
is conducted in PyXspec, an object-oriented Python interface to XSPEC '°. When modeling the
spectral shape of a given GRB, we consider models commonly used in GRB spectral fitting,
including single power law (denoted pow in Table 3.2), power law with a high-energy exponential
cut-off (also known as “comptonized model”, cut of £p1), the phenomenological Band function
[153] (grbm), or a combination thereof. We also include a consideration of an additional thermal
component in the form of a blackbody spectrum (bb), as suggested in [163, 164]. Appendix A
provides the details about the used models. We apply XSPEC’s pgstat statistical method [154]
and find the fit with the lowest test statistic (in XSPEC denoted by PG-statistic), obtaining

profile log-likelihood (LL) values from the combined GBM, LLE and LAT transient data. We

Uhttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html, as ac-
cessed on April 23, 2019.

PZhttps://heasarc.gsfc.nasa.gov/xanadu/xspec/python/html/index.html, accessed on
April 23, 2019.
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note that the ALP spectral model may be well-reproduced for a specific range of parameters
of the Band function; in particular, for a 10-Mg, progenitor in Fig. 3.3 the corresponding Band
model parameters are oy ~ 2.4, ap ~ —0.1, and F,. ~ 30 MeV. However, in the considered GRB
sample, these parameter values are not reached, as shown in Table 3.2, and are not expected for
ordinary GRB spectral shapes. Similarly, the ALP spectral shape can be reproduced reasonably
well with a blackbody function described by a peak temperature of ~ 70 MeV; however, all the
GRBs listed in Table 3.2 that are best fit by including a blackbody spectral component (GRBs
100826A, 110721A, 140102A, and 160917A) peak at the keV temperatures. For each model,
we step through the neighboring fit parameter values to ensure that the best-fit parameters found
from the maximum LL analysis are likely global, and not local minima.
To compare two nested models, we apply the log-likelihood ratio (LLR) test

A = —2log (Lgrs/Lorp+aLp)s With Lggrp corresponding to the likelihood of the null hypothe-
sis, i.e. the GRB model constituting of commonly used functions for ordinary GRB emission.
Lgre+arLp corresponds to the alternative hypothesis, constituting of an ALP signal added on top
of the null model, with all the considered parameters left free to vary. Table 3.2 contains results
of the model comparison of our data sample, using the 10-Mg-progenitor ALP spectral model.
We note that the 18-M -progenitor has an almost identical spectral shape, leaving the results

essentially independent on these two progenitors masses.

3.5.3 ALPs from GRBs: fitting results

None of the GRBs in the considered sample showed a significant improvement in the fit

when including the additional ALP signal component. The model comparison for one GRB,
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101123A, indicates a A value of 5.8, corresponding to ~ 2.4¢ detection, pre-trials. The data and
the fitted models for GRB 101123A are shown in Fig. 3.9 with an inplot showing the difference
between the best null model and the alternative model with the additional ALP component.

This alternative best-fit hypothesis has an ALP component with the normalization Ny, =
4.9 x 107°2 cm~2. Applying the coupling g,, = 5.3 x 1072 GeV~! and a conversion probability
P,, = 0.01 (see Fig. 3.4 for this GRB’s sky position), we find that the corresponding distance
would be ~ 120 kpc. Note that GRB 101123A was observed strongly off-axis, at an incidence
angle of ~ 80°. Under such conditions, LLE’s effective area decreases significantly. Thus, even
a source with such a large N value of the ALP component results in only few counts and no
reconstructed energies above ~50 MeV.

We then include the trials factor [165], to take into account the size of the considered
parameter space, and express the global significance by pgioba = 1 — (1 - ploml)N‘“a‘S. From the
local p-value, pjocas = 1.6 x 10~* and the number of GRB trials in our sample, Ny, = 24, this
results is a global p-value of ~ 0.3, further indicating that this observation is not statistically

significant.

3.6 Conclusions and Discussion

In this paper, we consider the light ALPs produced via the Primakoff process in a collapse
of a massive star which, by converting into photons in the Galactic magnetic field, could produce
an observable gamma-ray flux. The duration of an ALP burst is expected to be on the order of ~10
seconds. Due to its uncertain and likely negligible effect, we do not take into consideration the

ALP-photon conversion that may take place in the magnetic field of the intergalactic medium and,
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Figure 3.9: GRB 101123A ~-ray flux with two different overlaid models. Different colors rep-
resent counts obtained by different detectors: purple, red, yellow, and blue correspond to Naly,
Nal,y, and BGO; detectors on GBM respectively; and green corresponds to the LLE transient
data. The solid lines represent unfolded model fits for each instrument when the additional ALP
component is included, whereas the dotted lines are the best-fit model without the additional ALP
component. The inplot shows the difference between the alternative and the null model in more
detail: the solid green line represents the alternative model and the dotted line is the null model.
The alternative model is composed of a Band function, exponential cut-off function, and the ALP
signal. Finally, the lower panel shows the ratio of the observed data to the corresponding model
that includes the ALP component, i.e. data/model. For plotting purposes only, the GBM data is
shown binned, whilst LLE data is shown with the original binning provided by the instrument.
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due to a lack of magnetic field models, we do not take into consideration ALP-photon conversions
that may take place within the host galaxy. In fact, the contribution from the host galaxy would
increase the observed gamma-ray flux, rendering our current results conservative. Furthermore,
due to the complexity of core-collapse modeling, we only consider two CCSN progenitor masses:
10 and 18 M, [122]. However, theoretical considerations suggest that long GRBs are produced
in explosions of very massive (= 20 My, [166]) stars which, in turn, would produce a higher
number of ALPs as compared to a lower mass progenitor. Thus, the combination of our magnetic
field and progenitor mass choices renders our reported results conservative.

We find the sensitivity of the Fermi-LAT instrument using the LLE data sample including
energies 2> 30 MeV to detect ALP-induced gamma-ray emission from CCSNe for ALP masses
me < 10710 eV. In particular, we consider a sample of GRB backgrounds and compute the max-
imum allowed distance to core-collapsing stars that still give statistically significant, So, ALP-
signal detection. For the lowest background, we obtain that the limiting distance is ~3 Mpc for
the conversion probability, F,, = 0.05, for a 10-Mg, progenitor, and ~5 Mpc for an 18-M, pro-
genitor, for a coupling of g,, = 5.3 x 107'* GeV~! [122]. For the highest background count,
the farthest distance corresponds to ~5 Mpc and ~7 Mpc; and for the median background, it is
~3.5 Mpc and ~5 Mpc for 10- and 18-M,, progenitors respectively. Finally, the distance limits
reported in this paper, in addition to the observed background levels, are driven by LLE effective
area variation that tends to decrease for observations at larger instrumental incidence angles—and
thus lower background count rates. These limiting distances for an ALP-signal detection from a
CCSN for different conversion probabilities and axion-photon couplings g, are shown in Table
3.3 and Fig 3.8. The results found in this paper by utilizing the LLE data cut technique and its

resulting data sample are comparable to those done with the standard LAT analysis in [123]. As
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such, conducting a search for an ALP signal from a close-by CCSN using the LLE technique,
independent from or in parallel with the standard LAT analysis, can be a useful way of probing
the ALP parameter space. Furthermore, the distance limits found in this investigation may be
complemented by utilizing the upper energy range of the better-resolved GBM data, or the rest
of the LAT transient data, to search for the tail distribution from the ALP-induced gamma-ray
emission.

Finally, we consider a sample of unassociated, thus potentially nearby, LLE-detected GRBs
(see Table 3.2). We conduct a spectral model fitting for each candidate using the XSPEC library
models commonly used for GRB spectral modeling. Once the best-fit for an ordinary GRB spec-
trum is determined, we conduct an analogous modelling procedure by introducing an additional
ALP spectral component. We find that all of the GRB emissions in our sample are well-fitted by
commonly used GRB spectral models and that introducing an additional ALP spectral component
does not result in a statistically significant improvement.

In this chapter, we assume that the ALP-induced gamma-ray signal itself triggers the GRB
observation, i.e., that the ALP signal from a CCSN coincides with the ordinary GRB signal,
which is unlikely to be the case. The main source of uncertainty is determining the core-collapse
time, and thus the expected arrival time of any ALP-induced GRB. Therefore, an interesting in-
vestigation would be a dedicated search for potential ALP induced gamma-ray photons arriving
before the GRB trigger times. As suggested in [150], using optical lightcurves to predict explo-
sion times may be another way of attempting these analyses, as done in [37]. Nevertheless, the
optimal resolution for the time-tagging issue is using neutrino detection from a CCSN, followed
by a search for ALP emission in the coincident gamma-ray observation; although, at this time,
no such coincident detection has been confirmed in association with a GRB.
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The GRB model comparison analysis does not allow for a deduction of the limits on the
ALP coupling, gq. In order to obtain such information, we would require the GRBs’ distance
information, as done in [37]. With the current and upcoming optical surveys such as ASAS-
SN [167], ZTF [168], TESS [169], and the Vera C. Rubin Observatory [170], the number of
the observed nearby CCSNe (e.g. z < 0.02 or 100 Mpc), [37]) is likely to increase. This, in
turn, would improve the probability of Fermi detecting their corresponding GRBs, allowing for
a statistically significant study of such sources in the context of ALP searches and limits on the
relevant ALP coupling space. An example of such an analysis determining the upper limits on
the ALP coupling is shown in [37].

Furthermore, with the new generation of gamma-ray instruments, such as e-ASTROGAM
[171], ComPair [172], PANGU [173], or alike, the improved sensitivity and angular resolution
particularly at energies relevant to the ALP signal (<100 MeV) and FoV’s similar to Fermi LAT,
the search for ALP-induced GRBs will be substantially improved. In particular, observatories
such as AMEGO [174], with its excellent sensitivity, angular and energy resolution, low energy
threshold, and a large field of view, will allow for the most stringent constraints on the ALP
parameter space, surpassing the limits of the current ALP laboratory experiments '°.

Finally, besides CCSNe, additional astrophysical objects may be considered as sites of
ALP production. In particular, a production of ALPs has been hypothesized during NS merg-
ers; albeit further theoretical work is needed to constrain the expected ALP spectrum from such
events [175]. Taking into consideration the most recent observations from NS mergers using e.g.

LIGO/Virgo [176], as well as a rapid development of the field of MMA, using GWs may be yet

13https://www.snowmass2l.org/docs/files/summaries/CF/SNOWMZ—\SSZ1—CF3_CF2_
Regina_Caputo—-122.pdf, as accessed on April 6, 2021.
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another probe into the production time and nature of ALPs in the future (see Epilogue).
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Chapter 4: Light at the end of the tunnel: ALPs and GRB precursors

This world needs those who could find a tunnel that has no light at the
end of it, and hold it up like a telescope to know the darkness also
contains truths that could bring the light to its knees.

Andrea Gibson

In this chapter, we further investigate the properties of GRB emission in the context of ALP
searches with Fermi LAT'. In particular, we apply the hypothesis that the ALP emission should
precede that of the jet outbreak after a collapse of a massive star. With the observationally sug-
gested causal connection between CCSNe and long GRBs, we conduct a spectral analysis of the
Fermi-observed long GRBs through identifying a sample exibiting signs of precursor emission.
This approach provides a previously unexplored venue in the context of ALP searches. To avoid
redundancy, parts of the introduction, observatory, model-fitting, and the LLE technique details
presented in the paper are omitted here. I proceed assuming that the reader is convinced that
ALPs are plausably real and gamma-ray observations of GRBs can provide insights into their

properties (see Chapters 2 and 3 for more detail).

!'The work in this chapter is currently undergoing the internal review from the Fermi-LAT Collaboration and
is presented here with minimal modifications. This work has been previously shared on a number of occasions,
including the Fermi Collaboration Meetings and the 241st AAS Conference. The work conducted here is funded
through the Fermi Cycle-15 Guest Investigator Program, PI: M. Crnogorcevic.
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4.1 Motivation

As established in Chapter 3, the arrival time of the ALP burst from a CCSN follows that
of neutrinos. However, due to the sensitivity limitations of the current generation of neutrino
detectors, we expect no significant neutrino signal from a distant CCSN. While Galactic CCSNe
would be an excellent probe into the nature of ALPs, not only are they infrequent (~1 per century)
but they also have to occur inside the FoV of the current gamma-ray instruments to provide the
necessary data to search for the ALPs, making this approach unpromising at this time [123].
Other techniques have been employed to determine the CCSN collapse time—and consequently,
the ALP explosion time—including the consideration of the optical observations of the nearby
CCSNe [37] or long GRBs [1]. Combined with theoretical models, these investigations indicate
that the gamma-ray emission from the ordinary long GRB is delayed by a few seconds to hours
with respect to the time of the star’s collapse [133].

In this chapter, we conduct a novel search for ALPs within a time window that precedes
the main-episode gamma-ray emission formed in the jet, focusing on the long GRBs with known
precursors detected with the Fermi-LAT instrument. Motivated by the delay between the time
of the core-collapse of a massive star, i.e. the ALP emission time (7,); and the time of the jet
break-out associated with its ordinary long GRB emission (Zgrg), we conduct an investigation of
the gamma-ray emission that occurs prior to the prompt emission of a long GRB.

The chapter is organized as follows. Section 4.2 provides an overview of theoretical models
of different GRB emission phases. In Section 4.3, we present the data selection process and the
precursor consideration. In Section 4.4.2, we describe the ALP model used in our analysis.

Section 4.5 summarizes the results of the spectral fitting in our precursor sample, with a special
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emphasis on the recently-detected GRB 221009A. Finally, Section 4.6 provides the summary and

a discussion of the results.

4.2 The life of a GRB

The observed variability and diverse lightcurve structure indicate that GRB emission is a
complex phenomenon’ The most commonly used model assumes that a GRB is powered by a
BH produced either in a CCSN or a BHNS merger event. This BH is engulfed in an accretion
disk, whose gravitational energy or, alternatively, the accretion of magnetic flux can result in
a formation of a jet. Some models indicate that a millisecond magnetar could also power jets
by extracting its spin-down energy. In a BNS merger event, a jet may be formed during the
NS’s short-lived hypermassive stage that forms soon before the system’s final collapse into a BH.
Although numerous theoretical models have been put forward, at this time, we still need a clearer
understanding of the properties of the central engine that fuels the jet’s formation. Nevertheless,
once it is formed, the jet’s journey—firstly through its local environment and later through the
intergalactic space—may commence.

The GRB emission is characterized through its two most energetic phases: 1) the prompt
gamma-ray phase, originating from the ultra-relativistc matter outflows, and 2) the afterglow
phase, caused by collisions of the released material with the surrounding medium and resulting
in a wide-wavelength (radio to X-ray) emission. In addition to these two phases, some GRBs
also exhibit an early onset emission prior to the prompt phase, often referred to as the precursor
emission. Precursor emission consists of one or multiple faint gamma-ray flashes prior to the

main prompt episode.

>The GRB review presented here is in large part based on [177] and references within.
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The prompt phase. The prompt phase of the GRB emission is believed to originate from
the internal shock processes. Due to different densities within the jet, parts of it will travel at
different Lorentz factors causing them to eventually interact and produce internal shocks. Areas
with very high densities and pressures are formed in these interactions, resulting in powerful local
magnetic fields. Electrons and positrons from the jet repeatedly enter these magnetic fields and
are accelerated in a process known as Fermi acceleration. However, the Fermi acceleration cannot
last indefinitely—electrons will eventually start losing energy as they interact with magnetic fields
through synchrotron interactions and thus emit photons that we observe as the GRB prompt
emission. Other processes, albeit to a lesser extent, may also be present, such as the synchrotron
self-Compton emission or potential cascades of Fermi-accelerated hadrons.

The afterglow phase. The GRB’s afterglow phase results from shocks produced in the jet’s
interactions with the material expelled in the explosion, as well as the material in the interstellar
medium. As it propagates, the jet compresses the gas and dust in its path, resulting in external
shocks—both in forward and reverse directions (within the jet’s frame of reference). The forward-
moving shock will accelerate electrons and result in the high-energy afterglow emission. The
reverse, slower-moving shock will also accelerate particles—but to lower energies, resulting in
the emission of UV and optical photons. These processes, however, are much more complicated
than described here—and many additional components may be at play (see, e.g., for a review).
The afterglow emission can last for days to weeks after the initial burst of gamma rays. Its
properties provide essential information about the nature of the surrounding environment and the
physical processes that drive the explosion.

The precursor phase. Finally, the precursor phase is the least understood among the GRB

phases. Several theoretical models have been proposed to address the astrophysical origin of

70



the precursor emission, including the internal and external shock models, photospheric emission
model, magnetic reconnection, mini-jets, geometrically thin shells, supra-photospheric model,
and gravitational lensing; however, no single model can be used to explain the precursor’s as-
trophysical origin fully. To further complicate things, different works have used conflicting def-
initions of precursors. While some models are very good at explaining, e.g., the duration of the
precursor, they may not be so good at explaining its spectral properties. Still, due to the different
definitions of precursors, comparing distinct theoretical models is a challenging task.

In this chapter, we adopt the following definition: an ALP-induced precursor is an observed
excess of gamma-rays from a GRB, lasting at most 50 seconds and after which the observed flux
returns to the background level. We impose no duration requirement on the quiescent interval
between two pulses. The precursor duration is motivated by the expected duration of an ALP burst
from a CCSN. Following the quiescent interval, which can span seconds to minutes, we observe
another flash of gamma rays associated with the jet emission. We impose no requirements on
whether the ALP-induced precursor triggers the detection algorithm onboard Fermi-LAT: either

or both ALP-induced precursor and jet emission can trigger a detection in our work.

4.3 Data Selection

Firstly, we consider a total of 93 GRBs detected with the LLE technique from August 2008
to December 2022, as reported in the Fermi-LAT Second Gamma-Ray Burst Catalog, 2FLGC, or
notices published via the Gamma-ray Coordinates Network (GCN) Circulars (see Section 3.3 for
more details about the LLE technique). Separately, we consider a total of 238 GRBs observed

with Fermi-LAT in the same time frame. A total of 17 GRBs were observed with the LLE
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Table 4.1: Selection criteria applied to a total of 255 GRBs detected by Fermi-LAT between
August 2008 and December 2022.

Property Selection Criterion
Observed time interval inside LAT FoV for ~1000 s
prior to the trigger time 7§

Burst duration long GRBs (Ty 2 2 seconds)
Precursor confirmed BB algorithm (see 4.4.1)
GBM precursor no temporal coincidence

selection cut only. The same selection criteria are applied to both the LAT- and LLE-detected
GRBs and are summarized in Table 3.1.

We consider the selected GRBs in Table 4.2 and 4.3 and conduct a time-resolved spectral
fitting for each separated pulse observed in the sample to find the highest significance for of the
ALP spectral fit. We consider a null model to include components commonly used to describe
ordinary GRB emission, and compare it to the alternative including the additional ALP compo-
nent.

We also note that, although the precursors have been identified in the GBM data for a
number of observed GRBs (see, e.g., thesis work by Sylvia Zhu in [178]), such emission cannot
be explained by the ALP model used in our analysis. Precursors observed with GBM spectrally
peak in the keV energy range, and as such must be explained by astrophysical processes different

from the ALP-photon conversion models described in this chapter.

4.4 Analysis

Data preparation. We obtain the LAT and LLE lightcurve data from the publicly acces-

sible Fermi Science Support Center (FSSC) website’. The lightcurve analysis is done using the

Shttps://fermi.gsfc.nasa.gov/ssc/data/, last accessed on February 28, 2023.
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Fermi Science Tools*, as integrated within the ThreeML software package’, which we use to
conduct the LLE precursor spectral analysis. The response functions for the LLE lightcurves are
done using Monte Carlo simulations of a bright source at the position of the observed GRB (see

Sec. 3.4).

4.4.1 Bayesian Blocks

To search for precursor emission within LAT and LLE GRB lightcurves, we utilize the
Bayesian Block (BB) analysis method, a non-parametric algorithm used for detecting and char-
acterizing structures in data, particularly useful for detecting excess emission for transient sources
in the Fermi-LAT observations. Developed in [179] and modified in [180, 181], this analysis tool
is applied to segment the data based on sudden changes in the count rate.

The algorithm relies on the Bayesian statistics, i.e., it assigns a prior probability distribution
to the number of blocks, and updates this prior based on the data. A smaller probability is
assigned to a larger number of blocks (ideally, we would not want a connect-the-dots outcome,

i.e., n — 1 blocks for n data points) and is given by the following expression:

P = PO,YNblocks, 4.1)

where P is the prior probability distriibution for the number of blocks (i.e., the prior assigned
before seeing any data), F; is the normalization constant, and ~ is the “penalty” parameter for

increasing the number of blocks typically set between 0 and 1, with smaller value corresponding

*https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/, last accessed on February
28, 2023.
Shttps://github.com/threeML, last accessed on March 19, 2023.
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to a larger number of blocks, Nyocks. The Bayes’ factor is then used to compare two different
hypotheses: if we have two models, M; and M,, with their prior probabilities P(M;|D) and

P(M,|D), the Bayes’ factor is then given by

P(M\|D)  P(D|M,)P(My)
&= POLID) = P(D[My)P(OM,) 2

by the Bayes’ theorem®. Then,

K== T2
LoP(My) L,

N . 20— N ;
blocks,2 blocks,1)7 (4.3)

where D is the observed data and £, is the likelihood of the model M, (x C 1,2). Scargle et
al. [179] determine, through simulations of the unbinned GRB data, that the prior, ncp_prior, is
given by

nep_prior = 4 — 75.53py N 0478, (4.4)

where py 1s the false positive rate, and N is the number of events. Additionally, in contrast to the
standard BB algorithm in [179], which identifies the excess signal via comparison to the constant
count rate in the data, the code used in our analysis is modified to account for LAT’s changing
exposure to avoid misidentifying the instrument-caused fluctuations as a real astrophysical signal
by applying the IRFs [181]. This adjustment is of particular importance for LAT-related analyses.
In contrast to, e.g., GBM, where we can retrieve multiple independent data sets from different
detectors, we only have one observation for LAT. Thus, we cannot do a cross-check to search for

detector-specific effects and have to carefully account for the instrument response.

°P(A|B) = P(B|A)P(A)/P(B).
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Lightcurve analysis. We consider all the GRBs observed with Fermi-LAT and analyze
their corresponding lightcurves. We define a 2000-second “search” time window centered at
the trigger time determined by LAT, 7, along with two “off-pulse* windows, spanning a few-
hundred-second interval outside the time of the main pulse (and anything that may seem like a
precursor). A polynomial function (usually of the zeroth or first order) is then fit to the gamma-
ray counts in the off-pulse windows to estimate the background level during the “on-pulse”. To
correct for the effects of the Earth’s atmosphere in the observed gamma-ray data, this background
level is multiplied by the cosine of the LAT zenith angle relative to the source location in the sky,
determined from the given observation of the GRB in question.

Once the background is fit, we proceed to conduct the BB analysis. Analogously to [179],
we select a pp = 0.05, which is appropriate for the unbinned LLE and LAT data. By visual
inspection of each lightcurve, we determine a GRB sample with a potential precursor emission,
resulting in a selection of seven LLE-detected GRBs listed in Table 4.2 and 7 GRBs using the
standard LAT event cuts (Table 4.3). Once the data have been segmented using the BB algorithm,

we conduct a time-resolved spectral analysis on each time window separately.

4.42 The ThreeML GRB Analysis

The Multi-Mission Maximum Likelihood software, or ThreeML, is an open-source Python
package that allows for a multi-mission analysis of the X-ray, gamma-ray, and neutrino data’. It
is widely used in the single- and multi-messenger community, providing a user-friendly, Python-

based interface for likelihood model fitting and comparison. The ThreeML contains a suite

"The ThreeML package is publicly available at ht tps: //github.com/threeML/threeML, with the cor-
responding documentation at https://threeml.readthedocs.io/en/stable/, as accessed on March
12, 2023.
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of built-in models for spectral and time-series analysis but also allows for user-defined models
to carry out parameter estimation with maximum likelihood (ML) and Bayesian methods. I note
that, while the XSPEC approach to Fermi-LAT and LLE data analysis used in Chapter 3 applies to
the study presented here, I opt to build the ALP-search pipeline within the ThreeML framework
in anticipation of the future multi-wavelength and messenger efforts for which this package was
primarily designed.

The ALP model in ThreeML. Analogously to Sec. 3.2, we define the ALP spectral model
using the tabulated form for each progenitor mass within threeML via the Python ast romodels
package, with the normalization value, Ny, left free to vary. In addition to the previously con-
sidered 10-M;, and 18-Mg, progenitors in Chapter 3, we also include the recently tabulated ALP
spectral signature for a 40-M,, progenitor®. We generate the ALP spectra as seen on Earth by
scaling the observed photon flux by a normalization factor N, < Pas(go)ga,/d*, where P,
is the ALP-photon conversion probability, g, is the reference coupling strength (go = 107!
GeV1!), and d is the luminosity distance to the GRB. We numerically calculate the ALP-photon
conversion probability, I, in the Milky Way magnetic field, assuming the Jansson & Ferrar
field model ([141], also see Sec. 3.2.1) . Tables 4.2 and 4.3 summarize the F,, values for each
GRB in our sample and Fig. 4.1 places each GRB onto the conversion probability map. Our work
does not take into account the ALP-photon oscillations that may take place in the intergalactic
magnetic field, as such contribution would be negligible in our analysis, for reasons outlined in
Chapter 3. The input ALP model (now integrated over time, as per the ThreeML requirement, in
contrast to Chapter 3) is shown in Fig. 4.2. For completeness of this thesis, in Fig. 4.3, I include

the temporal and energy evolution plot for the 40-M, progenitor to complement Fig. 3.2.

8M. Meyer, M. Giannotti, and T. Fischer, private communication.
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Figure 4.1: Analogous to Fig. 3.4, for an ALP mass m, = 107! eV and coupling g,, = 5.3 x
1072 GeV~!, and energy 10 < F < 300 MeV. Note that for this configuration, P, max ~ 0.1 is
the maximum conversion probability reached in the central regions of Milky Way. Yellow stars
correspond to GRBs with precursors both in LAT and LLE. White diamonds represent precursor
GRBs only detected in LLE, and cyan circles are precursor GRBs only detected in LAT.
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Figure 4.2: The observed ALP-induced gamma-ray spectrum for 10-, 18-, and 40-M, progenitor
mass integrated over the explosion time for an arbitrary normalization N, = 8.47°% cm~2. Note
that, for the 40-M, progenitor, the peak is shifted to the right compared to the lower-mass pro-
genitors, peaking at ~150 MeV.
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Figure 4.3: Observed evolution of the ALP-induced gamma-ray emission in time and energy in
a core-collapse of a 40-M, progenitor, normalized by Ny, = 8.475* cm~2. In this case, most
of emission happens within the first ~40 seconds after the collapse. The temporall and energy
evolution can be compared to Fig. 3.2 which demonstrates these properties for the lower-mass
progenitors.
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Commonly-used GRB models. Similarly to Sec. 3.2, we also consider models commonly
used in GRB spectral fitting, which are used to also describe physical processes that may account
for the precursor emission, such as the phenomenological Band function, power law, comptonized
model, or a combination thereof. See Appendix A for more details. It is worth noting that, if a
spectrum is best fit by a power law or a comptonized function, this may motivated by a low-count
statistic of the given observation as both of these models are limiting cases of the Band function.
Furthermore, neither of the functions we use for standard GRB fitting is correlated to a single
physical process that would explain it; rather, all of them are empirically motivated.

Model comparison. To compare two models, we apply the Bayesian Information Criterion
(BIC) which, for a given model, can be calculated as BIC = —log(L;) + k; log(/N), where L;
is the likelihood of model 7, k; is the number of free parameters, and /V is the number of energy
channels. When comparing two models, the one with the lower BIC value is preferred. BIC
difference exceeding 10 units indicates a very strong preference for the model with the lower BIC.
Once we determine the best-fit model for a given precursor, we add an ALP spectral component

and test the goodness of the fit.

4.5 Results

Here, we present the results of the model comparison analysis.

4.5.1 LLE GRBs

A total of 7 GRBs observed using the Fermi LLE technique passes the criteria in Table 4.1,

all listed in Table 4.2, with their corresponding LAT trigger time, 7{, precursor time intervals
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relative to 7}, position in the sky, distance (where available), the best-fit model, the ALP-photon
conversion probability at the given position, and the corresponding ALP normalization. All GRBs
in our sample are better fit by ordinarily used GRB models. Due to some GRBs’ measured
redshift, the ALP peak may be redshifted outside the LLE energy coverage (e.g., GRB 090323,
GRB 120624B, GRB 160625B, and GRB 170214A), resulting in arbitrarily small best-fit ALP
normalization values. The lightcurves, their corresponding Bayesian Block representations, and

the spectral fits including the ALP component, are shown in Appendix B.

4.5.1.1 Honorable mention: GRB 221009A

GRB 221009A is a long gamma-ray burst that was detected on October 9th, 2022, 14:10:17
UT, by the Burst Alert Telescope (BAT) onboard the Neil Gehrels Swift Observatory [182]. Fol-
lowing the BAT notice, the GBM Team reported a spatially coincident detection ~55 minutes be-
fore the BAT trigger time. Subsequent spectral analyses confirmed that the BAT instrument trig-
gered once GRB 221009A entered its FoV during an exceptionally bright afterglow phase, with
the GBM detection corresponding to the prompt-emission phase[183]. The brightest GRB ob-
served to date, GRB 221009A, is located nearby (z = 0.151) at low Galactic latitude (b = 4.3°),
deeming it an excellent probe into the physical processes both at the explosion site as well as in
the Milky Way, in turn setting off numerous follow-up observation initiatives [184].
GRB 221009A lightcurve observed both with Fermi- LAT and GBM exhibit a clear multi-episode
structure during the prompt-emission phase. The first peak—hereafter referred to as the precursor—
lasts for ~10 seconds, and the second, multi-peaked episode spans a few hundred seconds. The

precursor episode, however, is not observed with the standard LAT analysis and is only seen when
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applying the LLE event cut. The duration of the afterglow phase is currently still being worked
out. Nevertheless, a fascinating report in the afterglow phase was made by the LHAASO Team,
with a possible 10-0 detection of an 18-TeV photon ~2000 seconds after the GBM trigger [185].
Considering the distance to the source, the survival probability of such high-energy photon is
extremely low—opening the venue to some new physics speculations, including ALPs (see, e.g.,
[186—-188]).

Although the precursor seen in GRB 221009A 1is the one with the highest count statistics, the
resulting upper limit on the ALP-photon coupling is not constraining (g4, < 3.9 X 1071 GeV 1,
see Eq. 3.3 and Fig. 3.8). This is partly due to the low ALP-photon conversion probability in
the direction of the GRB 221009A (~ 10~*), and partly due to the sizeable distance to the GRB

(~ 720 Mpc in luminosity distance, assuming the ACDM model).

4.5.2 LAT GRBs.

Unsurprisingly, finding a precursor emission within standard LAT observations of GRBs
proved to be a challenging task. Namely, we are heavily limited by the low-count statistic. With
that, we relax the requirements on the precursor definition: in particular, we no longer require
that the emission goes all the way down to the background level between the precursor and
prompt emission. Instead, we also consider GRBs, for which two peaks are separated by a
time of constant-level emission that is weaker than the peaks themselves. An example of such
GRB is shown in Fig. 4.5. We only carry out the fits with the 40-solar-mass progenitor for LAT
precursors, as it is the only model with an ALP signature that peaks in the standard LAT energy

range.
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Figure 4.4: Top: LLE lightcurve depicting the prompt emission as seen with LLE. The red hori-
zontal line is the background fit. Middle: BB analysis zoomed in on the precursor. Shaded teal
area represents the time interval in which we conduct the spectral fitting. Bottom: the best fit

model, including the ALP component.
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Figure 4.5: GRB 100724B observed lightcurve (pale blue) with Bayesian blocks overlaid in ma-
genta. There is a clear separation between two peaks, however, the emission during the quiescent
period does not go all the way down to background levels.

Using the standard LAT data cut and applying the selection criteria to the LAT-detected
GRBs results in a total of 7 GRBs to consider. Similarly to the LLE analysis, the properties of
the GRBs and the fitting results are shown in Table 4.3. The nearest GRB (at ~4600 Mpc), in the
direction of a relatively high ALP-photon conversion probability, ~ 1072, only allows for a weak

constraint on the coupling, down to g,, = 1.8 x 1071? GeV .

4.6 Discussion

Searching for ALPs in precursor emission in long GRBs is a well-motivated approach to
constraining the properties of these particles. This is guided by the expected temporal delay

between the time we expect to observe ALPs and a jet breakout, which is usually associated with
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the prompt emission of a long GRB.

We start by selecting the sample of long GRBs with a likely precursor using a modified ver-
sion of the Bayesian block approach. We account for the LAT’s changing exposure, which could
lead to the misidentification of excess signals if left untreated. This is particularly relevant for
instruments we cannot conduct a cross-check between different detectors. Applying the selection
criteria to a total of 255 GRBs observed either with LAT and/or LLE results in a sample space of
14 long GRBs, seven observed in LLE and 7 in LAT (three of which were observed with both).

We then employ the t hreeML package to conduct time-resolved spectral fits of the iden-
tified precursors. In anticipation of future multiwavelength and messenger efforts, we develop an
ALP search pipeline under the t hreeML framework. We fit three different ALP spectral models
characterized by different progenitor masses (10, 18, and 40 solar masses) for the LLE-detected
GRBs. For LAT-only detections, we conduct the ALP spectral modeling only with the 40 solar
mass model, as it is the only one with the peak within the standard LAT energy coverage.

We report no significant detections. We, however, demonstrate that our approach can yield
limits on the ALP-photon coupling. Our most stringent upper limit comes from the precursor
observation of GRB 221009A, excluding all the values of g,, > 3.9 X 10719 for ALP masses
< 10710 eV. This limit is not particularly constraining due to the distance to the source and its
location in the sky, which governs the ALP-photon conversion probability.

Employing our technique, nevertheless, can be interesting in the context of different objects—
for example, pulsars or variable AGN. Furthermore, additional searches may be done for popu-
lations of long GRBs with a precursor emission redshifted to X-rays or soft gamma rays, where
the current instruments are more sensitive. Finally, our work again calls for investment into an

improved sensitivity to the MeV sky in the future.
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Chapter 5: A Joint Fermi-GBM and Swift-BAT Analysis of
Gravitational-Wave Events from the Third Gravitational-wave Ob-

serving Run

Just sent you a DoorDash gift card so you don’t have to worry about
dinner.

Courtney Randolph, during one of my low points in graduate school

The detection of GW 170817 [31] coincident with the short gamma-ray burst GRB 170817A
[189, 190] was a ground-breaking discovery for the era of MMA'. This event marked the first
detection of a BNS merger by the LIGO and Virgo instruments, as well as the only confirmed
GW event with an EM counterpart to date. Since then, the search for EM emission from more
of these extreme events has been at the forefront of MMA, particularly in the gamma-ray energy
band since GRB 170817A demonstrated that the merger of two NSs is a progenitor of short GRBs
[191]. GWs have also been observed from the mergers of other compact objects, such as binary
black hole (BBH) and NSBH systems [49, 192—194]; however, no additional EM counterparts

have been confirmed as other counterpart candidates have so far been inconclusive [195-197] or

'The work in this chapter is currently in the final internal review stage by the three collaborations and is presented
here with minimal modifications. The paper is a collaborative work between the Fermi-GBM and Swift-BAT teams,
and the LVK Collaboration. Together with Dr. Corrine Fletcher and Dr. Joshua Wood, I am the contact author,
having done all the data analysis from the Swift-BAT side and shared the responsibility of combining the results.
For completeness, a condensed version of the Fermi-GBM analysis steps is included; however, this chapter focuses
on the Swift-BAT and combined analysis. Significant contributors to the work in the paper under review are also
Dr. Rachel Hamburg and Dr. Peter Veres.
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are still under debate [198-202].

The second observing run (O2), running from November 2016 to August 2017, resulted in
the detection of GW170817, the EM counterpart GRB 170817A and the kilonova AT 2017gfo
[32, 203-207]. GRB 170817A was initially discovered by the on-board trigger algorithm of
Fermi-GBM, with an additional detection by INTEGRAL [190]. The energy range of Fermi-
GBM combined with its wide FoV and rapid alert abilities makes it an ideal platform to search
for gamma-ray counterparts to GW events in real time. Additionally, Fermi-GBM provides con-
tinuous time tagged event (CTTE) data with a 6-hour latency that enables sensitive searches for
short GRBs on the ground. Two of these searches are the Untargeted Search, a blind search of
Fermi-GBM data for short GRBs, and the Targeted Search, which uses an external time to search
for a short GRB [208, 209]. Following O2, the LIGO Scientific and Virgo Collaboration pub-
lished its first catalog (GWTC-1; [192]) using a full reanalysis of data from both O1 and O2. It
contained a total of 11 GW events with a probability of astrophysical compact binary coalescence
origin p,sro > 0.5, but no other EM counterparts were reported by Fermi-GBM [210].

In addition to the Fermi-GBM, the Swift-BAT provides excellent sensitivity to detecting
hard X-ray and gamma-ray transient sources [211]. Swift-BAT primarily runs in a survey mode
that continuously evaluates rate increases and potential GRB triggers. An increase in the ob-
served photon rate triggers on-board image processing algorithms that can provide ~arcminute
localizations for GRBs. For each significantly detected event, the data transferred to the ground
contains information regarding the count arrival time, its location, and energy within the 15—
350 keV range. However, if an event does not trigger an on-board detection, the available data
for offline ground searches is contained within continuous rate light curves in four energy chan-

nels (15-25 keV, 25-50 keV, 50-100 keV, and 100-350 keV) with three time binnings (64 ms,
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1s,and 1.6 ).

In this chapter, we use the Swift-BAT continuous collection of the rate data to search for un-
triggered or sub-threshold short GRBs around GW event times, analogous to the GBM Targeted
Search. Although Swift-BAT has been used to search for public and sub-threshold GW events
during the LVK observing runs, this is the first systematic search in all events from an observing
run. The Gamma-ray Urgent Archiver for Novel Opportunities (GUANO) pipeline [212] is a
novel way to recover the event-level data from Swift-BAT without onboard triggers and thus en-
able significantly more sensitive searches. However, GUANO is not used in this chapter’s work
because it only began regular successful operations in December 2019, resulting in incomplete
data availability for the GW events considered here.

The third observing run (O3) of the LVK occurred from April 2019 to March 2020 with a
month-long commissioning break during October 2019. It benefited from improvements to the
sensitivity and duty cycle of the GW detectors made after the conclusion of the O2 run [193, 213].
This observing run provided 56 public GW candidate events in real-time with information from
their preliminary analysis. More detailed analyses were published in a series of catalogs (GWTC-
2; [193], GWTC-2.1; [194], GWTC-3; [49]) with GWTC-3 providing a cumulative list of 79 GW
candidates from O3 with p,so > 0.5. This represents an 8-fold increase in the number of GW
candidates with p,g.o > 0.5.

Among these events was the detection of a second confident event classified as a BNS
merger, GW190425, whose total mass is larger than that known from Galactic NS binaries
[214]. Additionally, GW190917_114630, GW191219_163120, and GW200115_042309 pro-
vided the first detections of events classified as NSBH systems with p.s.o > 0.5. A fourth

possible NSBH event, GW200105-162426, fell just outside the p,s;o > 0.5 event criteria in
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GWTC-3. There were also two confident detections with ambiguous classifications, GW 190814
and GW200210.092254, that represent a BH merging with either a light BH or a heavy NS.
GW190814 is particularly intriguing since its secondary component mass is either the lightest
BH or the heaviest NS observed to date [215]. An overwhelming majority of the remaining
events are most likely BBHs in origin.

The goal of this chapter is to search for coincident short GRB counterparts to GW events
from the cumulative set of O3 events presented in GWTC-3 and discussed in Section 5.1.1.
Section 5.1.2 provides a brief overview of the Fermi-GBM searches. Section 5.1.3 describes
the Swift-BAT sub-threshold search. Section 5.1.4 presents the results from both Fermi-GBM
and Swift-BAT for the marginal GW events identified in Section 5.1.1. Furthermore, Section
5.3 divides the discussion of GW events with p,si.o > 0.5 into three groups depending on their
estimated component masses m; and ms. For systems with a possible NS component (m, < 3
Mg in > 5% of posterior samples), we present the flux and isotropic equivalent luminosity upper
limits from both Fermi-GBM and Swift-BAT (Section 5.3.1). We discuss upper limits to the
marginal GW events in Section 5.3.3. Finally, in Section 5.4 we summarize our results and

discuss future plans for using the sub-threshold searches for GW events.

5.1 Method

In this section, we summarize the set of GW events that we analyze from GWTC-3. We
also present the search methods used to find coincident gamma-ray and hard X-ray emission with

Fermi-GBM and Swift-BAT.
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5.1.1 Gravitational-wave Trigger Selection

The analysis reported here focuses on GW candidates identified during O3. These were
selected by four separate analysis pipelines, referred to as GstLAL, Multi-Band Template Anal-
ysis (MBTA), PyCBC, and cWB, and published in GWTC-3 [49]. Each pipeline calculates both
a False Alarm Rate (FAR) from a background noise hypothesis and a probability of astrophys-
ical origin (pa.stro) fOr each event assuming a compact binary coalescence source. Events with
Dastro > 0.5 1In any pipeline are selected for detailed analysis with a full estimation of the po-
tential astrophysical source parameters. The one exception to this are events identified by the
minimally modeled cWB pipeline, which requires a time-matched confirmation of candidates
with pastro > 0.1 in one of the other pipelines in order to ensure the event originated from a
compact binary coalescence. In total there were 79 events identified with p.s,o > 0.5 during O3.
Table 5.1 shows the candidate identifier, date, time, and p,g,, for these events.

The remaining subset of events with an FAR below 2 yr—!

and pastro < 0.5 in a given
pipeline are considered marginal event candidates. As of GWTC-3, there are 6 marginal candi-
dates which cannot be attributed to instrumental or environmental causes (Table 5.2). We exclude
these events from our main analysis and discussion to focus on the events with p,s.o > 0.5 since
these events have a stronger possibility of astrophysical origin; however, we did perform sepa-

rate searches for gamma-ray counterparts for each marginal candidate since the existence of a

counterpart could potentially prove an astrophysical origin.
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Table 5.1: GW events from O3 with p.g0 > 0.5.

Event Name Date Time (UTC)  pastro Event Name Date Time (UTC)  pastro
GW190403.051519 04-03-2019  05:15:19 0.60 GW191103.012549 11-03-2019  01:25:49 0.94
GW190408_181802 04-08-2019 18:18:02 >0.99 GW191105.143521 11-05-2019 14:35:21 >0.99
GW190412 04-12-2019  05:30:44 >0.99 GW191109.010717 11-09-2019  01:07:17 >0.99
GW190413.052954 04-13-2019  05:29:54 0.92 GWI191113.071753 11-13-2019  07:17:53 0.68
GW190413.134308 04-13-2019 13:43:08 0.99 GWI191126.115259 11-26-2019 11:52:59 0.70
GW190421 213856 04-21-2019 21:38:56 >0.99 GW191127.050227 11-27-2019  05:02:27 0.74
GW190425 04-25-2019  08:18:05 0.69 GW191129_134029 11-29-2019 13:40:29 >0.99
GW190426.190642 04-26-2019 19:06:42 0.73 GW191204_110529 12-04-2019 11:05:29 0.74
GW190503_185404 05-03-2019 18:54:04 >0.99 GW191204 171526 12-04-2019 17:15:26 >0.99
GW190512_180714 05-12-2019 18:07:14 >0.99 GW191215223052 12-15-2019  22:30:52 >0.99
GW190513 205428 05-13-2019 20:54:28 >0.99 GW191216.213338 12-16-2019  21:33:38 >0.99
GW190514 065416 05-14-2019  06:54:16 0.75 GW191219_163120 12-19-2019 16:31:20 0.82
GW190517_055101 05-17-2019  05:51:01 >0.99 GW191222 033537 12-22-2019  03:35:37 >0.99
GW190519.153544 05-19-2019 15:35:44 >0.99 GW191230.180458 12-30-2019 18:04:58 0.96
GW190521 05-21-2019  03:02:29 >0.99 GW200112_155838 01-12-2020 15:58:38 >0.99
GW190521.074359 05-21-2019  07:43:59 >0.99 GW200115.042309 01-15-2020  04:23:09 >0.99
GW190527_092055 05-27-2019  09:20:55 0.83 GW200128_022011 01-28-2020  02:20:11 >0.99
GW190602_175927 06-02-2019 17:59:27 >0.99 GW200129_065458 01-29-2020  06:54:58 >0.99
GW190620_030421 06-20-2019  03:04:21 0.99 GW200202_154313  02-02-2020 15:43:13 >0.99
GW190630_185205 06-30-2019 18:52:05 >0.99 GW200208_130117 02-08-2020 13:01:17 >0.99
GW190701_203306 07-01-2019 20:33:06 >0.99 GW200208_222617 02-08-2020  22:26:17 0.70
GW190706_222641 07-06-2019 22:26:41 >0.99 GW200209_085452 02-09-2020  08:54:52 0.97
GW190707.093326 07-07-2019  09:33:26 >0.99 GW200210.092254 02-10-2020  09:22:54 0.54
GW190708_232457 07-08-2019 23:24:57 >0.99 GW200216.220804 02-16-2020  22:08:04 0.77
GW190719215514 07-19-2019 21:55:14 0.91 GW200219.094415 02-19-2020  09:44:15 >0.99
GW190720.000836 07-20-2019  00:08:36 >0.99 GW200220.061928 02-20-2020  06:19:28 0.62
GW190725.174728 07-25-2019 17:47:28 0.96 GW200220.124850 02-20-2020 12:48:50 0.83
GW190727_060333 07-27-2019  06:03:33 >0.99 GW200224 222234 02-24-2020  22:22:34 >0.99
GW190728 064510 07-28-2019  06:45:10 >0.99 GW200225 060421 02-25-2020  06:04:21 >0.99
GW190731.140936 07-31-2019 14:09:36 0.83 GW200302.015811 03-02-2020  01:58:11 0.91
GW190803.022701 08-03-2019  02:27:01 0.97 GW200306_093714 03-06-2020  09:37:14 0.81
GW190805 211137 08-05-2019 21:11:37 0.95 GW200308-173609 03-08-2020 17:36:09 0.86
GW190814 08-14-2019 21:10:39 >0.99 GW200311_115853 03-11-2020 11:58:53 >0.99
GW190828 063405 08-28-2019  06:34:05 >0.99 GW200316.215756 03-16-2020  21:57:56 >0.99
GW190828 065509 08-28-2019  06:55:09 >0.99 GW200322.091133 03-22-2020  09:11:33 0.62
GW190910.112807 09-10-2019 11:28:07 >0.99

GW190915 235702 09-15-2019 23:57:02 >0.99

GW190916.200658 09-16-2019 20:06:58 0.62

GW190917_114630 09-17-2019 11:46:30 0.74

GW190924 021846 09-24-2019  02:18:46 >0.99

GW190925 232845 (09-25-2019 23:28:45 0.99

GW190926_050336 09-26-2019  05:03:36 0.51

GW190929 012149 09-29-2019  01:21:49 0.86

GW190930.133541 09-30-2019 13:35:41 >0.99
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Table 5.2: Marginal GW events from O3 without clear instrumental or environmental causes.

Event Name Date Time (UTC) pastro  Reference
GW190426_152155 04-26-2019 15:21:55 0.14 [194]
GW190531.023648 05-31-2019 02:36:48 0.28 [194]
GW191118.212859 11-18-2019 21:28:59 0.05 [49]
GW200105.162426 01-05-2020 16:24:26 0.36 [49]
GW200201203549 02-01-2020 20:35:49 0.12 [49]
GW200311_103121 03-11-2020 10:31:21 0.19 [49]

AN B W

5.1.2 Fermi-GBM Search Methods

Fermi-GBM consists of fourteen detectors that are strategically positioned to cover the
full sky, unocculted by the Earth, and provide an excellent opportunity to observe GRBs [216].
A more detailed description of the instrument can be found in Sec. 1.3. The onboard algo-
rithm triggers a detection whenever incoming count rate is at a level greater than 4.50 above the
background rate in at least two Nal detectors. Furthermore, the CTTE data is available for the
ground-based follow-up analysis, allowing for Untargeted and Targeted subthreshold searches.
The Fermi-GBM Untargeted Search is a blind search that automatically scans the CTTE data
for a significant count rate increases in at least two Nal detectors. The algorithm was originally
developed for detecting terrestrial gamma-ray flashes [217] and has since been adapted to search
for short GRBs with fluxes below the on-board triggering threshold.

The Untargeted Search runs through eighteen timescales ranging from 64 ms to 31 s and
five energy bins from 27 keV to 985 keV, and short GRB candidates are identified when at least
two detectors exceed 2.5¢0 and 1.250 above the background rate. The list of short GRB candidates
identified using the Untargeted Search is publicly available through the Gamma-ray Coordinates

Network (GCN)?. Finally, as this part of the analysis was done independently from the Swift-BAT

https://gen.gsfc.nasa.gov/fermi_gbm_subthresh_archive.html, as accessed on March
12, 2023.
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I will not provide any more information, but instead encourage the interested reader to refer to

the journal article for further details.

5.1.2.1 GBM Targeted Search

The Fermi-GBM Targeted Search was developed for multimessenger follow-up observa-
tions [208]. It uses CTTE data to scan around an external trigger time for gamma-ray emission
typical of a short GRB. Theoretical models predict that GRB emission offset time compared to
the GW trigger ranges from 0.01 s to 10 s depending on the conditions producing the gamma-ray
emission [218]. As such, for follow-up of the events in Table 5.1, we search from —1 s to +30 s
around the GW time to ensure we do not miss unexpectedly delayed gamma-ray emission from
a counterpart short GRB, even after accounting for temporal offsets up to 10 s relative to the
GW time. Starting 1 s before the GW time provides a comfortable buffer to account for the fact
that the trigger times can vary by a few milliseconds for events that are identified by multiple
pipelines.

The Targeted Search achieves greater sensitivity than the on-board triggering algorithm by
processing the data from all 14 detectors coherently rather than focusing on significant signals
present in detector pairs. This allows for the detection of weaker signals below the Fermi-GBM
on-board triggering threshold [219]. To do this, three spectral templates representing spectrally
hard, normal, and soft GRBs (Table 5.3) are folded through the GBM detector responses to
produce an expected count rate for a given astrophysical source location and flux.

For GW events without a significant counterpart detection in Fermi-GBM we compute the

gamma-ray flux upper limits as a function of sky position using the Targeted Search because it
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Table 5.3: Spectral templates used by the Fermi-GBM Targeted Search.

Template Type Parameters
hard Cut-off Power-law [220]  Epcac = 1500 keV, o = —1.5
normal Band [221] Epeax = 230keV, o = —1.0, 8 = —2.3
soft Band [221] Epeak = 70keV,a = —1.9, 8 = =3.7

is the most sensitive analysis method employed by Fermi-GBM. To do this, we use the normal
spectral template from Table 5.3 and the 1 s gamma-ray emission duration from the Targeted
Search since they are characteristic of typical short GRBs [222, 223]. This results in a set of
upper limits for each sky position at times ranging from —1 s to +30 s around the GW time. We
then choose the maximum observed upper limit measurement for each sky position, guaranteeing
that the specified confidence level of the upper limit applies over the entire search period. We
use a 30 upper limit level for reporting upper limits over the full 10-1000 keV energy range of
standard GRB flux measurements in Fermi-GBM following the convention established in [209].
We also compute a second So upper limit over a 15-350 keV range to match the convention used

by Swift-BAT (see Section 5.1.3.2) when combining the upper limits from both instruments.

5.1.3 Swift-BAT Rates Data Search

Swift-BAT is a coded-aperature instrument and one of the most sensitive GRB detectors
currently in operation. A more complete overview of the instrument can be found in 1.3. The
on-board Swift-BAT GRB triggers are complemented by subsequent on-ground rates and image
data processing, in turn allowing for dedicated searches for GRB emission. With no GW events
from Table 5.1 triggering an on-board BAT detection, we conduct an offline follow-up analysis
from the ground to search for the corresponding hard X-ray counterpart emission. The BAT flight

software continuously assesses the signal-to-noise ratio (SNR) of the observed count rates. If an
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SNR exceeds the given threshold value determined by a number of rate-trigger criteria [224], the
triggering algorithm subsequently checks the corresponding image data for the final confirmation
and the localization of the potential burst. The detection is confirmed only if the image SNR
threshold is surpassed (= 6.5) and no other sources have been previously reported at the event
localization. For every confirmed detection, BAT records event data containing counts’ arrival
times, location on the detector plane, and energy. With its large effective area (~2600 cm? for
100 keV photon detection at launch), the event data volume collected by BAT is too big to be
stored on-board and, due to the limitations of the Swift downlink bandwidth, it is not possible
to transfer all the event data to the ground. As such, until recently, the only way to conduct
an offline, on-ground follow-up analysis of untriggered and sub-threshold events relied upon the
rates light curves in four energy channels (15-25 keV, 25-50 keV, 50-100 keV, and 100-350 ke V)
with three time binnings (64 ms, 1 s, and 1.6 s) and their corresponding 64 s images in a single
energy bin (15-50 keV). The recently developed GUANO technique circumvents this issue by
retrieving BAT event data extending to ~200 s long windows surrounding the trigger times from
various astrophysical events (e.g., GWs, GRBs, fast radio bursts, neutrinos, etc.; [212]). However,
due to a significant number of the considered GW triggers being detected prior to the GUANO
deployment in December 2019, we conduct the analysis using only the regular rates data from
BAT and leave the analogous study using the GUANO data for the future GW observing runs.
To conduct the untriggered and sub-threshold search for hard X-ray counterparts coincident
with the LVK triggers in Table 5.1, we developed a code analogous to [225]. The search process
begins by extracting the raw light curves from within the central region of the BAT FoV binned in
64 ms, 1 s, and 1.6 s time intervals. Analoguously to the GBM search, we calculate the average

background rate and standard deviation, oy, starting at —1 s before the GW trigger time, and

98



extending to 430 s after. Using the raw light curves, we compute the average background rate,
The, Spanning a time window outside the signal interval, and spanning ~ 800 s, excluding the
instrument slews or its passing through the South Atlantic Anomaly (SAA) when the instrument

does not collect data. The signal significance, S, is then computed from o, using

S = (Tsig - Tbg)/o'bga (51)

where 7, is the threshold signal rate. The background uncertainty is estimated as

Opbg = N Z(Tbg,i - T_bg)Qa (52)

where NV is the number of data points in the considered portion of the lightcurve, 7, ; is the it
background rate measurement, and 7y, is the mean background rate over the considered time
interval. Furthermore, we visually inspect each light curve to ensure that no peaks originate from
detector noise. Once this is done, we check whether there are any potential counterparts to the

GW event, defined as a > 50 detection above background.

5.1.3.1 NITRATES Response Functions

To produce the BAT instrument response functions appropriate for converting from photon
counts to a source flux in the rate data domain, we use the Non-Imaging Transient Reconstruc-
tion And TEmporal Search (NITRATES; [226]). The NITRATES response modeling takes into
account both coded and uncoded parts of the detector, and thus includes responses appropriate

for all counts recorded in the rates data. In addition, these responses allow for potential GRB
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detection from outside the BAT’s coded FoV, as well as higher sensitivity across the entire FoV.
The instrument responses were created by simulating photon beams onto the Swift Mass Model
(SwiMM) using GEANT4, a particle-interaction simulator software toolkit [227]. We produce
Detector Response Matrices (DRMs) for 31 different incident directions, covering the ~ 2.2 sr
sky area (corresponding to the 10 % coding fraction) where the responses are well calibrated”.
For a complete description of the BAT instrument response modeling, see Sec. 5 and Appendix

A in [226].

5.1.3.2  Swift-BAT Flux Upper Limits

For GW events without a 50 detection above background in Swift-BAT, we estimate the
flux upper limit from the observed photon counts. We compute these limits for each time bin in
the search by calculating the necessary number of counts that would result in a 5o detection at
that time from the estimated background uncertainty oy, assuming a 1 s emission duration. We
then select the largest counts value obtained in the search bins for each GW event since this is
guaranteed to satisfy the 5o criteria over the full search window. We convert the photon counts
to flux upper limits within the partially coded BAT FoV, over a 15-350 keV energy range as
a function of sky position by applying the NITRATES instrument response functions using the
normal spectral template (Table 5.3) employed for upper limits computed with the Fermi-GBM

Targeted Search. This is done over 31 locations in a grid covering the ~ 2.2 sr BAT FoV.

SDRMs are publicly available on the Swift-BAT github: https://github.com/Swift-BAT/RatesUL/
tree/master/rsp_NITRATES, as accessed on March 13, 2023.
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5.1.4 Combined & Marginal Flux Upper Limits

For GW events without a detected counterpart in Fermi-GBM or Swift-BAT, we combine
the 5o confidence level flux upper limits to produce a joint flux upper limit skymap using both
instruments. We do this by selecting the more constraining upper limit at each sky position since
the individual limits result from independent measurements. This allows us to provide a single
map for each event that simultaneously leverages the wide FoV provided by Fermi-GBM as well
as the additional coverage and enhanced sensitivity of Swift-BAT.

We also provide marginalized flux upper limits (Sur, marg) that we compute by integrating

the upper limits over the sky using the probability density of the GW localization as a prior

SUL,rnarg = /SUL ﬁGW dQv (53)

where Syp, is the position-dependent upper limit at a given confidence level and pgw is the
probability density of the GW localization normalized over the visible portion of the sky. This
reduces the set of upper limits for each GW event to a single, characteristic upper limit that

accounts for the most likely location of the GW source.

5.1.5 Isotropic-Equivalent Luminosity Upper Limits

We compute upper limits on the isotropic-equivalent gamma-ray luminosity Lis, in the

cosmological rest-frame energy range of 1 keV-10 MeV for GW events without a detected coun-
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terpart in Fermi-GBM or Swift-BAT according to

Liso =47 DI% SUL,marg, k7 (54)

where Dy, is the median luminosity distance of the GW event, Sur, mare i the marginalized confi-
dence level flux upper limit described in Section 5.1.4, and £ is the standard bolometric correction

factor given by

10 l\/IeV/1+z
fl keV /142 (E> dE

k= (5.5)
350keV ’
kv E E (E> dE
where z is the redshift inferred from Dy,. In this case, gg (E') represents the normal spectral shape

from Table 5.3, which is used to generate the marginalized flux upper limit. We choose to use
the median Dy, with the marginalized flux upper limit instead of marginalizing L;, itself from
the values estimated for each sky position because doing so incorporates the cuts to select for
the higher likelihood modes of GW200308_173609 and GW200322_091133 during parameter
estimation. This ensures that the results for these two events are not prior dominated [49]. All
other events yield similar values for L, regardless of whether we use the individual or median

values for Dy, in the calculation.

5.2 Results

This section presents the results for the searches from Fermi-GBM and Swift-BAT for co-
incident gamma-ray emission to the GW events presented in Table 5.1. We ran the Fermi-GBM
Targeted Search on the 79 GW events shown in Table 5.1. Fermi-GBM was in the SAA for 15

of those times, therefore the detectors were turned off and no data were obtained. No significant
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gamma-ray events were found in coincidence with the GW events.

We ran the pipeline described in Section 5.1.3 on the 1 s binned light curves from Swift-
BAT for the 79 candidates listed in Table 5.1. The goal of the pipeline is to examine whether
any emission surpasses the 5o threshold above the observed background rate level. We visually
inspect each light curve to ensure that no detector noise or malfunction affects the reported results.
We identify detector noise as a fast duration peak seen only in some of the energy channels. Once
identified, the detector noise is subtracted down to the level of the average background rate. There
are 14 candidates for which the data are either unavailable or background dominated because they
occurred during either the Swift-BAT SAA passage or a slew. Separately, 13 events were within
the BAT FoV (>10% partial coding) and had image survey data available at the time of interest.
We report no significant hard X-ray detection in the Swift-BAT rate data coincident with
the reported GW triggers at the 50 level. We also ran the standard BAT analysis on the
survey data (longer timescales, ~ 300 s) for the 13 inside-BAT-FoV events and also report
no excess X-ray emission.”

The Fermi-GBM and Swift-BAT searches were applied separately to the 6 marginal GW
events from Table 5.2 in an effort to identify EM counterparts, that could prove an astrophysical
origin. No 50 detections were found for any marginal candidates using either the Fermi-GBM

Targeted or Swift-BAT rates data search.

5.3 Discussion

Compact binary mergers containing a NS component are the most likely candidates for

gamma-ray emission, particularly if the inspiral process results in tidal disruption of the NS and

‘https://heasarc.gsfc.nasa.gov/ftools/caldb/help/batsurvey.html
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provides both the matter and energy needed to produce photons [228]. In contrast, BBH mergers
are not expected to produce gamma-rays outside of a few exotic scenarios (e.g., [229-232]. We
therefore choose to divide our discussion into two sections based on the secondary component

mass my. We also use the standard convention of m; > my:

1. Events with a possible NS in the system: m, < 3 My, in > 5% of posterior samples.

2. Events that are probable BBH systems: m, > 3 Mg, in > 95% of posterior samples.

The cut my < 3 Mg, was chosen to include all systems with at least one NS component up
to the maximal allowed NS mass of 2.16-3.0 M, [233-236]. It may include a few ambiguous
BBH systems due to the uncertainty on the maximum allowed NS mass. We favor this approach
over a stricter cut due to the limited number of systems in O3 with light secondary component
masses. Additionally, the discussion of the possible BBH class does not suffer from the loss of a
few ambiguous events at the margin of selection given the large number of systems with my > 3
M.

In Section 5.3.1 we discuss the absence of detections for the 6 events classified with a pos-
sible NS component along with the flux upper limits from Fermi-GBM and Swift-BAT. In Section
5.3.2 we present the large number of BBH systems observed without detected EM emission and

present flux upper limits to these events’.

STesting the theoretical models of the BBH merger EM emission is an immediate and interesting consideration
of the results reported here and, in the paper, was done by Dr. Peter Veres. I omit any discussion relating to this
analysis as I, personally, did not contribute to this work.
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Figure 5.1: The inferred 90% credible regions for the component masses for all GW events
identified with p,stro > 0.5 from O3 are shown in grey [49, 193, 194]. The red dashed line marks

the upper bound of m, allowed for our classification of systems with a possible NS component,
which are marked by colored contours.

5.3.1 Possible NS in the System

There are 6 events, GW190425, GW190814, GW190917_114630, GW191219_163120,
GW200115-042309, and GW200210_092254, where > 5% of posterior samples lie below the
dashed red line in Figure 5.1. GW190425 is the least massive system presented in the O3 run
and the second BNS merger detected by the LVK. It has a primary mass m; = 2.17075 Mg
and a secondary mass of my = 1.3703 Mg, [194, 214]. GW190814 has a low mass secondary
component, estimated at my = 2.670'1 M, while its primary component has an estimated mass
of m; = 23.37}7 Mu. It is unclear whether this source is a BBH or a NSBH merger since
the secondary component could either be a light BH or a heavy NS [194]. GW190917_114630

was identified as a BBH merger by the GstLAL pipeline but its secondary component mass
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of my = 2.17} Mg is a strong indicator for a NSBH origin [194]. GW191219_163120 has
a large primary component mass of m; = 31.1752 Myand the lowest secondary component
mass my = 1.171957 My of all events with a possible NS [49]. It represents a possible NSBH
merger. GW200115_04230 has a primary mass of m; = 5.975 M, suggesting a low-mass BH
and a secondary mass of m, = 1.44%055 M, consistent with a NS [49]. GW200210_092254
possesses a primary component mass of m; = 24.1772 M, and a secondary component mass of
my = 2.837017 My, that could either be a light BH or a heavy NS [49]. It is unclear if this event
is a BBH or NSBH merger.

All events except GW191219_163120 were observable by both Fermi-GBM and Swift-BAT
(Table 5.4). GW191219_163120 was observed by Fermi-GBM but no Swift-BAT data are avail-
able due to a slewing behavior of the spacecraft at the time of this event. Neither instrument
detected an EM counterpart to this set of events. Given that no counterparts were found, we
compute the flux upper limits for each GW event using the methods described in Section 5.1.
Figure 5.2 shows the combined 50 flux upper limits over the 15-350 keV energy range. Ta-
ble 5.4 presents the minimum and maximum upper limits over the 90% credible region of the
GW localization as well as the marginalized flux upper limits. We use the marginalized 5o flux
upper limits to generate upper limits on the isotropic-equivalent luminosity (Figure 5.3) since
they incorporate the combined measurement information from Fermi-GBM and Swift-BAT.

The lack of a confirmed counterpart for the BNS merger GW 190425 has three plausible
explanations. First, the combined ~60% observational coverage of the total GW localization im-
plies that the GW source may not be visible to Fermi-GBM and Swift-BAT. Second, GW 190425
has an estimated luminosity distance of Dy, = 0.15705% Gpc which is 4 times larger than the

distance to GW170817 [192]. This causes the measured luminosity from GW170817 to fall

106



well below the luminosity upper limit for GW 190425 in Figure 5.3, indicating that a counterpart
similar to the one for GW170817 would have been unobservable to Fermi-GBM or Swift-BAT.
Finally, the inclination angle of this event is poorly constrained, with the 90% credible level of
estimated posterior samples extending to a viewing angle of 70° with respect to the jet axis. This
encompasses scenarios where the observed off-axis flux would be below the detection limits, even
if the central engine of GW 190425 was powerful enough to be detected on-axis by Fermi-GBM

and Swift-BAT at its measured distance.

5.3.2 Probable BBH Systems

There are a total of 73 events selected by the criterion of ms > 3 My in > 95% of posterior
samples. All of these events have estimated primary and secondary component masses much
larger than the maximum expected NS mass of 3 M. They are therefore likely associated with
the mergers of BBH systems.

Of these 73 events, 10 occurred during SAA for Fermi-GBM, but had data from Swift-BAT.
Likewise, Swift-BAT does not have data for 9 events either because Swift-BAT was in the SAA or
slewing, but data are available from Fermi-GBM. There are 5 events that do not have data from
either Fermi-GBM and Swift-BAT either due to being in the SAA or slewing. Neither instrument
identified an EM counterpart for the events with data coverage. As a result, we compute flux
upper limits for each event according to the methods described in Section 5.1. Table 5.5 presents
the minimum and maximum upper limits over the 90% credible region of the GW localization
as well as the marginalized flux upper limits. Appendix C presents the joint flux upper limit as

a function of sky position for the events that have data coverage and Appendix C.2 presents the
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GW190425

2407210 180°

15-350 keV

4.7%x 1078 3.4x1077
5.00 Upper Limit [erg s~1 cm™2]

GW190814

70° 240° 210° 180° 150

15-350 keV

3.8x 1078 2.8x 1077
5.00 Upper Limit [erg s~1 cm™2]

GW190917_114630

15-350 keV

3.8x 1078 4.0x 1077
5.00 Upper Limit [erg s~* cm™2]

Figure 5.2: The 50 flux upper-limit as a function of sky position for the 6 events from O3 identi-
fied with a possible NS component and p.gi,, > 0.5. The purple gradient represents the combined
Fermi-GBM and Swift-BAT flux upper limits for source positions at each point on the sky. The
star symbol represents the zenith direction of Fermi-GBM, the square symbol represents the cen-
ter of the Swift-BAT FoV, and the green contour represents the 90% credible area of the LVK
localization. The blue region is the non-visible portion of the sky which is occulted by the Earth

for Fermi-GBM and outside the Swift-BAT FoV.
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Figure 5.2: continued.
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15-350 keV
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5.00 Upper Limit [erg s~ cm™2]
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5.00 Upper Limit [erg s™1 cm™2]

GW200210_092254

15-350 keV
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5.00 Upper Limit [erg s™1 cm~2]
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Figure 5.3: The So upper-limits on isotropic-equivalent luminosity L;s, for the 6 events from O3
identified with a possible NS component and p.g,, > 0.5. The black data point is the measured
Lis, from GRB 170817A and the black dashed line is the approximate lower bound for L;y, of
GRBs detected on-board Fermi-GBM [191].
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corresponding isotropic-equivalent luminosity limits.

Table 5.5: Flux upper limits for possible EM counterparts to probable BBH events detected during
O3 with pasiro > 0.5. The 30 confidence level upper limits are computed for the 10-1000 keV
energy range of the Fermi-GBM instrument over its FoV. The 50 confidence level upper limits are
computed for the combined coverage of the Fermi-GBM and Swift-BAT instruments with both
instruments matched to the 15-350 keV energy range of Swift-BAT. The columns labeled Min
and Max correspond, respectively, to the minimum and maximum upper limit values obtained for
points within the 90% confidence level region of the GW event localization. The Marginal upper
limit is computed by integrating the upper limits produced at individual locations over the full
sky using the GW localization as a weighted prior, normalized to the visible portion of the sky.

30 Flux U.L. [erg s~! cm™?] 50 Flux U.L. [erg s~! cm 2]
Coverage [%] 10-1000 keV 15-350 keV

Event Name GBM BAT Combined Min Max Marginal Min Max Marginal
GW190403_051519 76.61 24.76 8291 1.07x1077 3.09x10°7 1.78x107 3.67x10~% 2.80x10~7 1.50x10~7
GW190408_.181802 SAA  0.00 0.00 - - - - - 3.50%x10°7
GW190412 97.27 3.45 99.80 1.00x10°7 1.22x1077 1.11x10"7 9.81x107% 1.15x10~7 1.07x10°7
GW190413_052954 33.38  0.05 3342 1.21x1077 1.97x1077 1.36x1077 1.15x1077 2.12x10~7 1.28x1077
GW190413.134308 SAA  6.94 6.94 - - - 7.40x1078% 2.10x1077 1.25x10°7
GW190421_213856 65.97 40.81 99.97 1.38x10°7 1.58x1077 1.44x10°7 5.02x107% 2.04x10~7 1.30x10°7
GW190426_190642 88.70 SAA 88.70 1.10x1077 2.48x10~7 1.34x10~7 1.09x10~7 2.29x10~7 1.31x107"
GW190503_185404 96.59 SAA 96.59 1.32x10°7 1.36x1077 1.33x10°7 1.25x1077 1.28x10"7 1.26x10°7
GW190512_180714 30.95 0.00 3095 1.65x1077 1.79x10°7 1.76x10~7 1.54x1077 1.66x10~7 1.64x1077
GW190513.205428 84.97  0.00 8497 1.07x1077 1.31x1077 1.13x10~7 1.06x10~7 1.19x10~7 1.09x10~7
GW190514_065416 83.33 68.64 83.75 1.09%x10~7 3.03x10°7 1.35x107 3.89x10°% 2.79x10~7 8.77x10°%
GW190517_055101 6.81 4.07 10.57 1.32x1077 1.35x1077 1.34x1077 4.41x107% 1.26x1077 1.02x1077
GW190519_153544 40.53  0.00 40.53 1.13x1077 1.61x1077 1.26x10°7 1.06x10~7 1.54x10°7 1.18x10°7
GW190521 58.61 61.27 99.98 1.64x10°7 3.54x1077 2.19x10°7 4.20x107% 3.20x10"7 1.35x10°7
GW190521_.074359  100.00  0.00 100.00 1.20x1077 1.61x1077 1.51x1077 1.16x1077 1.48x1077 1.40x1077
GW190527_.092055 72.51  0.05 7251 1.14x10°7 3.30x1077 1.91x10°7 1.10x1077 2.96x10~7 1.74x10°7
GW190602_.175927 65.84 SAA 65.84 1.53x1077 2.08x1077 1.89x10~7 1.51x1077 1.92x10~7 1.76x1077
GW190620.030421 SAA  4.10 4.10 - - - 8.21x107% 1.79x10~7 1.39x10~"7
GW190630.185205 78.32 SAA 7832 1.17x10°7 2.16x1077 1.30x10"7 1.08x1077 1.97x10~7 1.20x10°7
GW190701203306  100.00 99.51 100.00 1.27x1077 1.33x1077 1.28x1077 1.01x10~" 1.20x1077 1.15x1077
GW190706_222641 66.90 12.80 73.80 1.03x1077 2.95x1077 1.63x1077 4.66x10~% 2.79x10~7 1.53x10°7
GW190707_093326 4231 SAA 4231 1.38x1077 2.34x1077 1.60x10~7 1.30x1077 2.12x1077 1.48x10°7
GW190708_232457 56.01 SAA 56.01 1.28x1077 4.24x1077 1.93x1077 1.22x1077 3.77x10~7 1.75x1077
GW190719_215514 7497 15.00 89.79 1.17x1077 3.74x1077 1.85x10~7 3.65x107% 3.40x10~7 1.60x10~"
GW190720-000836 87.90 SAA 8790 1.08x1077 2.64x1077 1.19x1077 1.01x1077 2.46x10~7 1.12x1077
GW190725_174728 SAA SAA - - - - - - -
GW190727.060333 6120 0.01 61.20 1.61x1077 1.93x10°7 1.74x1077 1.49x10°7 1.72x10°7 1.58x107"7
GW190728_064510 74.03 71.13 74.03 1.07x10°7 2.36x1077 1.21x1077 6.33x107% 2.28x10°7 9.27x10°8
GW190731_.140936 61.08 3.17 61.08 1.20x1077 1.99x10~7 1.40x10~7 1.13x10~7 1.88x10~7 1.32x10~"
GW190803.022701 SAA 4743 4743 - - - 7.34%x107% 1.47x1077 1.16x1077
GW190805211137 91.07 7.64 98.63 1.15x1077 1.60x1077 1.43x1077 4.04x10® 1.48x1077 1.27x1077
GW190828_063405 90.53 24.93 90.53 1.34x10°7 2.01x1077 1.81x10"7 8.58x107% 1.83x10~7 1.56x10°7
GW190828_065509 1279 8.82 1279 1.60x10~7 2.98x1077 2.00x10~7 5.19x10°% 2.67x10~7 1.32x1077
GW190910.112807 SAA 3437 34.37 - - - 3.85x107% 1.77x10"7 8.11x1078
GW190915_235702 94.82  76.04 94.87 1.59x10~7 2.15x1077 1.86x10~7 5.59x10~% 1.74x10"7 1.13x10°7
GW190916_200658 56.57 0.00 56.57 1.20x1077 1.61x1077 1.31x1077 1.12x1077 1.42x10~7 1.21x1077
GW190924_021846  100.00 92.40 100.00 1.39x1077 1.61x1077 147x1077 425x10°% 1.43x1077 8.43x10°%
GW190925_232845 SAA SAA - - - - - - -
GW190926_050336 60.68  0.02 60.68 1.53x1077 2.84x10°7 2.10x1077 1.43x1077 2.57x1077 1.88x10°7
GW190929_012149 73.05 34.84 73.05 1.35x1077 2.25x1077 1.75x1077 4.79x10~% 2.14x1077 1.59x10°7
GW190930_133541 63.05 0.56 63.05 1.55x1077 2.87x1077 2.39x10~7 1.46x10~7 2.71x10~7 2.25x1077

continued on next page
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Table 5.5: continued.

30 Flux U.L. [erg s~! cm™?]

50 Flux U.L. [erg s~! cm™2]

Coverage [%] 10-1000 keV 15-350 keV

Event Name GBM BAT Combined Min Max Marginal Min Max Marginal
GW191103.012549  76.96 56.21 9735 1.57x1077 3.60x10~7 1.98x10~7 1.25x1077 3.24x10~7 1.65x10~"
GW191105-143521  77.45 8.05 80.39 1.35x1077 2.01x1077 1.69x1077 1.06x1077 1.91x10~7 1.58x1077
GW191109.010717  89.38 29.05 89.38 1.29x1077 2.22x1077 1.55x1077 1.25x1077 2.05x1077 1.47x1077
GWI191113.071753 7298  2.27 73.00 1.53x1077 2.27x1077 1.72x1077 1.45x1077 2.08x1077 1.61x1077
GWI191126.115259  59.81  7.88 59.81 1.12x1077 2.09x1077 1.36x1077 7.09x107% 1.96x107" 1.25x1077
GWI191127.050227  89.03 77.16 89.04 1.12x1077 2.42x1077 1.40x1077 3.94x107® 2.23x1077 8.96x107®
GWI191129_134029  SAA SAA - - - - - - -

GW191204.110529  48.10 25.20 66.23 1.09x1077 2.77x1077 142x1077 3.10x107® 1.43x107" 1.07x1077
GW191204.171526  SAA 87.15 87.15 - - - 2.02x1077 9.13x1077 3.97x1077
GW191215.223052  51.87 21.09 51.87 1.41x1077 1.69x1077 1.53x1077 4.40x107% 1.55x1077 1.29x1077
GW191216.213338  94.70 1.76 9476 1.40x1077 1.64x1077 1.48x1077 1.26x1077 1.50x1077 1.33x1077
GW191222.033537  SAA  0.89 0.89 - - - 1.84x1077 1.92x1077 1.89x1077
GW191230.180458  40.80  0.00 40.80 1.09x1077 1.72x1077 1.39x1077 1.09x1077 1.60x1077 1.33x1077
GW200112_155838  SAA SAA - - - - - - -

GW200128.022011  45.58 23.04 4558 1.22x1077 3.08x1077 1.42x1077 3.29x107% 2.83x1077 1.07x1077
GW200129_065458 1.36  1.16 1.36 - - 1.42x1077 - - 6.49x1078
GW200202_154313  99.99 SAA 99.99 1.18x1077 1.26x1077 1.21x1077 1.10x1077 1.18x1077 1.14x1077
GW200208-130117  99.70  0.00 99.70 1.33x1077 1.36x1077 1.36x1077 1.22x1077 1.25x1077 1.25x1077
GW200208222617  SAA  5.85 5.85 - - - 6.09x107% 1.77x107" 1.06x107"
GW200209.085452 6147  7.05 61.63 1.27x1077 1.69x1077 1.35x1077 3.71x107% 1.28x10~" 1.17x107"
GW200216220804  SAA 38.42 38.42 - - - 8.98x107% 1.71x1077 1.47x1077
GW200219.094415  20.36 SAA 2036 1.37x1077 1.73x1077 1.52x1077 1.29x1077 1.58x10~7 1.41x107"
GW200220-061928  99.63  0.05 99.65 1.33x1077 2.12x1077 1.65x1077 1.22x1077 1.87x1077 1.48x1077
GW200220.124850  63.37 21.46 80.25 1.10x1077 2.34x1077 1.28x1077 3.07x107% 2.18x10~" 1.10x107"
GW200224.222234  SAA 98.76 98.76 - - - L.13x1077 1.40x1077 1.27x1077
GW200225.060421  87.61  1.30 87.61 1.37x1077 3.32x1077 2.36x1077 1.28x1077 3.10x1077 2.23x1077
GW200302.015811  67.41 23.35 67.92 1.04x1077 3.40x1077 1.62x1077 3.27x107% 1.77x1077 1.19x107"
GW200306.093714  72.37 30.46 90.36 1.18x1077 2.54x1077 1.46x1077 5.38x107% 2.40x1077 1.33x1077
GW200308_173609  70.53  4.40 70.89 1.19x1077 3.39x1077 1.92x1077 8.13x107% 3.20x1077 1.77x1077
GW200311_115853  SAA  N/A - - - - - - -

GW200316_215756  15.69 13.49 1569 1.14x1077 1.51x1077 1.34x1077 1.09x1077 1.36x1077 1.22x1077
GW200322.091133  75.18 13.82 89.00 1.06x1077 3.70x1077 1.54x1077 4.49x10~% 3.38x10~7 1.39x10°"

5.3.3 Marginal Events

Although these events have p,so < 0.5,

all 6 marginal GW events from Table 5.2 are of

interest for EM follow-up. This is because GW200311_103121 may have a possible BNS origin

and the remaining 5 events have possible NSBH origins [49, 194]. In particular, the possible

NSBH event GW200105.162426 was noted as a clear outlier from experimental backgrounds

despite not satisfying the pa.si.o > 0.5 criteria used to identify events with a likely astrophysical

origin. It also has the highest observed p,st., Of all the marginal events.

The 5 marginal events with possible NSBH origins were visible to Fermi-GBM while the
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remaining event, GW200311_103121, occurred when Fermi-GBM was in the SAA. None of
the marginal events have appreciable coverage in Swift-BAT. No significant counterparts were
found. As with GW190425, this may be due to unfavorable viewing angles with respect to the
jet axis, larger observational distances such as the 0.277017 Gpc distance to GW200105_162426
[49], and partial sky coverage for events other than GW190426_152155. It therefore remains
ambiguous as to whether these events are real compact binary coalescences. Nevertheless, we
provide in Table 5.6 the flux upper limits for each event calculated according to the same methods
described in Section 5.3.1 since they may provide emission model constraints if future analyses
can identify an astrophysical progenitor with a favorable viewing angle with respect to the jet
axis. Figure 5.4 displays the S0 confidence level flux upper limit map for GW200105.162426
since it is the marginal event with the highest probability of having an astrophysical origin. The
marginalized So flux upper limit of this event yields an isotropic-equivalent luminosity upper
limit of Li,, = 2.2 x 10*® erg s! when combined with its 0.27 Gpc distance. Appendix C.3

provides flux upper-limits as a function of sky position for the remaining marginal events.

5.4 Summary and Future Directions

Using the 79 GW candidates with p,s., > 0.5 from O3 that were reported in GWTC-3, we
searched for coincident EM counterparts with Fermi-GBM and Swift-BAT. This represents the
most comprehensive follow-up to date of the O3 run in the hard X-ray and gamma-ray regime.
We found no significant counterparts in either instrument. For the one BNS event, GW 190425,

with p.siro > 0.5 there are several possible reasons for the non-detection of a counterpart:

* The combined Fermi-GBM and Swift-BAT coverage of the GW localization area was

114



1-0Tx60°1 - - - - - 100 100 VVS 12101 1T€00CMD
-0IXCT T ,-01X¥9° T ,-01TX60'T ,-0TXTI¢T ,-0TX081T ,-OTXLI'T 1098 VVS 1098 6¥S€0C 10C00TMD
~0TX8T T ,-0TX69°T ,-0TX90'l ,-0TX9C' 1T ,-0IXEST ,-0TXEL'l 9EPS 10°€  LS'ES 9¢yT91 SOT00TMD
~0IXE T ,—0TXILT ,-0IXC0'T ,-O0IX6I'T ,-0TXE€6'C ,-O0IXLOT €£9°¢t6 VVS €9°¢6 6S8CIT 8ITI6IMD
,-01X09°T  ,-0TXTY'C ,-0IX9CT ,-O0IXvL'T ,-0TX€9CT ,-0IXCET 1698 €00 0698 8Y9£C0 1€S061MD
LO0TXTTT  ,-0TXeS T ,-0TX00°T ,-0TX0¢'T ,-0TXS9T ,-0TX€0T 00001 VVS 00001  SSTZST 9T¥y061MD
[eUISIRIA XeIA Ut [euISIRIA XeIA Ut peulquo) Ivd WNgD QuIeN JUIAH
A 0SE—C1 A 000101 [%] 93e10n0D

[,_wo ;s 31] T XN 06 [,_wo ;s 31] TN xn] o¢

"SJUQWINIISUL JOq WOIJ A O PAUIqUIOD Y} PUB ‘QUOE [V -HIMS ‘QUO[e NFD-11442,] 10}
UoneZIeI0] D [[NJ Y} JO 93.Jud13d 93BIIA0D JISIA AY) ST UMOYS OS]y “AYS ay} Jo uoniod J[qIsIA ay) 03 pazijewou “IoLd pajysrom
B SB UOTIBZI[BI0] AAD Y3 SuIsn S [[NJ Y} JOA0 SUONLI0] [enprarpul je paonpoid sy 1oddn oy) Sunei3ajur Aq paindwos st jrwr) zoddn
[BUISIBIA QUL "UOTIBZI[BIO] JUIAD A\D) 9} JO UOIZAI [QAJ[ OUPYUOD 9,()6 Y} Uryim sjurod 10J paurelqo sanjea jrurf oddn wnwrxew pue
wnwium 9y} 03 ‘A[RAndadsar ‘puodsariod XeJ\ pue Ul PI[eqe] suwn[od Y[, "IV g-}img Jo a3ues A310ua A ()SE—CT Yl 01 paydjewt
sjuaWINISUI Y10q Y SJUSWNISUL [V F-HfIMS pue INGD-1ULL2,] ) JO ZBIA0D PauIquiod 3y} 10J paindwod are syrwur roddn [9A9] 9ouap
-JUO0d OG Y], "MIIA-JO-P[AY S JOAO JUIWINISUL N FO-11442,] Y} JO a3url AZ10Ud A 000T—01 Y2 10} paindwod are sy 1oddn [oA9]
Q2UIPYUO0D O¢ YT, (G0 > ¥ | _IA T > YV) YA SIUdAS D [eurdiew 0 spedioyunod N o[qrssod 1oy sy soddn xn[ :9°G 9[qe,

115



GW200105_162426_Marginal
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e. 3?:@%0. 21. |

75—

15-350 keV

3.7x 1078 2.9x 107
5.00 Upper Limit [erg s™1 cm™2]

Figure 5.4: The 50 upper-limits as a function of sky position for GW200105_-162426, the
marginal GW event with the highest p..,. The purple gradient represents the combined Fermi-
GBM and Swift-BAT flux upper limits for source positions at each point on the sky. These are
computed at a 50 confidence level for a Band function (Epea = 230 keV, a = —1.0, 8 = —2.3)
spectral shape over a 15-350 keV energy range assuming a 1 s emission duration. The star sym-
bol represents the zenith direction of Fermi-GBM, the square symbol represents the center of
the Swift-BAT field-of-view, and the green contour represents the 90% credible area of the LVK
localization. The blue region is the non-visible portion of the sky which is occulted by the Earth
for Fermi-GBM and outside the Swift-BAT FoV.

~60%, meaning that the GW source may have been outside the FoV for both instruments.

* The distance to GW 190425 was four times larger than the estimated distance for GW 170817,
causing the observed flux to be below the detection threshold in both instruments if it had

the same intrinsic luminosity and viewing angle as GW170817.

* The viewing angle may have been too far away from the jet axis to detect emission under

scenarios with a clean or structured jet.

This event is therefore unconstrained by our observations.
With O4 on the horizon, we expect an increase in GW detections by a factor of 5 [237, 238]
and a bountiful regime of EM follow-up data. This will greatly increase the need for further

instantaneous, wide FoV gamma-ray/x-ray observations in order to detect the EM counterparts to
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these GW events and localize them, especially given the absence of a counterpart detection during
O3. Towards this end, the Fermi-GBM Targeted Search updates presented in this paper will be
used in future LIGO/Virgo/KAGRA observing runs. In the absence of detections, flux upper
limits, both marginalized and skymaps, will be provided to the community. Additionally, Swift-
BAT will provide further sub-threshold searches of GW candidates with enhanced sensitivity
through the GUANO pipeline. The work presented here, additionally, will be used to compute
flux upper limits with BAT rate data, which is much less computationally expensive compared to
GUANO and, thus, crucial for the quick turnaround required for the follow-up observations of

GW triggers.
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Chapter 6: A Cross-correlation Study between IceCube Neutrino Events and

the Fermi-LAT Unresolved Gamma-ray Sky

When day comes, we ask ourselves, where can we find light in this
never-ending shade?

Amanda Gorman
A population of high-energy neutrinos of astrophysical origin has been observed [239],
though the sources of the bulk of these events remain unknown [240]'. Neutrinos at TeV-PeV
energies are produced when relativistic protons interact with matter via hadronuclear interaction
(inelastic p-p scattering) or with radiation via photohadronic processes (p-v interactions). These
processes also produce neutral pions that decay into gamma rays. Since neither signal experi-
ences propagation delay, a simultaneous detection of gamma rays and neutrinos would provide
invaluable insights into the nature of the production source.
Blazars are promising sources of high-energy neutrinos. The blazar TXS 05064056 was
identified as the first high-energy neutrino source candidate via the coincidence of its very-high-
energy gamma-ray flare with a high-energy neutrino [241] and excess of neutrino events in Ice-

Cube’s historical data [242]. In addition, an excess of IceCube neutrinos has been found from

'The work in this chapter is published in the Astrophysical Journal, under ApJ 951 83 [2] and is presented here
with minimal modifications. The lead author is Dr. Michela Negro. The Ph.D. Candidate Milena Crnogorcevic€ is the
second author on the paper and has considerably contributed to the analysis, simulation of the Fermi-LAT data, and
conducted an in-depth tests of the pipeline. The IceCube data treatment was done in collaboration with Dr. Michael
Larson and Dr. Ke Fang.
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the direction of the starburst Seyfert galaxy NGC 1068 [243], also detected in gamma rays in
the GeV regime. Marginal evidence has been suggested toward spatial coincidences between
tidal disruption events and IceCube alert events, albeit with a relatively long delay in neutrino
detection [244, 245]. These results suggest that the production of high-energy neutrinos could be
related to supermassive black hole activity.

Besides single sources studies in coincidence with IceCube events, significant effort has
been directed towards systematic searches of spatial correlation between blazar catalogs and Ice-
Cube all-sky data. Searches using gamma-ray blazars, including the second Fermi LAT AGN
catalog [2LAC, 246] and the Fermi-LAT low energy catalog [1FLE, 247], found that resolved
blazars contribute less than ~ 30% and 1% of the diffuse flux [248, 249], respectively. Searches
with radio-selected blazars using public IceCube data introduced possible positive spatial corre-
lations [250, 251].

Although the sample of resolved blazars includes the brightest sources, the cumulative
emission from unresolved sources carries substantial amount of energy. In fact, the spatial
distribution of the Unresolved Gamma-ray Background (UGRB) sources and its corresponding
anisotropy measurement (most recently measured by [252]) can entirely be accounted for by the
gamma-ray emission from isotropically distributed blazars below the LAT sensitivity threshold
[253, 254]. At the same time, this very population of blazars accounts for the 20-30% of the total
UGRB intensity spectrum [254], which also sees the contribution from other, more numerous
and spatially smoother, populations such as star forming galaxies and misaligned AGNs (see,
e.g., [255] and [256]). Finally, GeV-TeV photons from extragalactic gamma-ray sources will be
attenuated due to pair production, resulting in the brightest neutrino sources being gamma-ray

dim [257]. It is therefore crucial to study the contribution of these faint, unresolved gamma-ray
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blazars to the diffuse high-energy neutrino flux.

So far, source association studies of astrophysical neutrinos have largely relied upon con-
sidering resolved gamma-ray sources; in turn, neglecting all the objects that are too faint to be
detected individually, yet still contributing to the total gamma-ray flux. In this work, we deter-
mine the level of correlation between the UGRB emission as observed by the Fermi over 12 years,
and the neutrino event observations conducted in 10 years of IceCube observations [258, 259].

Previous source association involving IceCube data analyses mostly rely on likelihood
stacking (e.g., [240]). More recently, the two-point cross-correlation method has also been em-
ployed to investigate the physical origins of astrophysical neutrinos. Cross-correlation measure-
ments were primarily introduced to describe the distribution of galaxies in the Universe, relying
upon the consideration of excess probabilities of finding two galaxies at some separation, drawn
from a random distribution of points [260]. This cross-correlation technique has been extensively
adopted to characterize the UGRB in several works studying its connection with the large scale
structure of the Universe: from galaxy catalogs [261-263] to galaxy cluster catalogs [264-267],
weak lensing from cosmic shear [268—271], and lensing potential of the cosmic-microwave back-
ground [272]. A generalization of such methods was utilized in [273], considering association of
astrophysical neutrinos with the well-calibrated tracers of the large scale structure obtained from
the infrared catalogs.

As such, in this chapter we investigate the sensitivity of the 2D spatial cross-correlation
technique to detecting a significant cross-correlation signal between the emission from a popu-
lation of LAT-unresolved vy-ray blazars and the muon-neutrino events detected by IceCube. To
this end, we build a simulation pipeline with the goal of comparing the sensitivity by varying the
amount of expected observed neutrino signal given a gamma-ray intensity distribution and as-
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suming p-p or p-7y interaction. We also investigate the improvement in sensitivity with increased
statistics in the IceCube data sample, in view of future advancements and data reprocessing such
as IceCube-Gen2 [274]. The chapter is organized as follows. Section 6.1 provides the descrip-
tions of the analysis set-up and the cross-correlation method. We devote Section 6.2.2 to the
construction of the data maps, while a description of the procedure to generate simulated maps is
laid out in Section 6.3. The results for both the sensitivity study and the real-data cross-correlation
analysis are shown in Section 6.4. Finally, the discussion and the conclusions are presented in

Section 6.5. Additional considerations and plots are provided in Appendix.

6.1 An ab-initio introduction to the cross-correlation technique

Autocorrelation. The 2-point autocorrelation function, £(r), quantifies the probability of
finding two signals (e.g., galaxies) at a given spatial distance r. It can be interpreted as the global
measure of clustering at different angular scales, i.e., a measure of whether and to what extent
sources follow a random distribution in the sky. The autocorrelation function is defined as the
excess probability, dP, above the expected random spatial distribution of finding an object at a

separation 7 in the given volume dV" with a given density of objects n, and can be expressed as

dP =n[¢(r) +1]dV. (6.1)

Depending on the population of interest, the autocorrelation function can be expressed in terms
of fluctuation fields, §(z) = n(x)/(n) — 1, averaged over the spatial distribution as &(r) =
(0(x)d(r + x)). In spherical symmetry, the angular autocorrelation function, iune(r), is usually

represented through its Legendre transform—the angular power spectrum (APS), C}, and is given
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20+ 1
Eang(1) = Z C Z Yo (2)Ye, (r + ) = Z Cy 4?; Py(cosb), (6.2)
l m L

where 6 is the angular separation between two points, ¢ is the multipole of the harmonic space,
and Yy, are the sperical harmonics. To more easily visualize this expression, the reader may
think about the APS as a measure of anisotropy associated with each multipole ¢, corresponding
to the overdensity of an angular size 6 ~ 180 deg //.

Cross-correlation. Cross-correlation is a more general case of the autocorrelation tech-
nique and is used to quantify the similarity between two different datasets either in their respec-
tive temporal or spatial separations. In astronomy, It has been widely used to characterize signals
that would otherwise be difficult to detect.

The cross-correlation angular power spectrum (CAPS) between a field d,, and a field d4 is

given by
1
af _ a B
O = <Zm afm“fm> ©.3)

averaged over modes m, with coefficients ay,, given by the expansion into spherical harmonics

of the fields of interest,

da(n) = af,Yon(n) . (6.4)
Im

The n denotes a given direction in the sky. Analogously to APS, CAPS also measures the
anisotropy amplitude associated with different multipoles, ¢, corresponding to different angular

sizes, 6. Again, the higher the multipole, the smaller the angular size.
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6.2 v x vy skies

We are now prepared to embark onto our analysis journey. In our study the two fields are

2

represented by the gamma-ray intensity field (in units of cm~2s~sr~!) and the neutrino count

fluctuation field:

dy(n) =®,(n) 6,(n)=Z=,(n) (6.5)

where =, (n) is defined later on in Eq. 6.11. The generation of the field maps in HEALPix is
described in Sec. 6.2.2 and Sec. 6.3for real and simulated data respectively. Here, we provide the
steps to compute CAPS.

Given a pair of HEALPix? [275, 276] maps of equal order, we compute the CAPS using
the PolSpice statistical toolkit [277-280]. PolSpice allows for an automated correction of the
angular power spectra for the effect of a mask applied to the maps. Additionally, it provides the
covariance matrix, Vy», which carries information about the covariant uncertainties among the
power of different angular scales. We remove the monopole and the dipole components using the
dedicated PolSpice’s routines in order to reduce the contamination on small scales. The CAPS, as
given by PolSpice, must be corrected by the point spread function (PSF) of both Fermi-LAT and
IceCube. We also apply a correction for the spatial binning (pixeling) of the maps. The corrected
CAPS, 6271/), is given by

v = oo i (6.6)

where C\" is the raw CAPS and W, = (W,"*“ W ™) (WP=)2, W, is the “pixel window

. . . . b b . .
function” which corrects for the pixellation. W,”*™ and W,”"**"™ are “beam window functions”

’http://healpix.sourceforge.net, as acessed on March 28, 2023.
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for Fermi and IceCube respectively. They correct for the angular resolution of the instruments

and are computed as
Wheem (B () = 21 / Py(cos )PSF(0, F) sin 0df (6.7)
0

where Py(cos @) are the Legendre polynomial of index ¢ for the angular scale 6, and PSF(¢, E)
is the PSF as a function of angular distance # and energy E. For Fermi-LAT, the PSF(6) can be
obtained for specific F. values with gtpsf tools®, then the bin-averaged beam window func-
tion, W™ (¢), can be obtained averaging the W™ (E () over the energy range considered,
weighted by the UGRB intensity spectrum, which is approximately a power law with index —2.3

[281]:

fEmaz W%beam(E, é)%dE

Emin
Emaz dN
S GpdE

WEP™ (0) = (6.8)

Wiz 18 obtained with the HEALPix routine pixwin, and is the same for both the Fermi and
IceCube maps (since the pixeling order is the same), and it is shown as a gray dashed line in the
left plot of Fig. D.1 in the Appendix D.1.

We bin CAPS in multipole space in order to minimize the artificial correlation between
adjacent multipoles in the C spectrum that is caused by masking the maps. Following the proce-
dure outlined in [252] and [282]%, the C, value in the A/ bin is computed as the arithmetic mean

of the corresponding C; values. The errors of the binned CAPS is obtained from the associated

3Fermi  Science  Tools routine, https://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/, as acessed on April 1, 2023.

4The unweighted averaging procedure is validated using Monte Carlo simulations in [282] (see Sec. IV-A of the
paper), and also applied in other similar cross-correlation analyses [e.g. 262]
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covariance matrices following the procedure adopted from [282].

ACy = > Vi /AP (6.9)
o

where V is the covariance matrix given by PolSpice and corrected by the window function,
Vi = Wg/W[QWTQ. The covariance matrix computed with PolSpice ignores effects due to
non-Gaussian contributions. In this work, the cross-correlation measurement is dominated by
the shot-noise terms and we expect higher order effects from non-Gaussian contributions to be
negligible.

The UGRB angular power spectrum is described by a constant function across the energy
range considered in this work [252]. According to the interpretation of the halo model [283]°,
such observation is dominated by 1-halo term component produced by the emission of isotrop-
ically distributed point-like sources. Among possible contributors, blazars are the absolutely
dominant population producing the observed anisotropy in the UGRB [254]. On the neutrino
side, the cross-correlation of IceCube events with the WISE-2MASS galaxy sample in [273]
also shows no deviation from a 1-halo term. As we are testing the spatial correlation between
the population of blazars that dominates the UGRB anisotropy and the IceCube events, we also
expect a cross-correlation signal to be also dominated by the 1-halo term.

The cross-correlation 1-halo term, usually denoted as Cp, is computed by fitting the mea-

SHere, the cross-correlation signal is a sum of a compact 1-halo term (tracing the intra-halo correlation), which
is constant as a function of the multipoles, and a more extended 2-halo term, a decreasing function of the multipoles
(tracing the inter-halos cross-correlation and representing the signature of correlation with the large-scale structure).
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sured CAPS with a constant by minimizing the y? function defined as

X2=ATV,, A, where AT = (Caz1— Cp,...,Carx — Cp) . (6.10)

In the fit, we do not consider multipoles below 20 to further exclude any possible contamination
from large-scale residuals in the Fermi-LAT maps due to mis-modeling of the Galactic foreground
and/or the Fermi-LAT exposure uncertainty. At high multipoles we are limited by the IceCube
PSF, which we estimate to be 0.47 degrees at 68% containment angle for high-energy events.
This limits the maximum multipole we can consider in this study to ¢ ~ 380. More details on the

estimation of the IceCube PSF profile is given in Appendix D.1.

6.2.1 Data Selection

The UGRB anisotropy energy spectrum shows a significant (> 4¢) detection of anisotropies
from point-like sources in the energy range between 1 and ~25 GeV [252]. As such, here we only
focus on this energy range for the gamma-ray data selection, and we work in four different energy
bins (1-2, 2-5, 5-10, and 10-25 GeV). Using the energy-resolved approach is supported by the
sizeable photon statistics of the LAT data. Analogously to [252], we consider a sub-selection of
events (and their corresponding response functions) with better angular resolution. This selection
corresponds to SOURCEVETO event class and PSF1+PSF2+PSF 3 event type®. In this study we
use 12 years of Fermi-LAT Pass 8 data.

We use IceCube’s 10 year public data release [259] derived from a recent time-integrated

6See  https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
Cicerone_Data/LAT_DP.html for more detail regarding the LAT event selection, as accessed on April 1,
2023.
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point source search [284]. This data release, taken between 2008 and 2018, includes a complete
set of instrument response functions (“IRFs”) describing the reconstruction behavior of the de-
tector as a probability mapping P (E,,ouy, V, 0 | |E,,d) where E,,,., is the reconstructed proxy
for the energy, W is the directional reconstruction error, o is the estimated directional uncer-
tainty, F, is the true neutrino energy, and ¢ is the source declination’. Effective areas binned in
true neutrino energy and declination are provided for several “detector seasons” corresponding
to different versions of the detector or processing chain (“1C40”, “IC59”,“IC79”, “IC86-I" and
“IC86-1I+7). IRFs allow users to map neutrino energy and source declination to reconstructed
energy proxy, angular uncertainty, and PSF for each season. Reconstructed energy proxies, di-
rections, and angular uncertainties for each observed event are also provided in the data release.
To simplify calculations, we consider only the final detector season, “IC86-II+", spanning six

years of data with uniform effective area and IRFs.

6.2.2 Real data maps

The Fermi-LAT UGRB maps have been obtained following the same procedure as in [252],
1.e., through finely binning the data in energy (32 micro logarithmic bins between 1-25 GeV) to
produce intensity maps and then sum the final maps into macro bins; as described in Sec. 6.1, we
bin the data in four logarithmic energy bins between 1 and 25 GeV. We use version v10r0p5
of the Fermi Science Tools to generate all-sky intensity maps in HEALPix format (order 8),
as described in Sec. II of [252]. As an example, Fig. 6.1 (middle panel) shows the Fermi-

LAT UGRB intensity map in the energy bin 2-5 GeV, where the gray areas are masked away as

"Details on the meaning of each parameter are provided on IceCube’s data release pag, https://icecube.
wisc.edu/science/data-releases/ and in a README file included in the release itself, as acessed on
April 1, 2023.
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described in Section 6.2.3.

The subtraction procedure of the residual Galactic foreground emission outside the masked
region is detailed Sec. I of the Supplemental Online Material of [252]. In this work we use
the Galactic diffuse emission model g11_iem_v7.fits®. For the auto-correlation analysis in
[252], the authors test that any residual contamination from the Galactic foreground is negligible
above multipole 50: the angular power spectrum flattens after the foreground subtraction in the
range of multipoles of interest (see their Fig. 3, left panel, of the Supplemental material). We
repeat the test for our energy bins, confirming that this is still the case. In our cross-correlation
study, therefore, we do not expect any significant residual contamination from the Galactic fore-
ground.

The IceCube data map are obtained by filling an order 8 HEALPix map with the IceCube
data provided in [259], selecting data taken in the 6 years between 2012 and 2018. In order to
account for the widely varying IceCube response in declination, we choose to use a fluctuation
map = for the neutrino data. We define the neutrino fluctuation map by normalizing the trial map

for each HEALPix band in declination

(6.11)

where N?°

piz 18 the number of events observed in HEALPix pixel piz at a declination of ¢ and
(N )5 is the average count over that declination. In Fig. 6.1, the bottom row maps illustrate an

example of IceCube simulated counts map (on the left) and the derived fluctuation map (on the

right). Fig. 6.1, right panel, illustrates the IceCube fluctuation map with the mask applied.

8https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/aux/4fgl/Galactic_
Diffuse_Emission_Model for_the 4FGL_Catalog_Analysis.pdf, asacessed on April 1, 2023.
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6.2.3 Masking

The IceCube effective area for neutrino-like events has a strong dependence on the dec-
lination [259]. In the Southern hemisphere (6 — 5°), the IceCube sky is dominated by muons
produced in atmospheric air showers. Cuts are applied to remove these backgrounds from the
Southern sky, resulting in a high energy threshold. Atmospheric muons from the Northern hemi-
sphere (6 > —5°), are blocked by Earth from reaching the IceCube detectors. However, instead
of muons, atmospheric neutrinos generated in air showers provide an irreducible background in
IceCube’s Northern sky. Because the neutrino cross-section increases with energy, Earth limits
the number of high energy neutrino events visible in the Northern sky.

In order to optimize our sensitivity to cross-correlations between IceCube’s neutrinos and
the UGRB, we first study IceCube’s expected response as a function of neutrino energy and arrival
declination. We expect the UGRB-correlated neutrinos to contribute to IceCube’s unresolved
astrophysical diffuse flux, so we first compute the expected astrophysical neutrino events. To this
end, we weight each energy and declination bin of IceCube’s effective area using simple power

law parametrized as in IceCube’s most recent fit [285],

do,
dE,

E,
100 TeV

—-2.37
(E,) =144 x 107" ( > GeV lem s lsr ! (6.12)

We use the expected event counts to sample from the provided IRFs, producing 10* realiza-
tions of the IceCube astrophysical diffuse flux binned in reconstructed energy proxy and direction
assuming a uniform distribution across each IRF bin. These sampled events are compared to the

observed events, building a map of the expected astrophysical contributions to each bin shown in
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Fig. 6.2. We see a strong divide between the expected purity of the Northern and Southern skies,
with the Northern sky reaching a purity of 10% or higher at high energy proxies. In contrast, the
Southern sky purity rarely breaches 1%.

With that in mind, we stipulate that the Northern sky provides a significant advantage for
astrophysical searches. We therefore limit our search to 6 > —2°. Note that this is more stringent
than the IceCube definition of the northern hemisphere to prevent from edge effects due to the
sudden drop of the instrument effective area around declination —5°.

We use randomized neutrino data in background generation to match IceCube’s standard
methods [284]. This procedure breaks near the poles due to limited event statistics. Hence, we
additionally mask out the polar cap (§ > —75°).

Analogous to [252], we apply a 1-deg radius disk-like mask around the resolved gamma-
ray sources listed in the 4FGL-DR3 [7] and we mask the sky region within 25 degrees from the
Galactic plane. The resulting total mask leaves free about 20% of the sky and is shown in Fig. 6.1.
Masking 25 degrees around the galactic plane is a conservative choice also adopted in several
other cross-correlation studies [262, 263, 271]. As discussed later on (Sec. 6.2.2), mismodeling
of the foreground emission that is subtracted from the data could lead to contamination at small
scales. Conservatively masking this emission has demonstrated to be a good procedure to assure
subdominant contamination from background subtraction. Furthermore, removing the majority
of the bright Galactic emission along the Galactic plane considerably reduces the noise, which
affects the variance of the cross-correlation measurement.

The combination of the Southern sky, polar cap, Galactic plane, and 4FGL-DR3 masks
are combined into a single mask. All maps are generated in HEALPix format, and we use the

healpy python package to analyze them. As IceCube’s angular uncertainty is of O(0.5°) [259],
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Fermi map (2-5 GeV) IC fluctuation map (log(Eproxy)>2.0)

1e-07 cm™2s71srt 1e-06 1 Counts 577505

IC event map (Iog(Eproxy)>2.0) IC fluctuation map (log(Eproxy)>2.0)

0 Counts 1 -1 Counts 7.07692
Figure 6.1: Top-left: Example of Fermi map in the 2-5 GeV energy bin. Top-right: IceCube (IC)
counts fluctuation. For both maps in the top panel, the gray areas show the mask applied, which
is the combination of the Southern hemisphere mask, polar cap, Galactic plane, and the 4FGL
sources masks. Bottom-left: Example of simulated IceCube (IC) counts map. Bottom-right:

Fluctuation IceCube event map derived from the simulated counts map shown on the left. All the
maps reported here are in celestial coordinates.

we choose to work with a relatively coarse pixelization defined by an NSIDE of 256 (order 8)
corresponding to an average pixel resolution of approximately 0.2 degrees.
6.3 Simulations

This analysis searches for a cross-correlation signal between the gamma-ray intensity field
(as seen by the LAT) generated by an unresolved population of blazars and a neutrino count

fluctuation field (as seen by IceCube) from the same population of blazars assuming a neutrino
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Figure 6.2: Study of the IceCube sensitivity to astrophysical neutrino signal considering the pub-
lic data between 2012 and 2018. Left: Expected astrophysical neutrino events obtained assuming
the latest astrophysical flux measurement by [286]. Middle: observed neutrino events as pro-
vided by the latest IceCube data release [259]. Right: Ratio between the expected astrophysical
neutrino events and the total expected events: the Norther hemisphere is the far better portion of
the sky to search for a signal from astrophysical neutrinos. In all plots Energy Proxy is expressed

in GeV.

production from p-p interaction or p-v interactions. Since we are trying to correlate disparate

measurements, the resulting value of Cp is difficult to interpret a priori. Hence, we use simu-

lations with known levels of correlation to both determine the sensitivity of our pipeline to the

presence of a signal and to convert our measurement of Cp into an upper limit on the fraction

of the UGRB ~-ray flux produced in hadronic interactions. In this Section, we describe the

procedure used to build simulated Fermi-LAT intensity maps and IceCube counts maps from a

synthetic blazar population.

6.3.1 Unresolved blazar population

Our goal is to simulate a population of unresolved blazars that, on one hand, reproduces the

expected ~ 30% of the UGRB intensity spectrum [281], and on the other, matches the measured

UGRB anisotropy energy spectrum [252]. To this end, the work in [287] provides two important

tools: (1) a simulation of the intrinsic blazar population (detected and undetected sources) that we
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can use to simulate both Fermi and IceCube maps; (2) a catalog of blazars detected from the sim-
ulations via a reliable detection pipeline optimized to recover the preliminary 4FGL catalog (the
FL8Y), which we use to construct a mask for the simulated extragalactic sky (see the following
Section 6.3.3). The simulation campaign presented in [287] aims to reproduce the observed spec-
tral characteristics and statistics of the resolved extragalactic gamma-ray sources (i.e., blazars).
Under the assumption that these sources are uniformly distributed in the ~y-ray sky, the authors
build blazar populations with: (1) a flux distribution extending an order of magnitude below the
Fermi-LAT source detection sensitivity; (2) an intrinsic source count distribution (logN-logS);

and (3) a double broken power-law intrinsic energy spectrum (%) for each source of the form:

(Eff))él i (Efr))%]_l’ (6.13)

with log(Ey(T')) = 9.25 — 4.11T" being the energy (in GeV) of the spectral break and IT" the

a9, _
dE

power-law photon index of blazar’s y-ray spectrum as measured by the LAT [288]; 9; = 1.7 and
0o = 2.8 are the spectral indices before and after the break energy, whose values have been found
to reproduce the source-count distribution of the Third Catalog of Hard LAT Sources (3FHL,
[289]). We refer the curious reader to [287] for further details on the simulation of the blazar
population. In this work, we consider the simulation built on the logN-logS modeled as a double
broken power law (model 2 in Table 2 of [287]).

Despite [287] extensively demonstrates that the population of detected simulated sources
gives an adequate representation of the real Fermi-LAT extragalactic gamma-ray source popu-
lation, we still must ensure that the unresolved regime is statistically representative of the real

UGRB. We verify that the simulated unresolved blazar population results in an anisotropy power
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that corresponds to the observed UGRB anisotropy energy spectrum. In order to do so, we first
define a sky mask to cover the detected sources (covered with a disk of 1 degree radius) and the
Galactic plane (25 degree bands above an below). Then, we compute the cumulative anisotropy

level for each energy bin, Cp(AFE), from all the sources that fall outside the masked region as

1
47Tfsky

Cp(AE) = > [@(AE)) (6.14)

where fy, is the fraction of sky that is unmasked, ®(AE) is the integrated flux in the energy bin
considered, and the sum runs over the unmasked sources. Fig. 6.3 (top panel) shows the level
of anisotropy of the simulated unresolved blazars compared to the measured anisotropy energy
spectrum by [252]. The agreement is satisfying and validates the use of the simulated blazar

population by [287] for our study.
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Figure 6.3: Top: Anisotropy power carried by the simulated unresolved blazar population (BLZ,
orange) compared to the measured UGRB anisotropy energy spectrum in [252]. Bottom: Photon
intensity of the simulated unresolved blazar population (orange lines), the photon intensity of the
UGRBas measured from the real data maps (see Sec. 6.2.2) The orange dashed region marks the
fraction of the intensity added to the simulated Fermi maps as Poisson white noise in order to
match the real data intensity in each energy bin. The blue shaded part is the systematic band of
the UGRB energy spectrum as presented in [252]. Note that all the intensities are estimated from
the unmasked region of the sky, according to the mask described in Sec. 6.1
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6.3.2 Simulated IceCube neutrino maps

We generate neutrino signal from the simulated list of resolved and unresolved blazars
using the IceCube response functions provided in the latest release [259], and assuming that
all blazars produce neutrinos in p-p interactions following the same spectra as the v-rays. We
extrapolate the y-ray spectrum down to IceCube energies and convert the gamma-ray flux into
a neutrino flux following the relationship between the all-flavor neutrino flux and the y-ray flux

from [290]:

vdE, " 2\ VdE,

E,~E. /2

We divide the all-flavor neutrino flux by three - implicitly assuming complete mixing of neu-
trino flavors - since the IceCube release includes only contributions from muon neutrinos. It is
important to note that the extrapolation of the gamma-ray spectrum implicitly assumes no en-
ergy cutoff or any additional harder component emerging at IceCube’s energies. In these latter
cases, it is difficult to predict the spectral shape at TeV energies, as these possible scenarios are
unconstrained. We therefore opt for the simple extrapolation of the power law defined at GeV
energies and discuss variations in sensitivity due to different power-law indices at IceCube ener-
gies in Appendix D.2. For each source 7, we calculate the expected number of neutrino events,
denoted by %, by combining the derived single-flavor neutrino fluxes, the IceCube livetime, At,
and IceCube effective area, A.g (E,,0"):

[= At / A (E,, 5" (%) dE, (6.16)
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where At ~ 6 years for the “IC86-II+" seasons used here, and dg’: is derived using Eq. 6.15

d

assuming the ~-ray spectrum in Eq. 6.13. The IceCube effective area is provided as averages A.g

over discrete energy bins [EJ™™ F7maT) converting our calculation of ' into a summation

L= At § Al (6 B (do, idE 6.1
H = eff( ) dE v ( * 7)
j 1%

J,min
127

The number of signal events added to each trial is drawn from a Poisson distribution assuming
as mean value. Events are distributed around the source according to the point spread function
from the IceCube IRF files.

To produce simulated background measurements, we sample events from the data with
Poisson fluctuations, then randomize the right ascension values of the sampled events. This
procedure assumes that the backgrounds are local and azimuthally symmetric, that any potential
signal would be defined by spatial coincidences which may be broken by the randomization, and
that the total rate of events is dominated by atmospheric backgrounds.

Signal events, if present, are added to the trial while removing an equal number of ran-
domly selected background events, ensuring that the total number of observed events in each trial
remains consistent with data. The final set of events in the trial are then binned in a HEALPix
map.

The obtained counts map is converted into a fluctuation map by following the same declination-

dependent procedure adopted for the real data maps (Eq. 6.11).
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6.3.3 Simulated LAT UGRB maps

From the list of simulated unresolved sources, we generate simulated realizations of Fermi-
LAT UGRB maps in the four energy bins defined in the previous section. Each of these simulated
maps is then cross-correlated with the trial simulated IceCube maps, allowing an energy-resolved
study in gamma rays. This is advantageous because the final cross-correlation result may be
affected by the SNR of the gamma-ray maps. The SNR improves with increasing energy, but
also with the intensity of the UGRB sources, which decreases with increasing energy. We do not
know a priori which effect will dominate the cross-correlation measurement—as such, energy
binning will allow for a blinded sensitivity study.

2571 is obtained by integrating

The integrated flux from each source, in units of ph cm™
Eq. 6.13 from Ey, to Epax. Then, it added to an initially empty HEALPix map in the pixel
corresponding to the location of the simulated sources. The flux is converted to intensity in units
of cm~2s~!sr~! dividing by the pixel area. For every source, we apply a convolution with the
Fermi-LAT PSF, which is function of the energy and the separation angle # form a given sky
direction’. In agreement with the data selection (Section 6.2.2), we consider the responses for
SOURCEVETO (PSF1+PSF2+PSF 3) event selection, averaged over the energy bin weighted by
the source spectrum.

Once all sources are added into the map, we add a white noise component to match the
total UGRB intensity. This is achieved by injecting an isotropic component in the map with

value equal to the difference between the true measured total intensity and the total intensity flux

given by the simulated unresolved blazars. We illustrate the additional noise component with the

°See  https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.
htm for more information, as acessed on April 1, 2023.
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hatched orange band in Fig. 6.3 (bottom panel). Notice that the total intensity from simulated
blazars represents roughly 30% of the total UGRB flux, in agreement with the expectations. We
then derive a counts map by folding the Fermi-LAT exposure map obtained while reducing the
real data (see Sec. 6.2.2). A pixel-by-pixel Poisson randomization is applied to the counts map
and then converted back to intensity by dividing by the same exposure map.

As discussed earlier, for the case of real Fermi-LAT data maps we subtract the Galactic
foreground emission assuming a model template. Ideally the subtraction is perfect. In reality
there might be some residuals and/or artifacts due to a non-perfect foreground modeling that
might affect the small scales anisotropies at low latitudes (where the emission of the Galaxy
dominates over the UGRB). This effect can be largely ignored in this case, because of the very
conservative mask we adopt to cover the Galactic plane emission. Furthermore, by injecting the
Poisson noise component that matches the total intensity of the real data maps into the simu-
lated maps (and hence including any possible small-scale artifact due to mis-modeling of the

foreground), we ensure that the correct variance is reproduced when computing the CAPS.

6.4 Results

In this section we first summarize simulation results. Then, we compute the cross-correlation
of the real data maps.

The number of trials of our simulations, which aims to estimate the sensitivity of the anal-
ysis technique to detect a neutrino signal from gamma-ray unresolved blazars, is given by the
number of realizations of simulated IceCube event map. We generate 10,000 IceCube map real-

izations for a range of variations in signal strength, x, given by
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dp, \"™ de,
(dg) :H(dg)' (6.18)

The simulated value of x ranges from O - corresponding to the null hypothesis of no corre-
lated signal injected - to ten. The obtained trial distributions for each signal strength are used as
likelihood functions to derive the analysis sensitivity. The trials distributions of the Cp for each
Fermi-LAT energy bin considered are shown in Fig. 6.4. The distribution for the null hypothesis
of having only background events is marked in black, while the colored distributions are the al-
ternate hypotheses where different levels of signal are injected, by varying the parameter x. As
expected the Cp distributions are approximately Gaussian and therefore we define the likelihood
functions as the best-fit Gaussian to the trial distribution for each injected flux:

1 (cp-cB) 1 (Cp—CPr)

e %5 L%(Cp) = e 27 6.19
V2rop (Ce) V2o, ( )

L5 (Cp) =

where C'5 and C'5* are the Gaussian mean value of the trial distributions for the null and alternate
hypotheses, respectively. We interpolate the means and variances as a function of x to obtain a
continuous likelihood as a function of injected signal. A test statistic is calculated from the delta

log-likelihood of the likelihood functions evaluated at the median value as:

A, = =2 [log LB(CE) — log L£3+(C3)] (6.20)

Noting that the background and signal models are nested and linear in the fitted parameter
K, our test statistics A, is x? distributed with one degree of freedom [291]. We derive the sensi-

tivity at 99% confidence level as the s value where the A = 6.67. The 99% sensitivity is shown
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in Fig. 6.5 (orange arrows). Note how the highest energy bin is the most sensitive to a cross-
correlation signal. This can be attributed to the higher signal to noise ratio in the Fermi-LAT
maps at higher energies (less white noise with respect to the blazars emission).

We also explore the hypothesis of neutrinos produced via proton-+ interactions. The proce-
dure to generate the IceCube simulated maps is the same as the one described in Sec. 6.3 except

that Eq.6.15 now reads:

dN, 3 dN.
E?—Y |22 N . 6.21
VdEV 4 < 'ydE’y) |Eu E,/2 ( )

which is the all-flavor flux assuming perfect mixing of neutrinos after oscillation. To only con-
sider the contributions from muon-neutrinos, the expression in Eq. 6.21 is divided by 3. For com-
pleteness, we also perform simulations considering only IceCube events with log( Epyoxy [(GeV]) >
4 in order to test whether enhancing the ratio between astrophysical neutrinos and atmospheric
neutrinos could lead to more promising results. However, the final sensitivity was not constrained
because the IceCube statistics in the Northern hemisphere above those energies is too low to pick

up any cross-correlation signal.

The results of the cross-correlation with real maps are reported in Tab. 6.1. The Cisal
values are all compatible with zero within the 1o error. We proceed, therefore, to estimate the
upper limits for the neutrino signal from unresolved gamma-ray blazars. To do this we follow
the same procedure as for the sensitivity calculation, in which we substitute the null hypothesis
given by the background simulations with the likelihood whose mean value is equivalent to the

measured Ci?! values as:
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Figure 6.4: Trials histograms for the four Fermi-LAT energy bins considered in this study. The
black line corresponds to the null hypothesis of having only background events in the IceCube
data (no correlation expected). The colored lines are the trials distributions for different values of
k. As we increase the amount of correlated signal, the value of Cp increases for each energy bin.
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Real data CAPS 1-halo term

Fermi-LAT AE Cp 0Cp

[GeV] [(cm™2s7'sr ') sr] [(cm™2s~!sr™!) sr]
1-2 —45x 10713 4.6 x 10713
2-5 8.5 x 10714 1.8 x 10713
5-10 2.6 x 10714 8.9 x 107
10-25 —3.5x 10714 4.6 x 1071

Table 6.1: Results of the cross-correlation of real IceCube and Fermi-LAT maps.

A, = =2 [log LB(CE) — log L£3+(Cy)] (6.22)

In Tab. 6.2 we report the 99% CL sensitivity and upper limit. Note that the Ci?! in the
first and last Fermi-LLAT energy bins are negative. As shown in the trials distributions in Fig. 6.4,
fluctuation to negative values in presence of expected positive correlation is possible. However,
we emphasize that a negative 1-halo term could also be interpreted as an anti-correlation. This
is unlikely the case as anti-correlation is not supported by the cases of the middle Fermi-LAT

energy bins, in which we expect the most significant anisotropy signal from unresolved blazars

according to [252].
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Figure 6.5: Top: Expected sensitivity to neutrino signal from p-p interaction production channel
and unblinded upper limits. In orange we mark the 99% C.L. upper limit. In white we mark the
data-driven 99% C.L. upper limit. The dashed thin horizontal lines is added to mark the reference
value k = 1. Bottom: Sensitivity projected to 20 years of IceCube data for the p-p interaction.
The p-v neutrino production channel can be obtained by scaling the p-p interaction sensitivities
by a factor of 2.

The results show that the measured Cp between the real Fermi-LAT and IceCube data
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Sensitivity and upper limits summary table

Fermi-LAT AE Sensitivity Limit
[GeV] p-Y p-p pP-Y PP
1-2 <280 <559 <080 <1.59
2-5 <073 <145 <084 <167
5-10 <050 <1.00 <058 <1.15
10-25 <044 <087 <0.30 <0.60

Table 6.2: Summary table of 99% confidence levels sensitivities derived from simulations and
upper limits computed from real data maps cross-correlation for p-p and p-7 neutrino production
channels. We highlight in bold the most stringent limits that we find.

maps fall within the range obtained from the simulations. This further validates the simulation
procedure devised for this work. In the case of p-p interactions, only in the highest gamma-ray
energy bin we have a constraining upper limit with £ < 1, excluding that all of the gamma-ray
emission from the unresolved population of blazars is produced from p-p (p-v) interactions. In
all other cases, we are not sensitive enough to make the same statement. In case of p-y neutrino
production channel, the sensitivities and upper limits are the same as for the p-p interaction case
but scaled by a factor of 2 (see Eq. 6.21). The lower sensitivity of the cross-correlation involving
lower gamma-ray energies is attributable to a combination of higher level of noise and worse
angular resolution of the Fermi-LAT data.

Furthermore, we estimate the maximum contribution of the unresolved blazars that domi-
nates the anisotropy measurement by translating the upper limit on the parameter « into a con-
straint on the intrinsic neutrino flux, which is then compared to the one estimated by IceCube
[286]. In order to do so, we derive the neutrino flux from the y-ray flux using Eq. 6.15 and
Eq. 6.21 for p-p and p-v interactions, respectively. Then, we apply the « factor of the most
stringent limits (in bold in Tab. 6.2). As outlined in Sec. 6.3, we consider the ~y-ray intrinsic

spectra of each unresolved blazar to be describe by Eq. 6.13. At IceCube energies (above 100
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GeV) this spectrum is a simple power law with index of —2.8. We estimate that the total -
ray differential flux at 100 TeV from all the unresolved simulated blazars is about 6.8 x 107!
~vlem?/s/sr/GeV. According to Eq. 6.15, this corresponds to 1.4 x 10~2° v/cm?/s/st/GeV. Since we
are not omitting energy information in discriminating between signal and background events, our
sensitivity is driven by the number of events observed from our assumed spectrum. Using simu-
lations, we estimate 99% of signal events with the assumed spectrum fall between 100 GeV and
50 TeV. Therefore, we report the constraints in this energy range. At 99% C.L. we exclude that
the unresolved blazars contribute to the astrophysical neutrino flux more than O(10%) at 1 TeV
nd O(1%) at 100 TeV. This result is illustrated in Fig. 6.6 and, together with the one obtained
from the resolved blazars in the 1FLE catalog [249], suggests that the blazar population, with
brightness down to about an order of magnitude below the detection threshold of the Fermi-LAT,
can contribute to the astrophysical neutrino flux up to a couple of percent at about 100 TeV. We
emphasize that any intrinsic energy cutoff and/or any additional components in the blazars spec-
tra above measured TeV energies would not be included in our simulations. Generally, a cutoff
would result in a weakening of the quoted limits, while an additional harder component would
make the limit more stringent. See the first two figures in Appendix D.2 for further details.

As a final consideration, we estimate the sensitivity of our pipeline for future studies. In
particular, we consider 20 years of IceCube statistics, roughly when the IceCube/Gen2 [274]
configuration is expected to be in operation. We first assume no improvement in the angular
resolution of the instrument to estimate the improvement due to the increased neutrino count
statistics only. We also report the ideal scenario of a perfect arrival direction reconstruction: this
case can be seen as the lower limit of this sensitivity study. It is worth noting that, even in this

“ideal” case, we are still limited by the LAT PSF and the presence of shot noise, which represent
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Figure 6.6: Contribution of the unresolved blazars that dominates the anisotropy of the UGRB to
the astrophysical neutrino flux.

the lower limit to the predicted sensitivity. The results are shown in Fig. 6.5 (bottom panel).

In this scenario, we do not assume the UGRB signal to change with respect to the cur-
rent set-up, as Fermi-LAT is unlikely be operating at the time of IceCube/Gen2. If it was, we
would have a more complete catalog of resolved gamma-ray sources, making it non-trivial to
predict how the unresolved component will evolve, i.e., what populations will be dominating the

unresolved emission.

6.5 Conclusions

This work investigates the possibility to measure the spatial cross-correlation between the
IceCube neutrino events (public data release by [259]) and the unresolved gamma-ray background
as measured by the LAT. We devise a simulation pipeline for IceCube event map and the Fermi-
LAT UGRB intensity map, given a list of sources and their intrinsic energy spectra. In this work,

we produce simulations from a list of unresolved blazars, to access the possible neutrino signal
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from this population of gamma-ray dim blazars.

We test two assumptions to derive our sensitivity to a neutrino-UGRB cross-correlation
signal, where neutrinos are produced via 1) p-p, or 2) p-7 interactions. We vary the amount of
injected signal by scaling the expected neutrino flux given the gamma-ray flux from a simulated
unresolved blazar population. Such scaling is encoded in the x parameter, detailed in Eq. 6.18.

We find that, in the former case, the sensitivity is constraining (below x = 1) at gamma-ray
energy above 10 GeV; while in the latter case the sensitivity is constraining starting from 2 GeV.

The cross-correlation 1-halo term computed considering the real data maps is compatible
with zero within the 68% C.L. We therefore derive upper limits, which show similar trends to
those revealed by the sensitivity study. For p-p interactions, the most constraining upper limit is
above 10 GeV with a k < 0.60 at the 99% C.L.; for p-7 interactions the most constraining upper
limit goes down to £ < 0.30 at the 99% C.L. Our analysis suggests that under the assumption
that no energy cutoff and/or additional harder component is present above Fermi-LAT energies,
and that all gamma-rays of the unresolved blazars are produced by neutral pions from p-p (p-7)
interactions, up to 60% (30%) of the population may contribute the diffuse neutrino background.
We estimate a contribution to the neutrino flux of the order of the percent at 100 TeV (10 percent
at 1 TeV) from the unresolved blazars that dominate the UGRB anisotropy spectrum as measured
by the LAT.

Recently, the IceCube Collaboration reported a ~40 excess probability for a neutrino
source in the direction of the nearby starburst Seyfert galaxy NGC 1068 [243]. This evidence
suggests that non-blazar AGNs could also contribute to the astrophysical neutrino flux. The
nearby NGC 1068 is detected by the LAT. However, misaligned AGNs are generally faint in

the GeV regime and, being more numerous than blazars, contribute to the total UGRB intensity
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roughly to the same extent [256]. An analogous study as the one presented here, therefore, can
be attempted for misaligned AGNs and will be subject of a future investigation. Furthermore,
other smoother UGRB components, such as star forming galaxies, could also contribute and still
be consistent with the observed null cross-correlation signal.

Finally, we estimate the projected sensitivity at 20 years of IceCube data. Assuming the
current angular resolution, the sensitivity improves to x ~0.45 (0.23) for p-p (p-) interaction.
Such improvement is a factor of about 30% with respect to the sensitivity at 6 years. Therefore,

a future study with an enhanced neutrino statistic is worth an attempt.
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Chapter 7: Conclusions

They say all’s well that ends well.

Taylor Swift

At last, we have arrived at our final destination—for now. What have we found? Well, not
much—if anything. To many, this dissertation is simply a story of upper limits. Nevertheless,
we are getting ever-so-closer to answering our long-standing questions about the nature of the
high-energy emission in the Universe. In this dissertation, we have used multiple techniques and
messengers to study the most extreme events in the Univese. The dissertation’s first segment
focuses on searches for new physics and ALPs.

Axion-like particles from gamma-ray bursts. Constituting ~27% of the Universe’s en-
ergy budget, grasping the particle properties of DM is crucial to understanding the fundamental
principles of cosmic formation and evolution. Numerous well-motivated particle (and some non-
particle) candidates have been proposed to explain the observed DM signatures, yet the search
efforts continue to date. One of the most compelling contenders is the generalized case of the
quantum chromodynamics axion, the light ALP (map < 10710 eV) [62].

Due to the challenging nature of designing an MeV telescope, many physical processes
remain largely unexplored in this energy range. In Chapter 3, for the first time, we demonstrate

the use of the Fermi LLE technique to search for the ALP spectral signatures within the MeV
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gamma-ray emission of long GRBs. Furthermore, we find that the sensitivity of the LLE tech-
nique to detecting light ALPs is comparable to the standard LAT analysis, making it an excellent
complementary—yet independent—way to search for ALPs with Fermi. Finally, the sensitivity
pipeline developed for these searches can easily be applied to different instruments, especially to
support a strong scientific motivation for future MeV-energy-range observatories, as indicated in
[292].

In Chapter 3, assuming an ALP mass m, < 107 eV and ALP-photon coupling g,, =
5.3 x 1072 GeV~!, values considered and deduced in ALP searches from SN1987A, we find
that the distance limit ranges from ~ 0.5 to ~ 10 Mpc, depending on the sky location and the
CCSN progenitor mass. Furthermore, we select a candidate sample of twenty-four GRBs and
carry out a model comparison analysis in which we consider different GRB spectral models with
and without an ALP signal component. We find that including an ALP contribution does not
result in any statistically significant improvement of the fits to the data. We discuss the statistical
method used in our analysis and the underlying physical assumptions, the feasibility of setting
upper limits on the ALP-photon coupling, and give an outlook on future telescopes in the context
of ALP searches.

The arrival time of the ALP burst from a CCSN should coincide with that of neutrinos and,
thus, arrive to Earth prior to the ordinary prompt phase emission. Motivated by the delay between
the time of the core collapse of a massive star, i.e., the ALP emission time, and the time of the
jet break-out associated with its ordinary long GRB emission, in Chapter 4, we conduct a novel
search for ALPs focusing on the sample of sources with known precursor emission detected with
LAT and LLE.

We conduct a model comparison analysis of the time-resolved spectral fits to the identified

151



precursor emission in 14 long GRBs. We conduct the analysis within the threeML framework,
where we define ALP tabular models for different masses considered. For LLE-identified pre-
cursors, we fit three different ALP spectral models characterized by different progenitor masses
(10, 18, and 40 solar masses). For LAT-only precursor identifications, we conduct the ALP spec-
tral modeling only with the 40 solar mass model due to the energy coverage constraints of the
standard LAT analysis.

We find all precursors are better fit with the null-hypothesis models or are unconstrained
due to the low-count statistics. We show that, for the LLE precursor identified in GRB 221009A,
we can exclude all the values of the ALP-photon coupling g,, > 3.9 x 107! for ALP masses
< 1071% GeV ™!, already considered by other instruments. Nevertheless, this technique can be
useful for the nearby long GRBs in the regions of the sky with a high ALP-photon conversion
probability.

The second segment of the dissertation is focused on our multimessenger efforts and searches
for coincident detections.

Gamma-ray counterparts to gravitational waves. In Chapter 5, we present an offline
search for EM counterparts to GW events during the third observing run of the Advanced LIGO
and Advanced Virgo detectors. Using the data obtained with Fermi-GBM and Swift-BAT, we in-
vestigate whether there were any corresponding gamma- and X-ray counterparts to events iden-
tified in the GWTC-2, GWTC-2.1, and GWTC-3. We report no new coincidences. Using the
Fermi-GBM Targeted Search and the Swift-BAT rate search, we calculate the flux upper limits
and joint upper limit skymaps for the associated gamma-ray luminosity of each GW. These limits
can provide necessary information to constrain various theoretical models for emitting gamma

rays from binary mergers.
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Cross-correlating the neutrino and gamma-ray skies. The searches for correlation be-
tween the high-energy astrophysical neutrinos detected by the IceCube Observatory and gamma-
ray photons detected by the Fermi-LAT are crucial in understanding the origin of the diffuse
high-energy neutrino background. So far, only sources resolved by the LAT have been consid-
ered in correlation with IceCube neutrinos, neglecting any emission from sources too faint to be
resolved individually. In Chapter 6, we, for the first time, consider a cross-correlation analysis
between the unresolved gamma-ray background and IceCube events. With no high-confidence
cross-correlation result from the real data, we perform a simulation-driven sensitivity study to
place upper limits on the fraction of the observed neutrinos produced in p-p or p-7 interactions in
blazars. Our analysis suggests that under the assumption that there is no intrinsic cutoff or hard-
ening of the spectrum above Fermi-LAT energies and that all gamma-rays from the unresolved
blazars dominating the UGRB fluctuation field are produced by neutral pions from p-p (p-7)
interactions, up to 60% (30%) of such population may contribute to the total neutrino events
observed by IceCube. This translates into an O(1%) maximum contribution to the astrophysical

high-energy neutrino flux observed by IceCube at 100 TeV.
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Epilogue



Chapter 8: What about exoplanets?

Books have always had their roots in other books, and they still do.

Dubravka Ugresié

In my second year of graduate school at the University of Maryland, following what, at the
time, I thought was the most challenging exam and the biggest failure of my life—I went to a
poetry show of one of my favorite spoken-word poets, Sarah Kay. She opened her performance
with the line, “Every great story has a beginning, middle, and end, not necessarily in that order.”
Over the last few years, I learned how to play with this notion in my own research. Most of
my work, in fact, starts at the end: physical processes we discuss in this thesis happened eons
ago, and we are just trying to interpret them and write the story backward. Yet, here we are, a
hundred and more pages into my thesis, back to the beginning—a little more knowledgeable, but
still asking questions.

Dear Reader: As with much observational astronomy research, the end of my thesis is too
just a beginning. The dark sector of the Universe remains elusive, and the multimessenger efforts
are still young. Here, I present to you the questions that I am most excited to answer in the
following years.

Finally, if you have gotten this far and your name did not appear in my Acknowledgements,

it was my mistake—please consider yourself acknowledged. I am grateful for you and your
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decision to join me on my journey through the high-energy Universe.

Let us now ask the question older than time,

But what about magnetic fields?!

Truth be told, having a better understanding of various magnetic fields within physical systems
considered in my dissertation is crucial. This is particularly relevant in the context of the ALP
searches I present in Chapters 3 and 4. However, I would not be a good astronomer of my

generation if I did not ask the following ones:

OK, but what about exoplanets?! Or binary mergers?

I admit, the title of this epilogue is misleading—but it caught your attention. I will leave
the discussion of exoplanets in the context of DM searches (i.e., “dark exoplanets”) to the experts
[293], and instead focus on the latter.

As 1 (hopefully) convey in this dissertation, the gamma-ray data have been used to set
strong constraints on ALPs, one of the leading explanations for DM. In the next few years, I am
excited to propose a new approach to probing the ALP parametar space. I will search for gamma
rays from ALP production in BNS merger data—that has the potential for a greatly increased
sensitivity. This approach takes advantage of the low masses of ALPs, which means they can be
abundantly produced in hot, dense astrophysical environments, later converting to gamma rays
in intervening astrophysical magnetic fields. My approach leverages the high-statistics GW data
from the fourth LVK observing run and the expected multi-wavelength follow-up observations
to provide precise search directions and times, as well as accurate characterization of the astro-
physical systems. In the next few years, I hope to offer an entirely new method for utilizing LAT
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Figure 8.1: Expected gamma-ray flux from ALPs produced in a GW170817-like BNS merger,

for possible ALP-photon (g,,) and ALP-neutron (G,,,) coupling values and an arbitrary normal-
ization, integrated over 10 seconds (adapted from [294]). Note the peak in the MeV energy range.

in a multimessenger context to place even stronger constraints on ALP properties compared to

previous works.

Out of the dark and into the light: ALPs from BNS mergers

With comparable physical conditions (in particular, temperatures and densities) to those of
a CCSN, as well as the high density of nuclear matter, we expect ALPs to be abundantly produced
during the hypermassive NS stage of BNS merger, predominantly via coupling to nuclear matter,
i.e., the bremsstrahlung process of neutrons (n + n — n + n + a), described by the coupling
constant, G, [295, 296]. Similarly to CCSNe, once BNS-merger produced ALPs leave the site
of production, they will convert into photons in the Galactic magnetic field. Figure 8.1 shows that
most of the ALP-induced gamma-ray emission from a GW170817-like BNS merger happens in
the MeV energy range and Fig. 8.2 depicts the physical system and processes in question. As

no other astrophysical process is known to imprint such a signature in the observed gamma-ray
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spectrum during the prompt emission phase of a BNS merger, the detection of such emission
would be a conclusive indication of the presence of ALPs.

Although the BNS systems are extreme and complex, we have the unique advantage of
multi-wavelength data to supplement the GW observations. These independent observables allow
us to break the system’s degeneracies, constraining the astrophysics. In a complementary way,
I will explore the new-physics effects within the system by investigating possible observable
consequences: the unique gamma-ray signature from ALP production during BNS mergers and

the subsequent ALP-photon conversion in the Milky Way magnetic field.

HMNS

NS
@ ———————— - =" AV
@{/‘ o "——' aa® 2: oy
* o © ® Z'ﬁ, ® -

Figure 8.2: ALP production and detection (not to scale). (1) Two NSs orbit each other until the (2)
merger, followed by (3) the formation of a hypermassive NS (HMNS). There, ALPs are produced
via the neutron-neutron bremsstrahlung process. Once produced, ALPs travel undisturbed (4),
until they reach the magnetic field of the Milky Way (5). In the Milky Way’s magnetic field,
ALPs convert into gamma-rays, which then can be detected by Fermi (6).

Identifying the BNS merger sample: To determine the maximum distance d of a BNS
merger that would give competitive sensitivity for the detection of ALPs, we note that the number
of detected gamma-ray counts roughly scales with G?, g2 /d*. Thus, for a fixed value of G,
the sensitivity for gfw scales with d. A BNS merger located in M33 (d = 835 kpc) could probe
couplings g,, > 107'°, as suggested in [294]. To reach the sensitivity limits comparable to the
ones currently imposed by the CCSN observations (g,, > 107'?), we may include all the BNS

merger events within a distance ~835 Mpc, or a redshift of 2 ~0.2.
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So far, the following events have been confirmed to stem from a BNS merger within
the allowed redshift range and within LAT’s FoV: 1) GW BNS merger candidate: GW190425
(z ~ 0.01, 37% instantaneous coverage, given the GW localization map), and 2) using the short
GRB follow-up observations, the following kilonovae were identified during the Fermi lifetime,
consistent with the BNS merger as progentior: GRB 160821B (¢ ~ 0.16) and GRB 211211A
(z ~ 0.08). Although in the case of GW170817 LAT was in SAA and not collecting data at
the time of merger, we emphasize that GW170817-like event inside the LAT’s FoV in the future
would provide an ideal opportunity for a potential ALP detection.

In addition to these three events, with the fourth LVK GW observing run scheduled to
start in May 2023 and its unprecedented sensitivity to detecting binary mergers (predicted ~10
BNSMs, as compared to a total of 1 in O3), as well as the active involvement from the optical
and X-ray community to detecting kilonovae, the sample of considered BNS events is expected
to increase throughout the duration of this project.

As the strength of the ALP signal is determined by its normalization N (g, ); this, in turn,
will allow us to probe the ALP-photon coupling, given the distance to the source (N (g.y) o
gfw /d? for a given G,,). Dotted area in Fig. 8.3 shows the sensitivity of our method to probing
the ALP parameter space.

Modeling the ALP emission from BNS mergers & the current state of theoretical models:
The majority of the ALP emission following a BNS merger is expected to occur during the hy-
permassive NS phase of the post-merger system. Numerical simulations indicate that this phase
may last from a few milliseconds to a few tens of seconds—depending on the initial properties
the binary system—dictating the total energy released through the emission of ALPs. Further-

more, current state-of-the-art models consider different parameters, such as various NS equations
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Figure 8.3: Exclusion plot for the ALP parameter space in the range relevant to our searches.
Dotted area shows the parameter space to which our method is sensitive.

of state, their initial masses, spins, cooling rates, and magnetic fields. These theoretical consid-
erations, when combined with multimessenger observations of the GW event and the subsequent
short GRB, can provide us with a precise life span estimation of the hyper-massive NS (see, e.g.,
[297-299]). In an extensive study in [175], Harris et al. produce a set of most comprehensive
ALP emissivity models as well.

Merits of using the multimessenger approach: Searching for ALPs from BNS mergers com-
plements the previously-done searches from CCSNe. Taking into consideration the current state
of the field, we can expect an abundance of follow-up observations and swift analyses from nu-
merous groups if and when a BNS merger candidate is first detected. Second, the time-tagging

from the GW detection will provide us with down to a second uncertainties in time windows
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appropriate for ALP searches. In case no GW counterpart is detected, using the numerical mod-
eling from [297] will narrow down the ALP emission time window to an uncertainty of at most a
few tens of seconds (as compared to hours, or even days in the case of CCSNe). Third, although
BNS mergers are rarer in nature than CCSNe in a given volume, the absence of stellar envelopes
in BNSMs allows for no sample selection cuts that are currently required in the CCSN analysis,
where only no-envelope (Type Ib/c) CCSNe are considered—making the two sample sizes com-
parable in a given volume. Finally, this project exploits the infrastructure already set in place for
0O4; used in a new context (ALPs).

Setting up for O4 and beyond: In addition to providing competitive constraints on the ALP
parameter space, this work will also lay the groundwork for the future observations and, in partic-
ular, provide a pipeline for swift ALP searches following BNS merger detections in O4. As such,
there are two possible research pathways considering direct observational consequences that may

build on this work: 1) Coincident GW and SGRB detection. In this case, the expected ALP emis-

sion can be tagged to ~second precision (compared to ~hours or more in the case of CCSNe).
Combined with the state-of-the-art modeling of the expected ALP spectral signature, this ap-
proach will provide a new probe into the allowed ALP parameter space, not yet excluded by the

current astrophysical or laboratory experiments; and 2) GW detection without the EM counterpart.

For the BNS merger sample within the allowed redshift range (¢ < 0.2), this work provides a
novel way of searching for ALPs. Finally, in addition to the excellent ALP time-tagging in a
BNS merger gained from the GW observations, current and upcoming instruments will provide a
plethora of information regarding other processes in the considered astrophysical systems: e.g.,
the characterization of BNS magnetic fields (using IXPE in addition to various radio instruments),
quick kilonovae identification (with ZTF, Vera Rubin, etc.), and many other on-ground and in-
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space observatories, most of which are set on high-alert to follow up on a BNS merger candidate
swiftly.
This, dear reader, is what I mean by “New Messengers & New Physics.” That is all from

me for now. I hope you enjoyed your cup—or two—of tea.
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Appendix A: Appendices for Chapter 3

A.1 GRB Models

To fit the selected GRB sample, we use XSPEC models that include:

1. Band function (grbm, gamma-ray burst continuum), described by

(

KE™ exp(—E/E,), if E < E.(a— as)
A(E) = K|(oq — ag) E.)172) exp(ay — o) B2, (A.1)

otherwise

where E is the energy in units of keV. Model parameters are oy, first power law index;
a, second power law index; ., characteristic energy in keV; and K is the normalization

constant in units of photons/keV/cm?/s.

2. Power law, (pow), described by:

A(E) = KE™°, (A.2)

where « is the power-law index.
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. Power law with high energy exponential cut-off, (cutoffpl), described by

A(E) = KE “exp(—E/B), (A3)

where (3 is the e-folding energy of the exponential rolloff (in keV).

. Blackbody spectrum, (bb), described by

E2
exp(E/kT) — 1’

AE)=K (A.4)

where k7' is the temperature in keV.
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Appendix B:  Appendices for Chapter 4

B.1 Additional plots: LLE precursors

Here we present the observed LLE lightcurves for the events in Table 4.2, with their corre-

sponding Bayesian block treatment, as well as the best model fit with the ALP component.

165



40

30

Rate, [ents/s]

10

T
—800 —

—

Net rate
(counts s! keV~1)

(o)

Residuals

GRB 090323002

T
—400

T
—200 0

T T
200 400

600 600 300
Time, [s]
GRB 090323002
—I,I— T T T
—50 0 50 100 150
Time, [s]
i;;:c%:o;:d level
e~ + lat_lle_interval0
0—4 i + — +_
‘ T
|

0 =
—6 4
0 5] }

3 |

; o
] ’
72 B ,

3x 10% 4% 10* 6 x 10* 10°
Energy
(keV)

Figure B.1: Top: LLE lightcurve depicting the prompt emission as seen with LLE. The red
horizontal line is the background fit. Middle: BB analysis zoomed in on the precursor. The
area between the red lines represents the time interval in which we conduct the spectral fitting.
Bottom: the best fit model, including the ALP component.
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Figure B.1: continued.
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Figure B.1: continued.
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Figure B.1: continued.
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Figure B.1: continued.

D) _
2000 GRB 160625945
1750
1500

-

1250

=)

& 1000 1

=

£ 750 A

500
250 L
—800 —600 —400 —200 O 200 400 600 800
Time, [s]
4000
GRB 160625945
3000
=
\
2
=
~=2.2000 -
"
&
<
o~
1000 1
T 1 T I 1
160 180 200 220 240
Time, [s]
o —_——— Background level
_ 107 e ¥ iovosateraio
| S
2 E 1073 5 TS
g ~<
€ 'n —
R
£10"4
)
1003
jo2]
= 151 \
=T 0.0 | ! \ ———
CrTT
£ —151 |
3x 100 4x10° 6 x 10° 10°
Encrgy
(keV)

170




Figure B.1: continued.
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Appendix C:  Appendices for Chapter 5

C.1 Flux Upper Limits for BBH Events

Here we present the flux upper limit maps for the probable BBH events described in Section
5.3.2. These are constructed according to the method in Section 5.1 with Figure C.1 displaying
the 30 upper limits computed with Fermi-GBM over a 10-1000 keV energy range and Figure C.2
showing the combined 5o upper limits computed with Fermi-GBM and Swift-BAT over a 15—
350 keV energy range. Both sets of upper limits assume the spectral shape of potential emission

follows the normal spectral template from Table 5.3 with a 1 s emission duration.
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Figure C.1: The 30 flux upper-limit as a function of sky position for events from O3 identified
with pasiro > 0.5 and classified as a probable BBH merger in Section 5.3. The purple gradient
represents the combined Fermi-GBM and Swift-BAT flux upper limits for source positions at
each point on the sky. The star symbol represents the zenith direction of Fermi-GBM, the square
symbol represents the center of the Swift-BAT FoV, and the green contour represents the 90%
credible area of the LVK localization. The blue region is the non-visible portion of the sky which
is occulted by the Earth for Fermi-GBM and outside the Swift-BAT FoV.
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Figure C.1: continued.
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Figure C.1: continued.
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Figure C.
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Figure C.1: continued.
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Figure C.1: continued.
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Figure C.1: continued.
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Figure C.2: The 50 flux upper-limit as a function of sky position for events from O3 identified
with p.stro > 0.5 and classified as a probable BBH merger in Section 5.3. The purple gradient
represents the combined Fermi-GBM and Swift-BAT flux upper limits for source positions at
each point on the sky. The star symbol represents the zenith direction of Fermi-GBM, the square
symbol represents the center of the Swift-BAT FoV, and the green contour represents the 90%
credible area of the LVK localization. The blue region is the non-visible portion of the sky which
is occulted by the Earth for Fermi-GBM and outside the Swift-BAT FoV.

180



Figure C.2: continued.
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5.00 Upper Limit [erg s=! cm~2]

GW190527_092055

3.3x10°® 2.8x 1077 3.1x107®
5.00 Upper Limit [erg s~ cm~2]

GW190602_175927

15-350 keV

5.00 Upper Limit [erg s™! cm~2]

GW190620_030421

1.3x1077 2.1x1077 3.9x 1078
5.00 Upper Limit [erg s~ cm~—2]
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5.00 Upper Limit [erg s~ cm~2]

3.6x1077

15-350 keV

3.0x1077

15-350 keV

1.8x 1077



Figure C.2:

GW190630_185205

15-350 keV

9.1x107® 2.7x1077
5.00 Upper Limit [erg s! cm~2]
GW190706_222641
15-350 keV
4.0x1078 2.8x1077
5.00 Upper Limit [erg s~ cm~2]
GW190708_232457
15-350 keV
1.2x1077 3.8x1077
5.00 Upper Limit [erg s~! cm~2]
GW190720_000836
* 300° 270° 240° 210° 180° 150° 120° 90° 60° 30°
15-350 keV
1.0x 1077 2.8x1077
5.00 Upper Limit [erg s~ cm~2]
GW190728_064510
180° 150° 120° 90°
15-350 keV
4.6x1078 2.7x1077

5.00 Upper Limit [erg s~ cm~—2]

continued.

GW190701_203306

* 270" 240" 210" 180

15-350 keV

3.2x107®

2.9x1077
5.00 Upper Limit [erg s=! cm~2]

GW190707_093326

15-350 keV

1.2x1077

3.6x107°

2.8x1077
5.00 Upper Limit [erg s~! cm~2]
GW190719_215514
15-350 keV
3.4 %1077
5.00 Upper Limit [erg s=! cm~2]
GW190727_060333
15-350 keV

2.6x10°8

2.9%x1077
5.00 Upper Limit [erg s™! cm~2]

GW190731_140936

15-350 keV

3.7x 1078
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3.2x1077
5.00 Upper Limit [erg s~ cm~2]



Figure C.2:

GW190803_022701

15-350 keV

32x107® 1.5x 1077
5.00 Upper Limit [erg s! cm~2]

GW190828_063405
75° _

15-350 keV

3.8x107° 2.9x1077
5.00 Upper Limit [erg s~ cm~2]

GW190910_112807

L 180° 150° 120

15-350 keV

3.8x10°® 1.8x 1077
5.00 Upper Limit [erg s~! cm~2]

GW190916_200658

75°

15-350 keV

3.5x107® 33x1077
5.00 Upper Limit [erg s~ cm~2]

GW190929_012149

15-350 keV

4.6x1078 2.9%x1077
5.00 Upper Limit [erg s~ cm~—2]

continued.

GW190805_211137

3.1x107®

5.00 Upper Limit [erg s=! cm~2]

GW190828_065509

180" 150° 120°

3.6x10°°

5.00 Upper Limit [erg s~! cm~2]

GW190915_235702

4.1x107®

5.00 Upper Limit [erg s=! cm~2]

GW190926_050336

3.3x10°®

5.00 Upper Limit [erg s™! cm~2]

GW190930_133541

3.2x 1078
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5.00 Upper Limit [erg s~ cm~2]

15-350 keV

3.4x1077

15-350 keV

3.4%x1077

15-350 keV

2.7x1077

15-350 keV

3.1x1077

15-350 keV

2.7x1077



Figure C.2: continued.

GW191103_012549

15-350 keV

GW191105_143521

15-350 keV

3.9x107® 3.3x1077 4.2x107®
5.00 Upper Limit [erg s! cm~2]

GW191109_010717

15-350 keV

4.9x107® 23x1077 9.3x107®
5.00 Upper Limit [erg s~ cm~2]

GW191126_115259

15-350 keV

3.9x 1078 3.0x 1077 3.9x107®
5.00 Upper Limit [erg s~! cm~2]

GW191204_110529

15-350 keV

2.1x1077
5.00 Upper Limit [erg s=! cm~2]
GW191113_071753
15-350 keV
4.3x1077
5.00 Upper Limit [erg s~! cm~2]
GW191127_050227
[* 270" 240" 210" 180"
15-350 keV
2.8x1077
5.00 Upper Limit [erg s=! cm~2]
GW191204_171526
15-350 keV

3.0x10°® 2.8x1077 2.0x 1077
5.00 Upper Limit [erg s~ cm~2]

GW191215_223052

15-350 keV

9.1x1077
5.00 Upper Limit [erg s™! cm~2]

GW191216_213338

15-350 keV

3.4x10°8 3.7x1077 1.1x 1077
5.00 Upper Limit [erg s~ cm~—2]
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6.3x 1077
5.00 Upper Limit [erg s~ cm~2]



Figure C.2:

GW191222 033537

0° 150° 120°

15-350 keV

43x107® 2.0x1077
5.00 Upper Limit [erg s! cm~2]
GW200128_022011
©300° 270" 240° 210
15-350 keV
3.3x107® 33x1077
5.00 Upper Limit [erg s~ cm~2]
GW200202_154313
90°
15-350 keV
1.0 x 107 3.0x 1077
5.00 Upper Limit [erg s~! cm~2]
GW200208_222617
210" 180° 150° 120° 90° 60° 30
15-350 keV
3.8x107° 1.8x 1077
5.00 Upper Limit [erg s~ cm~2]
GW200210_092254
15-350 keV
3.2x10°8 3.3x1077

5.00 Upper Limit [erg s~ cm~—2]

continued.

GW191230_180458

15-350 keV

3.7x107®

2.5x1077
5.00 Upper Limit [erg s=! cm~2]

GW200129_065458

15-350 keV

3.1x10°®

2.8x1077
5.00 Upper Limit [erg s~! cm~2]

GW200208_130117

15-350 keV

2.9x1078

3.0x 1077
5.00 Upper Limit [erg s=! cm~2]

GW200209_085452

* 180" 150° 120°

0

2.9x10°®

15-350 keV
33x1077
5.00 Upper Limit [erg s™! cm~2]
GW200216_220804
210" 180° 150° 120° 90° 60° 30"
15-350 keV

3.7x 1078
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1.7x 1077
5.00 Upper Limit [erg s~ cm~2]



Figure C.2:

GW200219_094415

‘210" 180° 150° 120° 90°

15-350 keV

1.2x1077 2.4x1077
5.00 Upper Limit [erg s! cm~2]

GW200220_124850

15-350 keV

3.1x10°® 3.6x1077
5.00 Upper Limit [erg s~ cm~2]

GW200225_060421

' 270" 240" 210" 180"

15-350 keV

3.5x10°8 3.2x1077
5.00 Upper Limit [erg s~! cm~2]

GW200306_093714

15-350 keV

5.2x107% 2.8x 1077
5.00 Upper Limit [erg s~ cm~2]

GW200316_215756

15-350 keV

1.1x 1077 7.5%x1077
5.00 Upper Limit [erg s~ cm~—2]
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continued.

GW200220_061928

15-350 keV

3.3x10°®

5.00 Upper Limit [erg s=! cm~2]

GW200224_222234

3.0x 1077

15-350 keV

3.2x10°®

5.00 Upper Limit [erg s~! cm~2]

GW200302_015811

1.5x 1077

15-350 keV

3.2x107®

3.6x107°

3.6x10°8

5.00 Upper Limit [erg s=! cm~2]

GW200308_173609

5.00 Upper Limit [erg s™! cm~2]

GW200322_091133

5.00 Upper Limit [erg s~ cm~2]

3.2x1077

15-350 keV

3.2x1077

15-350 keV

3.4x1077



Name Waveform Fo F.» Fgz Faw UL

GW190403.051519  IMRPhenomXPHM _comoving 105,104, 105 9.0,8.4,8.6 7.7,6.5,6.1 4.5,3.3,3.2 178.0
GW190403_051519 PrecessingSpinIMRHM _comoving 99,94, 94 8.3,7.8,7.7 7.1,5.7,5.7 4.3,3.4,3.3 178.0
GW190403_051519 SEOBNRv4PHM comoving 88, 80,76 7.5,6.5,64  6.3,5.1,5.3 4.3,3.5,3.4 178.0

GW190412 IMRPhenomPv3HM x148,135,221  #318,226,208  46,27,23  60,28,23 111.0

GW190412 SEOBNRv4PHM x114,96,77  %222,176,139  42,32,25  41,28,21 111.0
GW190413.052954 NRSur7dg4 9.1,4.5,4.2 7.7,44,4.1 7.7,3.0,2.5 7.2,3.0,2.6 136.0
GW190413.052954 SEOBNRv4PHM 11,6.0,5.6 8.5,4.9,4.7  88,3.4,3.1 8.0,3.3,3.0 136.0
GW190421 213856 NRSur7dq4 15,7.4,7.1 10,5.5,5.3 22,89,82 17,7.3,6.7 144.0
GW190421 213856 SEOBNRv4PHM 15,8.5,7.6 9.2,5.8,5.3 18,9.6,8.8 14,7.5,6.8 144.0
GW190426_190642  IMRPhenomXPHM _comoving 45,52,48 3.2,3.1,3.0 78,26,24  27,8.7,79 134.0
GW190426_190642 PrecessingSpinIMRHM _comoving 29, 34,31 2.7,2.4,2.4 84,2826  28,9.3,8.7 134.0
GW190426.190642 SEOBNRv4PHM _comoving 18,12, 11 2.1,1.4,1.3 91, 33,27 29,10,9.2 134.0
GW190503_185404 NRSur7dg4 50,22, 20 37,17,15 74,26,23  59,20,17 133.0
GW190512_180714 SEOBNRv4PHM 41,18,17 95, 45,42 17,6.2,5.6 25,9.2,8.1 176.0
GW190513.205428 NRSur7dq4 44,19,17 37,18,17 16,8.1,7.2 19,7.8,6.7 113.0
GW190513.205428 SEOBNRv4PHM 43,24,22 34,20,19 17,9.9,9.3 18,8.9,8.1 113.0
GW190514_065416 NRSur7dq4 5.0,2.6,2.4 3.8,2.3,21  88,38,34 6.5,3.1,28 1350
GW190517.055101 NRSur7dqg4 %282, 150, 139 131, 70,65 26,11,9.6  46,17,15 134.0
GW190517.055101 SEOBNRv4PHM x341,168, 151 139, 68,63 28,8.9,7.7 50,16,15 134.0
GW190519_153544 NRSur7dg4 47,18,16 13,5.8,5.1 40,8.7,6.5 27,6.5,5.2 126.0
GW190519_153544 SEOBNRv4PHM 47,19,18 11,5.7,5.2 34,13,9.5 24,8.0,6.0 126.0

GW190521 IMRPhenomPv2 114,61, 55 75,41, 38 131,59,57 110,48,44 219.0

GW190521 NRSur7dq4 116,47,43 78,34, 31 130,49,45 116,43,39 219.0

GW190521 SEOBNRv4PHM 99,53, 51 64,35,34 99,47,44  92,43,40 219.0
GW190521.074359 NRSur7dg4 7.4,3.7,34 1.4,0.76,0.71  42,12,10 15,5.3,4.2 151.0
GW190521.074359 SEOBNRv4PHM 20,17,15 2.5,1.7,1.6 82,29,24  27,9.1,7.3 151.0
GW190527.092055 NRSur7dg4 37,16,14 27,13,12 18,8.3,7.4 18,7.8,7.0 191.0
GW190602_175927 NRSur7dq4 18,11,10 5.7,3.6,3.4 48,24,22  24,12,11 189.0
GW190602_175927 SEOBNRv4PHM 20,14, 14 5.9,4.3,42  50,29,26  25,14,12 189.0
GW190630-185205 NRSur7dq4 %197,79,72 %194, 82, 76 136,56,51  151,58,53 130.0
GW190630-185205 SEOBNRv4PHM %173, 80,77 %169,81, 78 120,54,49 133,57,52 130.0
GW190701-203306 NRSur7dg4 20,12,11 10,6.7,6.2 49,28,26  30,16,15 128.0
GW190701-203306 SEOBNRv4PHM 21,14,13 9.6,6.9,6.6 45,28,26  28,16,15 128.0
GW190706.222641 NRSur7dg4 17,8.4,7.7 4.3,2.4,2.3 12,5.1,45 8.1,3.0,2.5 163.0
GW190706_222641 SEOBNRv4PHM 16,12,12 4.0,3.0,3.0 13,7.8,7.3 8.3,4.0,3.7 163.0
GW190707_093326 IMRPhenomPv2 211,133,124  %1152,739,702  28,16,15 78,45,43  160.0
GW190707-093326 SEOBNRv4P 183,112,101  %1004,632,574 22,13,11 66,39,34 160.0
GW190708.232457 SEOBNRv4PHM 167,91, 85 %463,255,240  39,19,17  80,39,36  193.0
GW190719.215514 NRSur7dg4 31,12, 11 16,8.2,7.7 5.2,2.2,2.0 6.6,2.4,2.1 185.0
GW190719.215514 SEOBNRv4PHM 43,23,20 19,11, 10 7.6,4.5,4.3 85,4.7,45 185.0
GW190720_000836 IMRPhenomPv2 %x331,263,267 x1289,844,828 23,12,12  67,29,27 119.0
GW190720_000836 SEOBNRv4P x218,121,113  %957,557,523  18,9.0,8.5  53,26,24 119.0
GW190727_060333 NRSur7dq4 19,10,9.6 12,7.1,6.6  11,5.3,4.7 11,5.0,4.6 174.0
GW190728.064510 IMRPhenomPv2 %209,111,113 962,477,469 17,7.6,7.2 51,18,16 121.0
GW190728.064510 SEOBNRv4P %x195,81,74  %945,419,388  16,6.0,5.4  51,18,17 121.0
GW190731.140936 NRSur7dg4 15,8.8,8.3 9.8,6.1,5.7 16,7.7,7.0 13,6.7,6.1 140.0
GW190805-211137  IMRPhenomXPHM._comoving 40,22,21 11,7.0,7.1 14,4.4,3.9 13,4.6,4.2 143.0
GW190805_ 211137 PrecessingSpinIMRHM _comoving 36,22, 22 10,6.7,7.2 14,5.7,5.,5 12,5.2,5.3 143.0
GW190805_ 211137 SEOBNRv4PHM comoving 32,23,22 9.6,6.7,7.5 15,6.3,6.9 12,5.5,6.1 143.0

Table C.1: Table showing the 0.95 percentile fluxes from different models of BBH emission.
Units are 107 erg cm™2 s~1. The three numbers in each cell represent the isotropic emission,
the uniform-distributed jet opening angle and the fixed jet opening angle. The upper limits (UL)
are the 30, 10-1000 keV range values from Table 5.5. Stars mark instances where the isotropic
emission exceeds the UL in more than 10% of the cases.
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Table C.1: continued.

Name Waveform Fg F. Fgy Faw UL
GW190828_063405 NRSur7dq4 55,21,19 45,19,17 24,7.4,6.4 31,9.6,8.3 181.0
GW190828_063405 SEOBNRv4PHM 49,29, 28 39,22, 22 19,7.2,6.6 25,9.6,8.9  181.0
GW190828_065509 SEOBNRv4PHM 34,22,22 78, 50,48 12,6.2,5.6 16,7.7,6.8  200.0
GW190915 235702 IMRPhenomPv2 58,22,19 45,20, 18 35,12,11 34,11,10 186.0
GW190915.235702 SEOBNRv4P 48,32,31 41,27,25 32,12,10 33,14,12 186.0
GW190916.200658  IMRPhenomXPHM _comoving 18,10,9.5 9.1,5.6,5.1 16,8.6,7.3 11,5.7,4.8  131.0
GW190916_200658 PrecessingSpinIMRHM_comoving 18,10,10 9.2,5.5,5.3 15,9.3,9.0 11,5.9,5.4 131.0
GW190916_200658 SEOBNRv4PHM comoving 19,11,11 9.1,5.8,5.6 15,8.9,8.5 11,5.9,5.5 131.0
GW190924 021846 IMRPhenomPv2 x331,264,318 %2872, 1880, 1903 21,14,14 63,31, 28 147.0
GW190924 021846 SEOBNRv4P x297,128,116 %2942, 1323,1211 17,6.7,6.0 69,27,24 147.0
GW190926.050336  IMRPhenomXPHM _comoving 11,2.5,2.2 9.4,2.9,2.6 16,4.1,3.2 11,2.7,2.2  210.0
GW190926_050336 PrecessingSpinIMRHM_comoving 11,3.5,3.5 8.9,3.4,3.3 14,4.1,3.4 10, 3.0,2.5 210.0
GW190926.050336 SEOBNRv4PHM_comoving 10,4.3,4.7 8.2,3.5,3.8 13,4.1,3.7 9.1,2.9,29  210.0
GW190929 012149 IMRPhenomPv2 56,25, 24 13,7.7,7.7 96, 55, 50 26,7.9,7.3 175.0
GW190929_012149 SEOBNRv4P 47,8.2,7.6 10,2.9,2.7 59, 14,12 20,4.6,4.0 175.0
GW190930.133541 IMRPhenomPv2 x367,240,258 %1408, 791, 784 26,13,13 62, 26,23 239.0
GW190930-133541 SEOBNRv4P %280, 130, 121 %1325, 630, 583 23,9.8,9.1 67,27,24 239.0
GW191103.012549 CO01:IMRPhenomXPHM %x332,230,230 %1349, 817,801 15,8.8,8.6 53,25,24 198.0
GW191103.012549 CO01:SEOBNRv4PHM x303,171,158  x1355,772,710 16,9.0,8.3 58,29, 26 198.0
GW191105_143521 CO01:IMRPhenomXPHM 86, 43,42 %509, 261, 247 8.5,3.5,3.3 26,10,9.5 169.0
GW191105.143521 CO01:SEOBNRv4PHM 84, 35,31 %509, 230, 208 8.3,3.0,2.7 26, 10,8.6 169.0
GW191109.010717 CO1:IMRPhenomXPHM 169,11, 10 43,5.5,5.0 %437, 55,43 217,28,22 155.0
GW191109.010717 C01:SEOBNRv4PHM 47,24,22 16,10.0,9.5 x108,112,102  89,48,43  155.0
GW191113.071753 CO01:IMRPhenomXPHM 35,20, 20 86,52, 51 25,8.3,7.3 16,5.8,5.3  172.0
GWI191113.071753 CO01:SEOBNRv4PHM 74, 36,35 118,71,62 17,8.5,8.0 14,6.4,5.7  172.0
GW191126.115259 CO1:IMRPhenomXPHM 103,67, 68 %394, 251,244 5.6,2.9,2.7 18,9.2,84 136.0
GW191126.115259 C01:SEOBNRv4PHM 104, 58, 52 %419, 235,214 6.5,3.1,2.7 21,10.0,8.8  136.0
GW191127.050227 CO1:IMRPhenomXPHM 59, 57,61 15,11, 11 48, 45,41 11,8.9,8.8 140.0
GW191127.050227 CO01:SEOBNRv4PHM 32,16, 16 16,7.2,7.1 20,10,11 13,4.8,4.5 140.0
GW191204_110529 CO01:IMRPhenomXPHM 107,56, 51 118,69, 64 46, 27,25 57,33,30 142.0
GW191204_110529 CO01:SEOBNRv4PHM 119,74, 70 121,77,82 42,27,31 55,33, 36 142.0
GW191215.223052 CO1:IMRPhenomXPHM 34,13,11 54,21,18 19,4.9,4.1 25,6.3,5.4 153.0
GW191215.223052 C01:SEOBNRv4PHM 31,13,12 49,20,19 17,5.1,4.3 22,6.6,5.8 153.0
GW191216.213338 CO1:IMRPhenomXPHM %1098, 694,684 %5893, 3583, 3466 96, 60, 54 *287,152,140 148.0
GW191216.213338 CO01:SEOBNRv4PHM %1180, 602, 545 %6516, 3308, 3024 93,45, 40 %311,150,135 148.0
GW191230_180458 CO01:IMRPhenomXPHM 10,3.2,2.9 4.6,1.9,1.7 18,5.4,4.9 11,3.4,3.1 139.0
GW191230.180458 C01:SEOBNRv4PHM 8.4,4.2,4.1 3.8,2.2,2.1 14,5.0,4.5 9.3,3.4,3.0 139.0
GW200128.022011 C01:IMRPhenomXPHM 35,14, 11 18,8.4,7.0 32,11,9.8 27,10,8.3  142.0
GW200128.022011 CO01:SEOBNRv4PHM 36, 27,21 15,12,9.6 26,17,11 23,17,10 142.0
GW200129_065458 CO1:IMRPhenomXPHM %220, 149, 145 %170, 108, 105 113, 64,59 x128,62,57  142.0
GW200129_065458 CO01:SEOBNRv4PHM %235, 114,103 %211, 101,88 165, 77,59 x188,88,71 1420
GW200202_154313 CO01:IMRPhenomXPHM %666, 365,350 %4383, 2340, 2214 50,23, 21 *x174,78,71  121.0
GW200202_154313 C01:SEOBNRv4PHM x703, 328,300 %4700, 2230, 2051 50, 22,20 x185,79,72  121.0
GW200208-130117 CO1:IMRPhenomXPHM 18,9.2,8.4 16,8.6,7.9 25,11,9.6 21,9.2,7.8  136.0
GW200208_130117 CO01:SEOBNRv4PHM 17,11,11 14,9.6,9.2 22,11,10 19,9.9,9.0 136.0
GW200209_085452 CO01:IMRPhenomXPHM 21,4.4,4.0 16,4.6,4.3 25,4.6,4.2 21,4.3,4.0 1350
GW200209_085452 C01:SEOBNRv4PHM 10,5.8,5.6 8.4,4.8,4.8 12,4.3,3.9 10,4.0,3.7 135.0
GW200219.094415 CO1:IMRPhenomXPHM 11,3.1,2.7 8.9,3.1,2.8 16,3.7,3.2 13,3.2,2.7  152.0
GW200219.094415 C01:SEOBNRV4PHM 10,4.9,4.6 7.7.3.9,3.7 11,4.2,3.8 9.7,3.4,3.2 1520
GW200220.061928 CO1:IMRPhenomXPHM 8.3,3.4,3.1 1.3,0.64,0.61 52,11,10 12,3.8,3.4  165.0
GW200220.061928 CO01:SEOBNRv4PHM 10,5.6,5.3 1.4,0.84,0.8 34,12,10 12,4.6,4.1 165.0
GW200220_124850 CO01:IMRPhenomXPHM 13,4.5,4.3 8.8,3.7,3.5 16,6.4,6.0 12,5.0,4.8 128.0
GW200220.124850 C01:SEOBNRv4PHM 11,5.1,5.3 8.0,3.9,3.9 18,7.0,7.5 13,5.2,5.5 128.0
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Table C.1: continued.

Name Waveform Fo F,» Fgyz Fow UL
GW200225.060421 CO1:IMRPhenomXPHM 97, 45,40 224,114,107 33,15,14 53, 206, 24 236.0
GW200225.060421 CO1:SEOBNRv4PHM 71,4747 174,103,102 25,13,12 43,21,20 236.0
GW200302.015811 CO1:IMRPhenomXPHM 62,27, 26 60, 30,29 62, 28,26 53,24,22  162.0
GW200302_015811 CO1:SEOBNRv4PHM 66, 34, 35 58,30, 30 54,23,21 48,21,18 162.0
GW200306_093714 CO1:IMRPhenomXPHM 133,73,67 113, 60, 56 19,10,9.7 24,9.9,9.1 146.0
GW200306_093714 CO1:SEOBNRv4PHM 132, 86, 82 102,64, 61 20,9.8,8.1 23,10,9.5 146.0
GW200308_173609 CO1:IMRPhenomXPHM 51,54, 51 24, 23,22 74,20, 12 7.3,2.3,22  192.0
GW200308_173609 CO1:SEOBNRv4PHM 71,57,67 32,25,25 13,3.5,3.3 4.7,2.6,2.1 192.0
GW200316_215756 CO1:IMRPhenomXPHM 112,67,62 x482,256,237 13,6.4,5.3 29,10,9.2 134.0
GW200316.215756  CO1:SEOBNRv4PHM 103, 45,41 x484,224,205 10,3.6,3.2 28,10,9.1 134.0
GW200322_091133 CO1:IMRPhenomXPHM 147,468,499 72,55, 64 42,24,27 8.7,3.1,3.7 154.0
GW200322_091133  CO1:SEOBNRv4PHM  3.7,0.53,0.22 2.0,0.45,0.17 4.8,0.9,0.37 0.77,0.76,0.26 154.0
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C.2 Isotropic luminosity upper limits

Table C.2: Isotropic-equivalent luminosity upper limits for the 6 events from O3 with p,g0 > 0.5
that are classified with a possible neutron star component in Section 5.3. These are computed
using the S0 marginalized flux upper limit from Table 5.4.

Dy, [Gpe] 50 Li, U.L. [erg s™!]

Event Name Median 10-1000 keV
GW190425 0.15 8.38 x10%"
GW190814 0.23 8.16x10%"
GW190917_.114630 0.72 2.64x10%
GW191219.163120 0.55 8.53x10*
GW200115_042309 0.29 3.31x10%
GW200210.092254 0.94 1.94x10%

C.3 Marginal events

Here we present the remaining 30 and 50 flux upper limit maps computed for the 6
marginal GW events (FAR < 2y17!, pairo < 0.5) from O3 that are presented in Table 5.2.
These are constructed according to the method described in Section 5.1. Both sets of upper limits
assume the spectral shape of potential emission follows the normal spectral template from Ta-
ble 5.3 with a 1s emission duration. The 5S¢ flux upper limit map for GW200105_203549 is not

present in Figure C.4 because it is already presented in Figure 5.4 of the main text.
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Table C.3: Isotropic-equivalent luminosity upper limits for events from O3 with p.st.o > 0.5
that are classified as probable BBH mergers in Section 5.3. These are computed using the So
marginalized flux upper limit from Table 5.5. Events without data in both Fermi-GBM and Swift-
BAT are denoted with a dash.

Dy, [Gpe]l 50 Lig, U.L. [erg s7!] Dy, [Gpe]l 50 Lig, U.L. [erg s7!]
Event Name Median 10-1000 keV Event Name Median 10-1000 keV
GW190403_051519 8.28 2.36x10° GW191103.012549 0.99 3.94x10%
GW190408_181802 1.54 2.01x10% GW191105_143521 1.15 5.08x10%
GW190412 0.72 1.36x10% GW191109.010717 1.29 5.94x10%
GW190413_052954 3.32 3.36x10% GW191113.071753 1.37 7.33%x10%
GW190413_134308 3.80 4.28x10% GW191126.115259 1.62 7.93x10%
GW190421_213856 2.59 2.09%x10% GW191127.050227 34 2.46x10%
GW 190426190642 458 6.47x10% GW191129_134029 0.79 -
GW190503_185404 1.52 7.05%10% GW191204_110529 1.8 8.37x10%
GW190512_180714 1.46 8.47x10% GW191204_171526 0.65 4.11x10%
GW190513.205428 2.21 1.28x10% GW191215.223052 1.93 1.16x10%
GW190514_065416 3.89 3.14x10% GW191216.213338 0.34 3.78x10%
GW190517_055101 1.79 7.89%10% GW191222.033537 3.0 4.06x10%
GW190519_153544 2.60 1.91x10% GW191230.180458 43 5.80%10%
GW190521 3.31 3.52%10% GW200112_155838 1.25 -
GW190521_074359 1.08 3.98x10% GW200128_022011 34 2.94%10%
GW190527_.092055 2.52 2.65x10% GW200129_065458 0.90 1.28x10%
GW190602_175927 2.84 3.39x10% GW200202_154313 0.41 4.71x10%
GW 190620030421 2.91 2.81x10% GW200208_130117 2.23 1.49%x10%
GW190630_185205 0.87 2.22%x10% GW200208_222617 4.1 4.21x10%
GW190701_203306 2.09 1.21x10% GW200209_085452 34 3.21x10%
GW190706.222641 3.63 4.78x10% GW200216_220804 3.8 5.03x10%
GW190707_093326 0.85 2.61x10% GW200219_094415 34 3.88x10%
GW190708_232457 0.93 3.69%10% GW200220_061928 6.0 1.24x10%
GW190719.215514 3.73 5.28x10% GW200220_124850 4.0 4.16x10%
GW190720_000836 0.77 1.62x10% GW200224 222234 1.71 8.97x10%
GW190725_174728 1.03 - GW200225_060421 1.15 7.17x10%
GW190727_060333 3.07 3.55%x10% GW200302_015811 1.48 6.31x10%
GW190728_064510 0.88 1.75%x10% GW200306_093714 2.1 1.41x10%
GW190731_140936 3.33 3.48x10% GW200308_173609 5.4 1.21x10%"
GW190803_022701 3.19 2.81x10% GW200311_115853 1.17 -
GW190805211137 6.13 1.11x10%? GW200316_215756 1.12 3.72x10%
GW190828_063405 2.07 1.61x10% GW200322.091133 3.6 4.28x10%
GW190828_065509 1.54 7.58x10%
GW190910_.112807 1.52 4.54%x10%
GW190915_235702 1.75 8.36x10%
GW190916_200658 4.94 6.93x10%
GW190924_021846 0.55 6.25%10%
GW190925_232845 0.93 -
GW190926_050336 3.28 4.81x10%
GW190929.012149 3.13 3.71x10%
GW190930_133541 0.77 3.26x10%
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Figure C.3: The 30 flux upper-limit as a function of sky position for the 6 marginal events from
O3. The purple gradient represents the combined Fermi-GBM and Swift-BAT flux upper limits
for source positions at each point on the sky. The star symbol represents the zenith direction
of Fermi-GBM, the square symbol represents the center of the Swift-BAT FoV, and the green
contour represents the 90% credible area of the LVK localization. The blue region is the non-
visible portion of the sky which is occulted by the Earth for Fermi-GBM and outside the Swift-
BAT FoV. No map is provided for GW200311_103121 because Fermi-GBM was in the SAA and,
therefore, data are not available at the time of this event.
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Figure C.4: The 50 confidence level flux upper limit skymaps for the marginal GW events from
O3. The 30 flux upper-limit as a function of sky position for the 6 events from O3 identified
with a possible neutron star component and p,si,o > 0.5. The purple gradient represents the
combined Fermi-GBM and Swift-BAT flux upper limits for source positions at each point on the
sky. The star symbol represents the zenith direction of Fermi-GBM, the square symbol represents
the center of the Swift-BAT FoV, and the green contour represents the 90% credible area of the
LVK localization. The blue region is the non-visible portion of the sky which is occulted by the
Earth for Fermi-GBM and outside the Swift-BAT FoV.
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Appendix D:  Appendices for Chapter 6

D.1 IceCube PSF and CAPS correction

We derive the IceCube PSF profile for the selected samples from the smearing matrices
provided with the official data release [259], considering the response functions for year 2012-
2018 configuration (IC86_II _effectiveArea), and selecting the Northern hemisphere only
(declination bins above —5°). The response functions are weighted by the product of IceCube’s
effective area and an unbroken E~2 power law in order to properly account for the relative con-
tributions from high and low energy events. The resulting PSFs are fit with a univariate spline
[300], resulting in a smooth description of IceCube’s pointing averaged over the assumed power
law spectrum. An example of the obtained PSF is shown in Fig. D.1.

We compute the window functions from the obtained PSF profile using Eq. 6.7. The result
is shown in the top plot of Fig. D.1 (blue line): as expected, the plot shows that the correction due
to IceCube angular resolution is significantly more important than that for Fermi-LAT’s. There-
fore, we emphasize the importance of deriving the correct PSF profile from IceCube data with
respect to the Gaussian approximation. In the middle and bottom plots of Fig. D.1, we compare
the Gaussian vs. data-driven profiles of the IceCube PSF and the derived W, respectively. At
the small angular scales (large multipoles) the Gaussian profile is clearly misrepresenting the true

angular smearing of the IceCube data.
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Figure D.1: Top: Window beam functions applied to the maps in order to correct for the instru-
mental angular resolution. In orange we show the correction functions for the four Fermi-LAT
energy bins, while in blue is the correction for the IceCube map. In gray we show the pixel
window function used to account for the finite pixeling of the maps. Middle: Comparison be-
tween the PSF profile from the public data release [259] and a Gaussian profile with ¢ = 0.6 deg.
Bottom: Comparison between the beam window functions derived from the PSF and Gaussian
profiles shown in the middle panel.

195



D.2 Additional plots

10°

o
2

._.
2
0. v/ Total Events, 6 years

_.

<
)
tr

1074
2.0 2.5 3.0 3.5 4.0 4.5 5.0

Logio(Energy Proxy)

r=-1.8 100

o
2

o o
2 2
Astro. v / Total Events, 6 years

104
2.0 2.5 3.0 3.5 4.0 4.5 5.0
Logio(Energy Proxy)

r=-1.5 100

= o
< 2

Sin(6)

H
o
?

Astro. v/ Total Events, 6 years

1074

2.0 2.5 3.0 35 4.0 4.5 5.0
Logio(Energy Proxy)

Figure D.2: Variation of IceCube sensitivity in the Northern hemisphere assuming different spec-
tral indices of the power-law spectrum for the astrophysical signal (the normalization is kept the
same as in [285]). The plots are generated using the same method described in Section 6.2.3.
Energy Proxy is in units of GeV.
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Figure D.3: Variation of IceCube sensitivity as a function of the energy for the Northern hemi-
sphere. In general, a change in the spectrum normalization (as investigated in this work), trans-
lates in a rigid proportional shift of the sensitivity up or down. On the other hand, if the normal-
ization is fixed to the measured value [285] at 1 TeV, harder (steeper) spectra slightly enhance the
sensitivity at higher (lower) energies, while reducing it at lower (higher) energies. When consid-
ering the average sensitivity between 100 GeV and 100 TeV, the softer spectrum with I' = —2.1
decreases the sensitivity by ~ 1% compared to the case with I' = —1.8%; on the other hand,
the presence of an additional component with a harder spectrum (I' = —1.5) would improve the
sensitivity by ~ 30%. Energy Proxy is in units of GeV.
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Figure D.4: CAPS for the real Fermi-LAT and IceCube maps.
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Fermi simulated map (1-2 GeV)
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Figure D.5: Simulated Fermi-LAT UGRB maps for the four energy bins considered. The colorbar

is in unit of flux cm—2s tsr 1.
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Appendix E: Facilities and Software used in this Dissertation

E.1 Facilities

1. Fermi Gamma-ray Space Observatory
2. IceCube Neutrino Observatory
3. LIGO/Virgo/KAGRA

4. Neil Gehrels Swift Observatory (Burst Alert Telescope)

E.2 Software

1. Anaconda [301]
2. astropy [302]
3. Atom [303]
4. AxionLimits [304]
5. gammaALPs [305]
6. gmf [306]
7. Grammarly [307]
8. HEALPix [308]
9. healpy [309]
10. fermipy [310]

11. Fermi Science Tools [311]
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12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Jupyter [312]
matplotlib [313]
NITRATES [226]
NumPy [314]
pandas [315]
PolSpice [316]
Procreate [317]
PyXSPEC [318]
SciPy [319]
TexStudio [320]
threeML [321]
XSPEC [146]

Zotero [322]
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