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Abstract

The detection of astrophysical neutrinos and gravitational waves (GW) has ushered in a new
era of multi-messenger astroparticle physics, offering unique opportunities to explore the non-
thermal Universe. While coincident detections of GW and neutrinos alongside electromagnetic
signals have already been achieved in separate instances, no common source of GW and neu-
trinos has yet been identified. Such a discovery will provide unprecedented insight into the
processes that accelerate cosmic rays to extreme energies and the physics of compact objects.
To advance these ongoing search efforts, this thesis presents a systematic search for joint GW-
neutrino emission, based on the largest sample of archival GW events from the third observation
run of the LIGO-Virgo-KAGRA collaboration, publicly available since 2021. The analysis
employs the all-flavour, sub-TeV neutrino sample from the IceCube Neutrino Observatory, mo-
tivated by scenarios in which off-axis jets produce Doppler de-boosted neutrino spectra below
the TeV energy range. For the first time, these two datasets are combined within a joint frame-
work, employing an unbinned maximum-likelihood method to assess the statistical significance
of spatial and temporal coincidences. From the GW catalogues, 103 promising candidates of
different source classes are identified, followed by blind sensitivity studies using neutrino events
with scrambled right ascension and a catalogue search with unblinded data for correlated neutri-
nos within a 1000 s time window. No statistically significant coincidences are found, and upper
limits are estimated on the time-integrated, energy-scaled, per-flavour neutrino flux, E2Fyy.
The upper limits are found to be in the range between 1 - 10 GeV cm™2 within ¢'(10-100) GeV
neutrino energy range.

To address the implications of non-detection, the thesis also investigates the prospects for iden-
tifying common GW-neutrino sources with next-generation facilities, particularly the Einstein
Telescope and IceCube-Gen2. Binary black hole mergers in active galactic nuclei disks are
investigated as promising candidates for powering relativistic jets. For Northern Hemisphere
sources, the expected neutrino background in the 10°~107 GeV range is estimated per declina-
tion bin, and the detection significance is quantified for both individual mergers that ET could
observe and their populations, as well as for individual neutrino detectors and their networks.
It is found that, even with improved sensitivity of next-generation detectors, catalogue searches
remain limited in potential. In contrast, stacking analyses offer a viable path to uncovering a

population of common GW-neutrino sources in the future.






Zusammenfassung

Auf der Spur Kosmischer Koinzidenzen: Multi-Messenger-Suche mit Neutrinos und Gra-

vitationswellen

Die Entdeckung astrophysikalischer Neutrinos und Gravitationswellen (GW) hat eine neue Ara
der Multi-Messenger-Astroteilchenphysik eingeldutet und bietet einzigartige Moglichkeiten zur
Erforschung des nicht-thermischen Universums. Wihrend die gleichzeitige Detektion von GW
und Neutrinos zusammen mit elektromagnetischen Signalen bereits in einzelnen Fillen gelun-
gen ist, wurde bislang noch keine gemeinsame Quelle fiir GW und Neutrinos identifiziert. Eine
solche Entdeckung wiirde beispiellose Einblicke sowohl in die Prozesse liefern, die kosmische
Strahlung auf extreme Energien beschleunigen, als auch generell in die Physik kompakter Ob-

jekte.

Um die laufenden Suchbemiihungen voranzutreiben, prisentiert diese Arbeit eine systematische
Suche nach gemeinsamer GW-Neutrino-Emission, basierend auf der groten Stichprobe von
archivierten GW-Ereignissen aus der dritten Beobachtungsphase der LIGO-Virgo-KAGRA-
Kollaboration, die seit 2021 6ffentlich zugénglich ist. Die Analyse nutzt die All-Flavour-Sub-
TeV-Neutrino-Messungen des IceCube-Neutrino-Observatoriums, motiviert durch Szenarien,
in denen auBeraxiale Jets Doppler-entzerrte Neutrino-Spektren im Sub-TeV-Energiebereich lie-
fern. Zum ersten Mal werden diese beiden Datensitze in einer Analyse kombiniert, wobei eine
Blind-Maximum-Likelihood-Methode ohne Binning verwendet wird, um die statistische Signi-
fikanz raumlicher und zeitlicher Ubereinstimmungen zu bewerten. Aus den GW-Katalogen
werden 103 vielversprechende Kandidaten verschiedener Quellenklassen identifiziert, gefolgt
von Sensitivitdtsstudien mit in der Rektaszension verschmierten Neutrinos und anschliefender
Katalogsuche nach korrelierten Neutrinos innerhalb eines Zeitfensters von 1000 s. Es wur-
den fiir keines der Ereignisse statistisch signifikante Koinzidenzen gefunden. Daher wurden
Obergrenzen fiir den zeitintegrierten, energieskalierten Neutrinofluss pro Flavour fiir Neutri-
noenergien von &'(10-100) GeV berechnet. Dieses Limit liegt fiir alle Ereignisse im Bereich
E?Fyy =1-10 GeV cm ™2,

Um die Auswirkungen der Nichtdetektion zu untersuchen, befasst sich die Arbeit auch mit
den Aussichten fiir die Identifizierung gemeinsamer GW-Neutrino-Quellen mit Observatorien

der nichsten Generation, insbesondere dem Einstein-Teleskop (ET) und IceCube-Gen2. Ver-

11



schmelzungen von bindren schwarzen Lochern in aktiven galaktischen Kernen werden als viel-
versprechende Kandidaten untersucht, da sie das Potenzial haben, relativistische Jets anzutrei-
ben. Fiir Quellen der nordlichen Hemisphire wurde der erwartete Neutrino-Hintergrund im
Bereich von 10°-107 GeV pro Deklinationsbin bestimmt und die Nachweissignifikanz sowohl
fiir einzelne Verschmelzungen, die von ET beobachtet werden konnen, als auch fiir deren Po-
pulationen unter Einzel-Detektor- und Netzwerk-Szenarien von Neutrino Observatorien quan-
tifiziert. Es zeigt sich, dass selbst mit verbesserter Empfindlichkeit der Detektoren der nichsten
Generation die Moglichkeiten der Katalogsuche auf Basis von Einzelereignissen begrenzt blei-
ben. Im Gegensatz dazu bieten Stacking-Analysen einen gangbaren Weg, um in Zukunft eine

Population gemeinsamer GW-Neutrino-Quellen aufzudecken.I
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Chapter 1. Introduction

"Nothing in life is to be feared; it is only to be understood. Now is the time to
understand more, so that we may fear less."
- Marie Curie

The most energetic phenomena in the Universe remain among the most puzzling and least un-
derstood ones to this date. For over a century, cosmic rays (CR) and photons in a broad band
of wavelengths have been considered as our primary messengers from such high-energy, non-
thermal astrophysical sources. However, both come with inherent fundamental limitations, as
photons are absorbed and CR are deflected during their journey towards the Earth. Conse-
quently, the source of these high-energy messengers remains hidden, leaving us with funda-
mental questions regarding the mechanisms that naturally empower such energetic phenomena
in the Universe and how they accelerate particles to the highest energies ever observed.

To overcome these challenges, new messengers were needed which could travel vast cosmic
distances without any alteration. Astrophysical neutrinos perfectly fit the scenario as they are
produced alongside CR via hadronic interactions in similar astrophysical environments. But be-
ing neutral and weakly interacting particles, they reach Earth unscathed. As a result, they carry
unique information about the processes driving CR acceleration. A breakthrough in this direc-
tion was recorded in 2013, when IceCube, a neutrino observatory located in Antarctica, reported
28 high-energy neutrino event candidates in the energy range of 30 - 1200 TeV [1], revealing
the presence of a diffuse high-energy neutrino flux of extraterrestrial origin. This opened a new
window to the high-energy Universe. Just two years after that, the LIGO detector’s direct obser-
vation of gravitational waves (GW) from a binary black hole merger, GW150914 [2], occurring
~ 410 Mpc away from the Earth, established GW as a new astrophysical messenger.

Following this, the first observation of a multi-messenger source was achieved through the coin-
cident detections of GW and electromagnetic (EM) radiation from a binary neutron star merger,
GW170817 [3]. It confirmed the association of short gamma-ray bursts and the subsequent kilo-
nova with the merger of compact binary objects, specifically consisting of neutron stars. This
marked the beginning of the era of ‘multi-messenger astroparticle physics’. Since then, multi-
messenger observations have allowed us to study cosmic sources by combining observations
from different astrophysical messengers originating in the non-thermal Universe. Evidence of
joint sources of EM radiation and neutrinos is continuing to emerge [4—6], pointing to promising
hadronic interaction sites that serve as CR accelerators. Even the absence of coincident signals
provides meaningful constraints, contributing to a richer and more comprehensive understand-
ing of the most energetic and exotic environments of the Universe.



1. Introduction

To obtain a complete picture, a common source of GW and neutrinos is yet to be identified, as
shown in Fig. 1.1, despite several promising candidates currently under investigation. Such a
detection would open a unique window into the innermost, densest regions of hadronic acceler-
ators, which are otherwise inaccessible. To address this challenge, the IceCube Neutrino Obser-
vatory is playing an active role, both in real-time and archival follow-ups of high-significance
GW alerts issued by the LIGO-Virgo-KAGRA (LVK) collaboration [7-13], employing diverse
neutrino data samples spanning a wide energy range of neutrinos.

However, the absence of confirmed joint GW-

neutrino detections from these targeted follow-

ups emphasises the need for more comprehen-

7 r sive and extensive searches. This thesis ad-
dresses that requirement by presenting a sys-

tematic study based on an extensive set of

CR archival GW events, which have been publicly
available since 2021. While these GW events

passed only a less stringent detection crite-

rion compared to that of the highly significant

GW events, a coincident detection with neutrinos
will boost their astrophysical relevance [14]. To

enable such a search in the frame of this the-

So far, coincident detections of Gravitational

Waves (GW) and photons () [3] and of neu-

trinos (v) and y [4] have been observed,

while joint emission of GW and v is still be-

ing searched for. Cosmic rays (CR), being

deflected by magnetic fields, can not be di-

rectly correlated with other messengers. ing the non-observation of high-energy neu-
trino counterparts.

is employed, since many potential joint GW-
neutrino sources are expected to produce off-
axis jets. In these scenarios, the higher-energy
neutrino flux detectable at Earth gets Doppler
de-boosted to sub-TeV energies [15], explain-

This thesis also explores the prospects of identifying a common astrophysical source of GW
and neutrinos with future detectors. In this context, binary black hole mergers are considered as
prospective source candidates, since they represent the most abundant class of compact binary
mergers that emit GW in the most sensitive frequency range for the terrestrial detectors. Under
the assumption of the binary black hole system being embedded in an active galactic nucleus
disk, post-merger, their remnants can launch relativistic jets. For such jets oriented toward
Earth, and GW sources located in the Northern Hemisphere, the potential detection of TeV-
PeV neutrinos from both individual sources and a population of GW-emitting binary black hole
mergers is quantified, using detection capabilities of individual neutrino detectors, as well as
their global networks. The detection significance for these configurations is quoted with the
help of a robust background estimation. To this end, the layout of this thesis is as follows:

e Chapter 2: Introduces the framework of multi-messenger studies, while providing a
brief overview of the individual messengers, and highlighting promising multi-messenger



sources, which could themselves emit or host astrophysical sources emitting GW and
neutrinos in coincidence.

Chapters 3 and 4: Describe the state-of-the-art techniques for GW and neutrino detec-
tion, respectively, together with the observations and data samples used in this thesis.

Chapter 5: Presents the statistical analysis method applied for identifying significant
coincidences between GW and neutrinos.

Chapter 6: Discusses the selection of GW source candidates and the outcome of sen-
sitivity studies performed with the ‘blind’ sub-TeV IceCube data sample, scrambled in
right ascension.

Chapter 7: Reports the results of the unblinded follow-up searches for coincidences
between shortlisted GW events and IceCube-detected neutrinos.

Chapter 8: Estimates the background in the Northern Hemisphere to explore the
prospects for detecting joint GW-neutrino emission with enhanced future generations of
detectors, focusing on binary black holes embedded in the disks of active galactic nuclei.

Chapter 9: Concludes with a summary of the main insights gained from this work and
their implications for future multi-messenger searches.






Chapter 2. Multi-messenger Astroparticle
Physics: Concepts and Motivation

"Science is about connecting things. And that’s what makes it beautiful."
— Donna Strickland

Astroparticle physics is an interdisciplinary research topic at the intersection of particle physics,
astrophysics, and cosmology [16]. Currently, it is a thriving research discipline which tries to
address the fundamental questions about highly energetic cosmic rays (CR), multi-wavelength
photons, neutrinos, as well as gravitational waves (GW), coming from distant astrophysical
sources. They are labelled as ‘messengers’, as all of them carry unique information about their
respective astrophysical sources. Together, they provide unique insights into the high-energy
universe, where they are naturally accelerated to energies far beyond the reach of terrestrial
colliders [17].

Over the last few decades, this field has been further revolutionised as it was experimentally
demonstrated [3, 4] how combining the information from the individual messengers can max-
imise the insight we can gain about the astrophysical environment they have experienced before
reaching us. This marked the birth of ‘multi-messenger astroparticle physics’, which is a rapidly
evolving field of research. As a part of this thesis, we will use this technique to search for com-
mon sources of GW and neutrinos, to enrich our understanding of such joint emission scenarios
and possible sources. Before that, the individual messengers will be introduced and discussed
in depth as a part of this chapter.

2.1. Cosmic Rays

The initiation of the field of astroparticle physics can be attributed to the first detection of CR.
It all started with Theodore Wulf’s pioneering measurements of atmospheric ionisation at the
base and summit of the Eiffel Tower. Wulf observed significantly higher ionisation levels at the
top, which could not be explained by terrestrial radiation sources [18]. A decisive breakthrough
came with the works of Domenico Pacini [19], Victor Hess [20], and Werner Kohlhorster [21],
who unanimously confirmed the existence of charged particles of extra-terrestrial origin from
their measurements. These particles, later labelled as ‘cosmic rays’, were found to be the cause
behind the increasing ionisation with altitude.

At present, we know that CR constantly bombard Earth’s atmosphere from all directions. They
can reach energies up to 10! GeV due to acceleration at their sources, which is roughly 7 or-
ders of magnitude higher than the Large Hadron Collider’s (LHC) current performance [17].
Observations suggest that they are composed of protons, alpha particles and heavier nuclei.
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However, their exact proportion in the CR composition at different energies is still under in-
vestigation. After production, these CR particles propagate through galactic and extragalactic
magnetic fields. Along the way, they get deflected and can lose energy through interactions with
background photons.

After entering Earth’s atmosphere, primary CR particles collide with air nuclei and can produce
a shower of secondary particles, which comprises charged particles like mesons and leptons, as
well as neutral particles like neutrinos and photons. A detailed discussion about CR induced air
showers can be found in [17, 18]. However, in this section, we will mostly concentrate on the
source properties to understand how they can achieve considerably high energies.

2.1.1. Observed Cosmic Ray Energy Spectrum

Multiple experiments, both via direct and indirect observations, have measured the CR energy
spectrum, as shown in Fig. 2.1'. Tt is spread across many orders of magnitude in energy and
flux. In the energy scale around 1 GeV, we can expect to detect one particle per m? per s. But
the flux falls steeply with increasing energy, and we end up with 1 particle per km? per century
around 10'" GeV. We can explain the CR flux across the entire energy range with a power-law

as shown in Eq. 2.1.
dN

dE dA dt dQ *
Here, N is the number of CR particles detected on Earth, E is its energy, A is the detector’s

surface area, and € is the solid angle. The power-law behaviour of the spectrum provides
strong evidence that non-thermal processes govern CR acceleration [17]. The exponent v is the

E7Y 2.1

spectral index, and its value varies at different points across the energy range, marking visible
spectral features. The estimated best-fit values for the whole energy range are given in Eq. 2.2,
following [17].

E~%7, (E<10°77GeV)
—(E) < E731 (107 GeV < E < 10°°GeV) (2.2)
E™2% (10°°GeV SE < 10M°GeV)

As shown in Eq. 2.2, while the flux falls rapidly with energy, the spectrum starts steepening
around 10° GeV, known as the ‘knee’, as the spectrum softens from y = 2.7 to 3.1 around 3
x 10® GeV. This feature is commonly interpreted as the gradual cutoff of galactic CR [17], with
the maximum cutoff energy, E. = R. X Ze, where R, is the corresponding magnetic rigidity, and
Ze is the total charge of a nucleus with atomic number Z, according to the Peters Cycle [24, 25].
It was experimentally supported by the data obtained by the KASCADE experiment [26]. Latest
results show that there are more structures of individual mass spectra in this region, hinting
towards different source populations [27-30].

1GitHub repository: https://github.com/carmeloevoli/The_CR_Spectrum?tab=readme-ov-file


https://github.com/carmeloevoli/The_CR_Spectrum?tab=readme-ov-file

2.1. Cosmic Rays

Energy []]
10719 108 107® 107* 1072 1 102
[ [ [
AMS-02 ol i
AUGER Sl E
CALET g
CREAM 5
DAMPE E
- FERMI &
| HAWC 2
;U_; HESS =
— ICETOP ICECUBE |,
lcn KASCADE ;
ch NUCLEON ;
E S }-IIABET |
8 I VERITAS
= li Ankle
-‘v:: b 4 1 ”/\ —
z ' &
8 Y
c
: v IGRB
M 100 =
LHC
10_7 | g| | 1 |
1 10° 10° 10° 10%2
Energy [GeV]

Figure 2.1.: The CR energy spectrum, as measured by several direct and indirect observations.
The spectral features are pointed out on the plot, with the event detection rate. It also points
out the required CR energy (= 10® GeV) to achieve a centre of mass energy similar to what the
LHC produces (= 1.4 x 10* GeV). Also, the diffuse high-energy neutrino (tracks + cascades)
and the isotropic gamma-ray background (IGRB) spectrum are pointed out for comparison.
Figure obtained from [22], produced by Carmelo Evoli, using the data available at [23].

Referring back to Eq. 2.2, the CR spectrum further hardens and starts flattening out as y changes
again from 3.1 to 2.6 till 3 x10° GeV. It is known as the ‘ankle’. It is interpreted as the flux
associated with the CR of extragalactic origin. This region is well measured by the Pierre
Auger Observatory [31, 32] and the Telescope Array [33, 34]. Above this energy range, the
spectrum further softens before it diminishes beyond 10!' GeV. According to Greisen [35],
Zatsepin and Kuzmin [36], initially it was believed that the cut-off can be caused by the possible
interaction between the CMB photons (YcMmg), and the very high-energy protons (p™), if they
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are the dominating component at the end of the CR spectrum. This would initiate photo-pion
production following a single pion channel as shown in Eq. 2.3, before they reach the Earth.

Yemp+pt =AY = n+nt sn+put vy o nte VetV + vy
- p+n’ s p+y+y (2.3)

The resultant neutrinos could be detectable on Earth, given a sufficient event rate ensured by
a very large detector volume. They are known as the cosmogenic neutrinos, which are yet to
be detected [37]. Additionally, recent results from the Pierre Auger Observatory suggest that
the CR composition gets heavier near the suppression energy. For such a scenario, the ob-
served spectral cut-off might originate from the limited acceleration power of the astrophysical
sources [17, 38, 39].

2.1.2. Arrival Direction of Cosmic Rays

As CRs are charged particles, they are deflected by galactic and extragalactic magnetic fields as
they propagate towards Earth. In the presence of a static magnetic field B, a moving CR particle
of charge Ze, mass m, velocity v, and Lorentz factor I" will experience a Lorentz force I3 being
exerted on it, which could be quantified as,

o v  Ze,, <

As visible in Eq. 2.4, the particle will not be propagating in a straight line, but rather will
undergo a helicoidal motion along the direction of B [40]. The associated Larmor radius for
ultra-relativistic cases could be evaluated as,

Ecr 1 Ecr 3 uG

= —— ~kpc X = X X
L=z TP 7 1085ev " B

(2.5)

From Eq. 2.5, it is evident that the deflection of CR particles should decrease with increasing
energy, as magnetic rigidity (R ~ EZLKR) increases. Also, the CR particles of Ecg ~ 1 PeV should
be well confined in our Galaxy [41, 42], for a typical value of the Galactic magnetic field B ~
3 1G, in our vicinity. However, for CR particles of energy > 1083 eV, the Larmor radius is
much larger compared to the size of our Galactic disk (r, = 30 kpc). Thus, their origin must be
extragalactic.

2.1.3. Cosmic Ray Accelerators

The astrophysical sources which can accelerate CR particles to extremely high energies must
produce a CR flux that replicates the observed spectral shape of CR. To identify the sources, the
underlying CR acceleration mechanism must first be understood.
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One of the proposed mechanisms is diffusive shock acceleration, introduced by Enrico
Fermi [17, 18]. In this process, a fast plasma collides with a slower surrounding material, lead-
ing towards the formation of shock fronts. Charged particles with initial energy Ey repeatedly
cross these non-relativistic shock fronts in a collisionless plasma. They gain energy through
successive ‘head-on collisions’ with the approaching plasma flow. After each collision, the re-
sultant energy of the i charge particle would be E; = BE,. In this case = 7, where v is the
shock speed. After ‘k* collisions, the final energy of the particle would be E; = B¥E,. It could
be shown that the resulting fractional energy gain scales as ATE o< 3, leading to a source spectrum
of % o E~2 for the ideal diffusive shock acceleration. The source spectrum, when modified by
propagation effects can somewhat account for the observed CR spectrum. This mechanism is
famously known as the first-order Fermi acceleration, as AE—E has a linear dependence on f3.
However, in his first attempt to explain CR acceleration, Fermi suggested that charged particles
gain energy through repeated scattering in a turbulent plasma, with randomly moving magnetic
clouds [43]. It involves particles scattering elastically off these magnetic irregularities, much
like bouncing between ‘magnetic mirrors’. Because the mirrors are moving randomly, collisions
with an approaching mirror make the particle gain some energy. In reverse, if the mirror is
receding, the particles lose energy. In Fermi’s argument, he suggested that the probability of
particles colliding with the mirrors moving towards them is higher. This would result in overall
energy gain due to head-on collisions quantified as % o B2, giving it the name ‘second-order
Fermi acceleration’. This implies that the particle acceleration is less efficient in this case,
compared to first-order Fermi acceleration.

The acceleration continues until the CR particle reaches a maximum energy (Epmax) and escapes
the acceleration environment once it has a Larmor radius r1, > Rgource, Which is the characteristic
length scale of the source. En,x can be quantified following the Hillas criteria [38], which states
the maximum attainable energy for acceleration in a shock with velocity B is Emax = BgBRsources
where g = Ze, the charge of the CR particle and B is the magnetic field strength at the source.
The quantity B here is the velocity of the shock waves accelerating CR particles.

Following this relation, only a few sources can accelerate a CR particle of a given charge to
higher energies. Also, given the B and Ryoyrce Values associated with any source, the Ep,x value
can be constrained, as visualised in Fig. 2.2. In addition to following the Hillas criteria, they
should also satisfy the population criteria, i.e., the number density of the sources should be in
agreement with the energy budget of UHECR, which is found to be ~ 5 x 10** erg Mpc 3 yr~!
on Earth [45]. So, they can either be very populous but dim sources or scarce but bright sources.
It is represented in Fig. 2.3, which is obtained from [44], where more details are available.
Furthermore, the potential sources should also be capable of producing neutrinos in the TeV-
PeV range, which is possible in a calorimetric environment which can trap CR protons with
E <100 PeV [46].

2.1.4. Limitations as a Messenger

Backtracking the CR path to identify their astrophysical sources is not straightforward, as
charged particles suffer from massive deflection in the galactic and extragalactic magnetic field
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Figure 2.2.: Hillas diagram for a CR particle with energy 10%° eV, showing the limiting cases
of proton and iron nuclei. Solid and dashed lines correspond to assumed shock speeds (f3),
corresponding to galactic (8 = 0.01) and extragalactic (8 = 1) sources. Details on the source
classes are provided in [44], from which this plot is adapted.

while propagating towards us. For protons, the scale of deflection (0) is quantified in Eq. 2.6,
where E is the energy of the high-energy CR particle of extragalactic origin, B is the strength
of the extragalactic magnetic field, and D is the distance of the source from Earth [47].

_100BeV B D

o =3 Sz
E " nG " 100 Mpc

(2.6)

Additionally, their deflection also causes a time delay for their arrival on Earth. In the Galactic
scale, it is ~100 years, but it could be several thousand years for CR propagation through the
extragalactic magnetic field [48]. Hence, direct correlation analysis can not be performed to
identify the sources. Furthermore, the UHECR particles interact with CMB and the low-energy
photon fields in the intergalactic medium, eventually losing energy before reaching the Earth.
For all the above-mentioned reasons, it is more practical to rely on messengers created in the
environments where CRs are accelerated, or on neutral secondaries produced at the sources, to
identify potential UHECR origins. The following sections discuss these messengers in detail.
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Figure 2.3.: Populations of candidate CR sources, obtained from [44]. The solid black
line indicates those capable of supplying the required cosmic-ray energy budget of 5 x
10* erg Mpc—3 yr~!. Source luminosities shown here are inferred from photon observations.
Further details are provided in [44]. Source classes lying to the left of the grey dashed line are
considered too rare. To fit in, they need to be too bright, which would violate the observed CR
flux threshold.

2.2. Photons

Historically, photons in the visible spectrum have served as the primary messenger for exploring
the Universe. Today, they remain the most extensively studied messenger, observed across
multiple wavelengths that probe different energy ranges.

2.2.1. Production Mechanisms

Photons span a wide range of wavelengths, from radio, infrared (IR), optical, ultraviolet (UV),
to X-rays and gamma-rays. Typically, the radio waves, with wavelength, A ~ 1 mm - km, can
have energy as low as 10° eV, whereas very high-energy gamma rays can reach up to 10'2 -
10'3 eV [18]. Photons with different wavelengths are often associated with different physical
processes and source environments, which in turn help classify the astronomical objects accord-
ingly. Being electrically neutral particles, their paths are not deflected by magnetic fields. This
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2. Multi-messenger Astroparticle Physics: Concepts and Motivation

allows them to point directly back to their astrophysical sources, typically with good angular

resolution.

Photons across multiple wavelengths can originate from various leptonic radiative processes
involving high-energy electrons, such as synchrotron emission, bremsstrahlung, and (inverse)
Compton scattering. A detailed discussion on this could be found in [49]. At the highest
energies, particularly in the gamma-ray band (energies > 10° eV), photons can also be produced

via hadronic interactions, following the decay of neutral pions [50] created in CR interactions
with matter (pp interaction) or ambient lower-energy photons (py interaction) [50].

Both interactions are represented below in Eq. 2.7.
ﬂo/i +X

p(n) + %)
Y+

p+p
Pty

8
Ll

25 LLLUL B RLLL B R L B R |v|‘_|'|u| .“vl-u._vn‘n

T ‘Iv,vu‘f!_l" T3

(3K bkg)

py-A-m-v

N
o
=
=)
o
@
7]
-
]
o
1]
@
3
<
@
Q
°
@
-]
@
3
=
3

log(particle or photon energy, eV)

15
highest observed » energy
| galaxy
local group I
10 Nearby clusters (I 1
AGN & QSOs I
cosmology
JI“II 1 lA“llll 1 lllllll.l 1 :“uul 1 llllllll 1 ll“lnl 1 Ill“llj L L Ll
0.01 0.1 1 10 102 103 104

Observable distance (Mpc)

Figure 2.4.: CR proton and photon energy vs the
distance within which they are detectable. Photons
are affected by absorption in the infrared and CMB.
The blue shaded area represents, for any given en-
ergy, the distance range a photon cannot reach. Pro-
tons, besides undergoing deflection due to magnetic
fields, are also affected by the GZK cut-off as ex-
plained in Sec. 2.1.1. The red shaded area gives the
distance range a proton cannot reach at a given en-
ergy. The figure is obtained from [51].

12

pr vy — et +ve+ v+ vy

Thus, gamma-rays are being extensively
used to identify CR accelerator candi-
dates using the large number of gamma-
ray telescopes observing the sky. Un-
der the assumption that the secondary
leptons produced in Eq. 2.7 share equal
parts of the initial pion energy, and
<g—zj ~ 0.2, the energy of gamma-rays
produced (Ey) is typically about 10% of
the initial proton’s energy (E,) [46].

E Ep (2.8)
¥ TS .

The interaction of UHECR with the
CMB and the low-energy photon fields
in the intergalactic medium produces
‘cosmogenic’ or ultra-high-energy pho-
tons, following the mechanism shown in
Eq. 2.3. Their flux is sensitive to the
composition of UHECRs, as a lighter
composition would lead to the produc-
tion of UHE photons. They can cascade
down to lower energies, and their contri-
bution to the isotropic gamma-ray back-

ground can be constrained by Fermi-



2.3. Neutrinos

LAT. Thus, related studies can test models of CR sources, constrain their composition, and
the physics governing their acceleration and propagation over vast cosmic distances.

2.2.2. Limitations as a Messenger

Despite the possibility of their origin in cosmic accelerators, high-energy gamma rays come
with their own limitations as messengers. The ambiguity between leptonic” and hadronic pro-
duction mechanisms also makes it difficult to definitively identify CR accelerators using photons
alone. Furthermore, they are attenuated by interactions with ambient background radiation, par-
ticularly the extragalactic background light (EBL) and the CMB, and produce electron-positron
(ete™) pairs, as shown in Eq. 2.9.

Y+YMmB=e' +e (2.9)

This effect imposes a photon horizon, significantly limiting the observable distance for very-
high-energy (VHE) gamma rays, as shown in Fig. 2.4. As photons also interact with matter,
CR sources could also be opaque to photons, as they can be absorbed and attenuated by dense
clouds of matter surrounding the CR accelerator.

2.3. Neutrinos

Neutrinos (the "little neutral one") are neutral leptons in the Standard Model of particle
physics [53, 54]. They come in three ‘flavours’, namely electron neutrino (V,) [55], muon neu-
trino (V) [56] and tau neutrino (v¢) [57], all companion neutral leptons for each of the charged
leptons, which are electron (e ), muon (¢~ ), and tau (7). V, and its anti-particle v, were first
proposed by Wolfgang Pauli to explain the continuous nature of the electron spectrum originat-
ing from f decay. Later, Enrico Fermi incorporated it into his theory of B~ decay [58], which
successfully explained the entire phenomenon of radioactive decay, providing a firm theoretical
foundation for neutrinos.

In the 1980s, the phenomenon of neutrino oscillation was observed, where neutrinos transform
from one flavour to another because neutrino mass eigenstate and flavour eigenstate are dif-
ferent [59-63]. It predicts that neutrinos have non-zero rest mass, which is not permitted in
the Standard Model. From cosmological evidence, a current upper bound has been predicted
for neutrino mass (m, ) for all neutrino species to be m, < 0.12 eV [64], and from direct mea-
surements for electron neutrinos, the current upper bound is my, < 0.45 eV, as reported by the
KATRIN collaboration [65].

Although many of their fundamental particle properties are elusive, neutrinos are ideal cosmic
messengers. They are not deflected by magnetic fields and interact very rarely with matter or
radiation. This allows neutrinos to travel virtually unimpeded from their sources to Earth, even
from dense, radiation-opaque regions. Thus, from Earth we can observe the ‘neutrino sky’

’In leptonic processes, they are produced via inverse Compton scattering [49]
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Figure 2.5.: A ‘grand unified neutrino spectrum’, coming from different source classes, as ob-

servable from Earth. The flux is integrated over zenith angle and summed over all flavours.
In the figure, solid lines are for neutrinos and dashed lines are for anti-neutrinos. CNB is the
cosmic neutrino background. BBN stands for big bang nucleosynthesis, and DSNB for diffuse
supernova neutrino background. Cosmogenic neutrinos are produced from the interaction of
ultra-high-energy cosmic rays with the cosmic microwave background. Figure and details ob-
tained from [52].

spread over a wide range of energy, as depicted in Fig. 2.5, starting from neutrinos with meV
energies, produced at different cosmological epochs, to the highest energy neutrinos related to
CR interactions.

2.3.1. Production Mechanism of Cosmic Neutrinos

High-energy neutrinos are products of CR interactions with ambient matter or radiation at as-
trophysical sources. They are produced in astrophysical environments and are exclusively pro-
duced via hadronic processes, both via photo-hadronic (py) and hadronuclear (pp) interactions
while the charged pions decay, as shown in Eq. 2.7. This makes them a ‘smoking gun’ signa-
ture for hadronic acceleration of CR. It is to be noted that for pp interaction, the ratio of the
production of charged to neutral pions is K; = 11\\[]—% ~ 2. But for py interaction, the non-resonant
pion production makes K ~ 1 [66]. Following the calculations shown in Eq. 2.8, the energy of
produced neutrinos (Ey) is typically about 5% of the initial proton’s energy (E))

E, ~ 2. (2.10)
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In the calculations shown in Eq. 2.10, the parent CR particle is assumed to be a proton. For
heavier CR nuclei, E\, ~ %, where A is the mass number of the CR nuclei of energy
Ecr [46].

Whether the secondary pions, neutrons and muons decay, lose energy, or undergo further inter-
actions depends strongly on the density of matter and radiation fields in the source environment.
These processes shape both the intensity and the flavour composition of the neutrino flux that
ultimately escapes. At the point of production, the expectation for neutrino and antineutrino
flavour ratio is V. : vy : V¢ = 1:2:0. Due to flavour oscillation, while traversing a large dis-
tance from the source to the detector on Earth, the final flavour ratio on Earth for astrophysical
high-energy neutrinos should turn out to be 1:1:1° [69, 70].

2.3.2. Diffuse Flux of Astrophysical Neutrinos

The first detection of an isotropic flux of astrophysical HEN took place in 2013 [1] by the Ice-
Cube collaboration. The diffuse flux above ~ 100 TeV is broadly consistent with the Waxman-
Bahcall (WB) bound [71], as shown in Fig. 2.6.
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Figure 2.6.: Energy budget of extragalactic photons (blue), neutrinos (pink and red) and CR
(green). The dashed lines illustrate expectations based on interconnections between these mes-
sengers. Their consistency with observations suggests a common origin. For instance, the blue
dashed line reflects the link between neutrinos and gamma rays via pion decay, while the green
dashed line corresponds to the Waxman—Bahcall limit on neutrinos inferred from CR data. Fig-
ure and details obtained from [72].

3A recent IceCube study favoured a muon-damped scenario, yielding a flavour composition Fve 2 vy 2 fve =
0.19104%:0.43%047:0.38103], with 68% uncertainties. However, this can also hint towards a limitation in current
reconstruction methods for the tau neutrino classifier [67]. With a better classifier, different event selection, and
broken power law flux assumption, new result seems to favour the standard pion decay scenario, with best-fit
Sve  fvy + fyr =0.30:0.37:0.33, with 68% uncertainties. However, the muon-damped scenario is still within the
68% CL contour [68].
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This bound was formulated in 1998, well before the discovery of high-energy neutrinos, and is
based on the observed flux of UHECR above 10'° eV. The derivation assumes that UHECRs are
extragalactic protons injected with a spectrum proportional to E&% , as expected from first-order
Fermi acceleration (see Sec. 2.1.3), before modifications from propagation effects.

From the initial measurement of UHECR flux by Fly’s Eye and AGASA*, and accounting for
energy losses during propagation, the energy generation rate of extragalactic CR was estimated
to be about 4.5 x 10" erg Mpc 3 yr~! [45]. Expressed as the "energy per logarithmic particle
energy interval", this budget remains approximately constant between 10'° and 10?! eV, and is
also valid for lower-energy protons if they abide by the EC_I% injection spectrum for CR particles.
On this basis, the WB bound predicts an upper limit (UL) for the per flavour diffuse extragalac-
tic neutrino flux, ®yy ~ 10783GeV cm™2s !sr!. The agreement of IceCube’s measurements
with WB UL provided the first strong indication that the detected astrophysical HEN are ex-
tragalactic in origin, and served as an observational proof between the HEN production and
extragalactic CR flux.

2.3.3. Limitations as a Messenger

An intrinsic limitation stems from the effectively unlimited horizon of neutrinos. Since they
interact only weakly, astrophysical neutrinos can traverse cosmological distances essentially
unimpeded, unlike photons, as shown in Fig. 2.4. Although it appears advantageous for the
neutrinos, it also complicates source identification, since the detected flux may contain con-
tributions from both very distant and relatively nearby sources, without an obvious way to
disentangle them.

Additionally, the tiny interaction cross-section of neutrinos makes their detection notoriously
difficult, requiring very large detectors (More in Ch. 4) to identify a sufficient flux of astro-
physical neutrinos. On top of that, the astrophysical neutrino detectors on Earth also compete
with the large atmospheric neutrino and muon flux, which serves as a ‘background’. The at-
mospheric muons and neutrinos are produced as a result of CR interaction in our atmosphere.
The CR interaction with the atmospheric nuclei initiates a hadronic shower, producing secon-
daries like pions (%), kaons (K*) and D-mesons. The pions and kaons are short-lived particles
which decay to muons and neutrinos/antineutrinos. The atmospheric neutrinos produced from
the pion and kaon decays are labelled as ‘conventional’ flux [73, 74]. Alternatively, the heavier
D-mesons decay first to charmed mesons, which further decay to produce the ‘prompt’ flux
of atmospheric neutrinos [75]. These atmospheric muons and neutrinos can also travel all the
way to reach the detector volume and mimic the exact signature that the astrophysical neutrinos
leave after detection. To deal with the enormous background, all the astrophysical neutrino de-
tectors employ various strategies which differ depending on the energy and arrival direction of
the astrophysical neutrinos. It is discussed in detail in Sec. 4.2.2.

“Now we also have modified measurements from Pierre Auger and Telescope Array observatories.
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2.4. Gravitational Waves

Gravitational waves (GW) were first formalised by Albert Einstein in 1916 as a consequence
of his general theory of relativity (GR) [76]. In GR, gravity is described as the distortion of
spacetime caused by the presence of energy and matter. The dynamics of the gravitational
field and its coupling with matter are described by Einstein’s field equations (EFE). It relates
spacetime curvature to the energy and momentum density of matter in the following way,

1 8nG
Here, Ry is the Ricci curvature tensor, R is the Ricci scalar, gy is the metric tensor, and 7,y is
the stress-energy tensor. G is the Gravitational constant, and c is the speed of light in vacuum.

2.4.1. Production, Propagation and Properties of Gravitational Waves

For systems far from a gravitating object, where the gravitational field is weak, spacetime can
be considered nearly flat. In this context, g,y is expressed as a small perturbation (%) around
Nuv, which is the Minkowskian flat metric (diag(-1,1,1,1)). This implies, guv = Nuv + hyv,
where lhyy| < 1. This approximation is known as linearised gravity.

Applying this to Eq. 2.11 and keeping only first-order terms in &y, one arrives at the linearised
Einstein equations. In a vacuum, when 7,y = 0, it reduces to,

Ohyy = 0. (2.12)

Here, [ is the D’ Alembertian operator and & pv = hyy — %n uvh, the trace-reversed perturbation
(for each component of Euv,l_z = —h). As implied by Eq. 2.12, which is a wave equation,
perturbations i_zuv in spacetime propagate as waves at the speed of light in vacuum. These are
GW.

Under the far-field approximation for a slowly-moving source, the transverse, traceless, met-
ric perturbation caused by a time-varying mass-energy distribution, denoted as hl-TjT (generally
referred to as the GW strain), is given by,

2NTT
T 2Gd Qij
T drr

(2.13)

Here Q;; is the quadrupole tensor and l-TjT is the transverse traceless Q; ;, obtained by using pro-
jection operators. The quantity ‘7’ is the distance between the source and the observer. Eq. 2.13
states that accelerating mass distributions with a time-varying, non-zero quadrupole moment
emit GW. The simplest example of such a system is a binary composed of two compact ob-
jects, such as black holes or neutron stars, orbiting each other. These systems produce a strong,
continuously varying quadrupole moment arising from their asymmetric mass distribution and
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orbital motion. This basic theoretical model underpins all confirmed GW observations to date,
which involve the mergers of compact binaries. More on this is discussed in detail in Ch. 3.
Unlike EM radiation, but similar to neutrinos, GWs interact extremely weakly with matter.
They also do not scatter while propagating through the astrophysical media. This allows them
to traverse vast cosmological distances with minimal distortion, at the speed of light. So, they
can carry useful information about the bulk mass motion of the innermost and densest region
of the astrophysical source. This unique property makes them powerful messengers of the
whispers from the furthest, most extreme, and otherwise obscured regions of the Universe, and
also about Gravity itself.

2.4.2. Limitations as a Messenger

Due to the small physical distortions they cause, current GW detectors have a comparatively
closer horizon for detecting astrophysical transients’. However, it is expected to improve with
future observation runs by increasing detector sensitivity and with next-generation observato-
ries. Also, localisation of the GW sources is typically worse compared to what is obtained via
photons and neutrinos. That is why identifying neutrino and EM counterparts of the GW emis-
sion helps us to better constrain the source location and study the source surroundings better.

An EM counterpart of a GW source has been con-
firmed [3], which also serves as the first coordinated

Waves

® . Eravitationa real-time multi-messenger follow-up campaign. How-

ever, the joint emission of neutrinos and GW is yet to
multi-

messenger |\ be determined, which establishes the main motivation
of this thesis work.

magnetic
deflection

2.5. The Multi-messenger Picture

As discussed above, so far, CRs are the most energetic
particles ever detected. Over the last hundred years,
they have been studied rigorously to earn insights about
their Galactic and extragalactic sources. But the funda-
mental question about their origin remains poorly un-

derstood. One of the key challenges in localising their
Figure 2.7.: The multi-messenger con- SOUICeS is the deflections they experience as they travel
nection. Credit: Markus Ahlers. towards Earth. As the nature of the galactic and ex-
Source: NBI tragalactic magnetic fields is still not precisely known,
simulating the CR trajectory yields imprecise results.
However, the environment that supports CR production
also produces secondary messengers, such as photons

For example, the LVK horizon falls within 190 Mpc, depending on the detector, for binary neutron star
mergers [77]
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2.6. Candidates for Multi-messenger Sources

and neutrinos, as discussed before. The comparable en-
ergy densities observed in CRs, neutrinos, and photons across a wide energy range strongly
suggest a common origin [71].

The WB bound, derived from observations of CR, provides an upper limit on the astrophysical
neutrino flux, which is largely consistent with current neutrino observations [72]. In certain
volatile source environments, GW may also accompany photons and neutrinos, produced by
accelerating mass distributions with a time-varying quadrupole moment. The detection of such
a multi-messenger signal would provide direct insight into the central engine driving the CR
acceleration, which is often inaccessible via EM observations alone [78]. By combining the
complementary information carried by different messengers, one can overcome the individual
limitations and project a more complete understanding of the high-energy Universe, as depicted
in Fig. 2.7.

2.6. Candidates for Multi-messenger Sources

On the Galactic scale, supernovae [79, 80] and the galactic plane [81] itself pose as multi-
messenger sources of photons and neutrinos. Supernova remnants [82] and pulsar wind nebu-
lae [83] are widely considered as plausible CR accelerators. Even core-collapse supernovae®
are expected to produce bursts of GW. However, the predicted amplitude is too small to be
confidently detected with the sensitivity of current terrestrial GW detectors [84]. Nevertheless,
more relevant to the scope of this thesis are the extragalactic sources, described below in more
detail.

Active Galactic Nuclei

Among the extragalactic sources, Active Galactic Nuclei (AGN) are one of the most studied
multi-messenger source candidates. It has a central supermassive black hole (SMBH) at the
centre of the galaxy, known as the ‘core’. These are usually very bright, emitting a significant
amount of radiation across the EM spectrum, powered by accretion of matter onto the SMBH.
This intense energy output is not caused by nuclear reactions like those in stars, but rather by the
accretion of matter onto a supermassive black hole (SMBH) at the galaxy’s centre. AGNs are
sometimes accompanied by a relativistic jet that provides favourable conditions for hadronic ac-
celeration [85, 86]. When such a jet is oriented towards Earth, the source appears exceptionally
luminous and is classified as a ‘blazar’ [87]. Even AGN without jets, or those with misaligned
jets, can still serve as CR source candidates [44, 86, 88]. Various propositions have been devel-
oped to explain CR acceleration that can occur in different parts of AGN [89-92]. Some of the
most promising scenarios are discussed in [93-97]. Interestingly, evidence of neutrino emission
has also been emerging from different source classes of AGN [4, 5, 98].

The famous supernova SN 1987A is an example of a core-collapse or Type II supernova, from which both
photons and neutrinos were observed.
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Star Burst Galaxies

Another prominent class of multi-messenger sources are Star-Burst Galaxies (SBG) [88, 99],
which host dense gas environments, powerful magnetised winds and elevated rates of star for-
mation and supernovae. These conditions not only allow in-situ particle acceleration but can
also facilitate scattering of ambient CR from other extragalactic sources, making SBGs com-
pelling CR point-source candidates. Combining the data from Pierre Auger and Telescope
Array observatories, SBG has been posing a favourable UHECR source candidate [94]. It is
interesting as NGC1068 is not only a Seyfert galaxy. It also harbours substantial starburst activ-
ity in its circumnuclear region. [5, 100]. Furthermore, observation of radio emission [101] and
gamma-rays from SBGs [102] indicates its candidature as an efficient CR accelerator.

Tidal Disruption Events

Tidal disruption events are transient phenomena caused by a star getting so close to an SMBH
that it gets ripped apart by the SMBH'’s tidal forces. To date, they have been observed across a
wide band of the EM spectrum, alongside a few instances of neutrino coincidences [103, 104].
They are also expected to emit GW caused by the stellar disruption. However, the frequency
of emitted GW is much lower with respect to the current sensitivity range of terrestrial GW
detectors [105]. With space-borne GW detectors under consideration, they would provide a
unique opportunity to observe such events with multiple messengers and verify their credibility
as CR accelerators.

Gamma Ray Bursts

Other than AGN and SBG, Gamma Ray Bursts (GRB) are also prominent multi-messenger
sources. They are known to be the most energetic, bright, transient sources in the Universe.
Their typical apparent luminosity can be 10°% erg s~'. GRBs are observed to be isotropically
distributed over the sky. This validates their extragalactic origin. Their EM spectra show evi-
dence in favour of a broken power law, which suggests non-thermal particle production [106].
GRB burst duration has a bi-modal distribution, based on which further GRB subclasses are
created. If a GRB is triggered by a compact binary merger, after emission of GW, the ‘prompt’
phase (7o) lasts for less than 2 s [106—-108]. It is labelled as a short GRB (sGRB). A central
compact object is formed within this time, accompanied by a relativistic jet. There, non-thermal
charged particles are accelerated in the presence of a strong magnetic field in the jet. This
leads to sudden bursts of low-energy gamma-rays, which could also be accompanied by X-
ray emission. The GRBs lasting for a longer timescale, with Toy ~ &'(100) s, are generally
connected to the catastrophic deaths of a massive star, collapsing into a black hole, also believed
to produce a burst of GW. It is usually termed as the ‘collapsar’, which also creates a central
compact object and relativistic jets as described above. A schematic diagram of GRB is shown
in Fig. 2.8

In the presence of a relativistic jet, the accelerated protons in and around the jet actively par-
ticipate in hadronic interactions. Accelerated protons in these jets must interact with the strong
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Figure 2.8.: Schematic diagram of a GRB, obtained from [106], and further modified.

photon fields in the relativistic jet. The py interaction produces high-energy neutrinos as a
secondary particle, via charged pion decay. It is worth mentioning that high-energy neutrinos
can also be produced via pp interaction. However, it gives a conservative approximation of
the observed neutrino flux, which certain GRB models could still favour with highly matter-
dense jets. Despite all these strong hints from theoretical modelling of GRBs and decade-long
observational efforts, coincident detection of high-energy neutrinos from GRBs is still missing
[109—111], which has led towards meaningful constraints on the baryonic loading factor, for ex-
ample. However, observation of very-high-energy gamma-rays from GRBs has kept the debate
ongoing [112, 113].

Compact Binary Coalescences

Compact binary coalescences (CBC) are closely related to GW emission. Furthermore, they
can also be embedded in the AGN environment [114—117] and can be hosted by an SBG, which
already comes with a high amount of massive stars as well as a high rate of core-collapse
supernovae [118]. Also, it is already observed that they can trigger GRBs [3]. In that process,
mergers of compact objects, particularly binary neutron star (BNS) mergers, are theorised to
produce powerful, relativistic jets. These jets are nearly identical due to the narrow range of
BNS masses. This provides a compelling explanation for the observed narrow rigidity range
(%) of UHECRs, a long-standing puzzle [119]. Efficient CR acceleration can also occur in
long-lived, highly magnetised outflows outside the main jet, where turbulent magnetic fields
can transfer up to half of the dissipated energy to CRs, making them overall potential UHECR
sources [119].

It is also possible for a Binary Black Hole (BBH) remnant to have relativistic jets [120], if
a BBH merger occurs in an AGN disk [116, 117]. The dense, gaseous environment of the
AGN disk allows the remnant BH to accrete matter. The accretion of matter can power EM
radiation. On the other hand, if the remnant BH acquires high spins and enhanced accretion
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rates, it can lead to the launch of powerful jets. These jets are ejected from the remnant BH
and propagate into the surrounding dense AGN disk atmosphere, where they collide with disk
materials. The interaction between the jet and the AGN disk medium generates various types of
shocks, responsible for accelerating CR protons to high energies. The accelerated CR protons
can interact with the disk gas and ambient photon fields, and hadronically produce photons and
neutrinos, as shown in Eq. 2.7, which strengthens the multi-messenger connection [115].
Despite all these promising scenarios, the ‘smoking gun’ signature of high-energy neutrino
observation from CBC is yet to be confirmed [7-12, 121, 122]. Nevertheless, CBC has al-
ready been established as an interesting multi-messenger source as depicted in Fig. 2.7, pre-
senting multiple promising avenues for CR acceleration and connecting GW, CR, photons, and
neutrinos within a unified framework. This thesis is therefore driven by the search for such
multi-messenger associations, with a focus on identifying potential neutrino counterparts to
GW detections, as it is still a missing link. To this end, the next chapters introduce the methods
and resources employed in this investigation, summarise the results and investigate prospects of
joint detection of GW and neutrino emission from common astrophysical sources.
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Chapter 3. Detecting Gravitational Waves:

Instruments and Data

"Matter tells spacetime how to curve. Spacetime tells matter how to move."
- John Wheeler

Gravitational waves (GW) are ripples in the fabric of spacetime, caused by massive accelerating
objects, as presented in Sec. 2.4. The first indirect evidence of GW emission came from the
observation of the Hulse-Taylor binary system PSR 1913+16 [123] in 1975. It was observed
that the ‘periastron’, i.e., the point of closest approach in a binary star system, was shifting
closer. This implies that the rotational period is decreasing over time. The reason is the energy
loss due to GW radiation. Decades after the indirect detection of GW, direct observation was
achieved in 2015 [2]. This marked the beginning of a new era in observational astrophysics.
Since then, a growing network of GW detectors has enabled the detection of 90 confirmed GW
sources till April 2020 [124-126], which is now updated to over 200, accounting for detections
till January 2024 [127].

This chapter illustrates the key ingredients for GW data analysis, which will become relevant in
Ch. 6 and 7. Beginning with discussing the principles for direct detection of GW signals from
astrophysical sources, current GW detectors and the basics of data processing are presented.
Finally, the known sources of GW, along with related information inferred from the publicly
available data, are discussed.

3.1. Direct Detection of Gravitational Waves

The very first direct detection of GW from distant astrophysical sources was associated with a
stellar-mass (363 M, and 2951 M) binary black hole (BBH) merger, which occurred ~ 410
Mpc away [2]. The associated time-frequency plot for this pivotal discovery is shown in Fig. 3.1.
It presents multiple complementary views of the signal in both time and time—frequency space
for the Hanford and Livingston detectors. More details are discussed in Sec. 3.1.1.

Since this landmark detection, binary neutron star (BNS) and neutron star—black hole (NSBH)
systems were also identified as GW emitters. The component masses of all detected GW sources
till O3 are illustrated in Fig. 3.2. These discoveries have provided unprecedented insights into
the astrophysical population and dynamics of compact binaries (see discussion in Sec. 3.5),
often beyond the reach of other terrestrial experiments and messengers like photons.

To understand how such faint signals originating ¢'(100) Mpc away can be captured with high
confidence, it is essential to examine the fundamental working principles of GW detectors.

Latest report from GWTC-4.0 [127], from August 2025. It is mentioned here for completeness, but for
analysis purposes relevant to this thesis, I will stick to the events detected till 2020.
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Figure 3.1.: (Top panel) Time-domain and (bottom panel) time-frequency representation of the
GW150914 signal as recorded by the two LIGO detectors: Hanford (H1, left) and Livingston
(L1, right), obtained from [2]. See text for details.

3.1.1. Detection Principle

As mentioned previously, GW signals are produced by massive objects when they are acceler-
ated, similar to the emission of EM radiation due to accelerated electric charges. The propagat-
ing GW signal causes spacetime to alternately stretch and compress in directions perpendicular
to its direction of travel, as it propagates outward at the speed of light. The strain produced by
a passing GW is defined as the fractional change in length, h(t) = %, between free-falling test
masses.

Direct detection of GW requires building an extremely sensitive detector that can unambigu-
ously identify the length variations (AL) caused by the propagation of GW. According to
Eq. 2.13, this strain is directly proportional to the second time derivative of the mass quadrupole
moment of the source. However, the numerical value of h(t) associated with cataclysmic astro-
physical phenomena, such as compact binary coalescences (CBCs), is minimal. At a representa-
tive distance of 200 Mpc, the h(t) ~ 1072 [128]. It corresponds to a length change AL ~ 1078
m for an interferometer with an arm length, L = 1 km.
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Figure 3.2.: The astrophysical sources of the 90 GW signals confidently detected till the third
observation run (O3). All of them are associated with compact binary mergers, such as BBH,
BNS and NSBH mergers. The masses of the corresponding components of each binary system
are also depicted. Credit: Aron Geller/U-Chicago.

Additionally, the strain amplitude at the detector scales inversely with distance from the source,
as evident from Eq.2.13. Thus, despite originating from some of the most energetic events in
the Universe, the resulting strain on terrestrial detectors remains extremely small. As a con-
sequence, detecting such signals requires exquisitely sensitive instruments capable of measur-
ing length changes many orders of magnitude smaller than the radius of an atomic nucleus (r
~ 10715 m).

Precision laser interferometry using suspended test masses has long been recognised as a viable
technique for detecting such geodesic deviations caused by extragalactic GW sources [129].
Based on this, first-generation (1G) ground-based interferometers, such as GEO600 [130] in
Germany, the French-Italian Virgo project [131], and the initial LIGO detectors [132] in the
U.S., played a crucial role in pioneering this technology and refining key design principles.

While these initial instruments did not make detections, the breakthrough came with the second-
generation (2G) GW detector, the Advanced Laser Interferometric Gravitational Wave Observa-
tory (aLIGO) [133]. It was built and became operational in September 2015. It is an enormous
L-shaped Michelson interferometer with perpendicular arms stretching 4 km in each direction.
It was further equipped with much better noise reduction techniques, which enhanced its sen-
sitivity (see Sec. 3.1.2). A schematic diagram of the interferometer framework is shown in

Fig. 3.3.

According to [133], a multi-stage Nd:YAG laser (wavelength, A = 1064 nm), with an output
power up to 180 W, is used as a light source [134]. A beam splitter is introduced in the middle
to divide the main beam of light into two beams, travelling along the two perpendicular inter-
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Figure 3.3.: Diagram of the LIGO interferometer. The basic design and principle are explained
in the text. Image courtesy: LIGO Laboratory

ferometer arms, towards the mirrors at the end >. The two beams reflect within a cavity and
eventually recombine. They superpose within a photodetector to create an interference pattern.
The interferometer is set up such that there is a phase difference of 180° upon recombination.
As aresult, there should be complete destructive interference and no light signal in the detector,
in the absence of a GW signal.

The passing of GW translates to a differential change in the lengths of the interferometer’s arms.
This differential length change causes a relative phase shift between the light beams returning
from the arms. This phase shift, even if minute, alters the interference pattern of the recombined
light, leading to a change in the intensity of light detected at a photodiode. The change in the
photodiode’s output current is directly proportional to the GW strain, h(t). Interferometers like
LIGO are designed to measure these minute changes, which lead to the strain data.

An example is shown in Fig. 3.1 for GW150914. The top panels display the raw strain data, with
the Hanford trace shifted and inverted to match the Livingston signal for clarity. The second
row overlays the observed strain with theoretical predictions from numerical relativity, wavelet
reconstruction, and template waveforms, demonstrating their close agreement. The third row
shows the residuals obtained by subtracting the best-fit waveform from the data, indicating
that the measured noise is consistent with the detector background. Finally, the bottom panels
present spectrograms of the data, revealing the characteristic ‘chirp’ signature of a compact
binary merger, which is characterised by an increase in frequency and amplitude as the two
black holes spiral together and merge [2].

These are the ‘freely-falling test masses’, as they are isolated from external forces as much as possible, apart
from the suspension system keeping them in place. So, their motion reflects only the influence of spacetime
distortions caused by GW.
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3.1.2. Noise Mitigation

To keep the detectors operational, the main challenge has been to maintain a sufficiently low
noise level in the system, allowing for the confident measurement of even the smallest changes.
For this sensitivity, many noise sources become relevant, such as seismic vibrations that are
dominant in the low-frequency range [135], thermal vibrations of the strings carrying the mir-
rors [136], and vibrations of the mirror surfaces [137]. Due to the quantised nature of light,
photons in the laser beam arrive at irregular intervals, following a Poisson distribution. This
leads to two quantum noise effects:

* Fluctuations in the detected optical power, known as photon shot noise [138].

* Fluctuating radiation pressure on the mirrors, causing a jitter in the position of the mir-
rors [139].

To counter various noise sources, the state-of-the-art technique utilises Fabry-Pérot cavities
in the interferometer arms. They effectively multiply the length of the arms by storing the
laser light for many round trips. Hence, this configuration amplifies the GW-induced phase
change. Additionally, power-recycling mirrors have been implemented to sharpen the interfer-
ence fringes [140], and squeezed light is used to mitigate the quantum noise [141, 142]. Fur-
thermore, sophisticated vibration-dampening technology has been used to suppress terrestrial
noise in the 2G detector configuration [143]. Looking ahead in the future, to enhance sensitivity
to even fainter GW signals, cryogenic cooling has already been tested with KAGRA [144] and
will be implemented in the future third-generation (3G) detectors for reducing thermal noise.

3.2. Gravitational Wave Detection Network

Despite the event discoveries made by aLLIGO, a single detector alone cannot provide complete
information about a GW event. The faintness of the signal and the variety of noise sources
make it difficult to confidently determine the signal’s origin, direction and properties using
just one instrument. This is where a global network of GW detectors is highly beneficial. By
operating in coordination, these detectors can rapidly triangulate the location of a GW source
through slight differences in the time at which the wave arrives at each site. This not only
improves sky localisation but also increases sky coverage and confidence in the detection by
ruling out local noise artefacts. Furthermore, different orientations and sensitivities of the GW
network enable more accurate parameter estimation for the GW signal, such as its polarisation
and amplitude [145].

Currently, there are five operating GW detectors on Earth. Two of them are the alLIGO detectors
in the United States, in Hanford, Washington, and Livingston, Louisiana [133] which have been
operational since 2015. Its configuration has already been mentioned in Sec. 3.1.1.

There is also the Advanced Virgo (AdVirgo) detector in Cascina, Italy [146]. It joined the LIGO
detectors from their second observation run (O2), creating the LV network. It was active during
the detection of GW170817, the first GW signal associated with a BN'S merger that occurred in
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the galaxy NGC 4993 [3]. It is historically significant since GW 170817 was the first GW source
to be followed up via multi-messenger campaigns. The observation of EM transients from
GW 170817 revealed a plethora of new information beyond the scope of what either messenger
could have provided individually. Interpretation of the complementary information carried by
photons and GW, originating from a single source, has revealed new insights into mysteries like
the origins of short gamma-ray bursts and the production of heavy elements in the Universe.
This has also enabled independent probes of cosmological expansion and high-precision tests
of fundamental physics. The prospects of more such detections further add to the potential of
GW observations from CBCs to be unique and powerful probes of fundamental physics.

Operational

Planned

Figure 3.4.: Location of the current (LIGO, Virgo, KAGRA, GEO600) and future (LIGO-India)
GW detectors. Source: LIGO

During the third observation run (O3), Kamioka Gravitational Wave Detector (KAGRA), joined
the existing LV network [144]. It is situated in Hida, Japan. Like AdVirgo, KAGRA also has 3
km-long arms. Unlike other detectors, it utilises cryogenic mirrors to reduce the coating noise of
the mirrors. However, KAGRA hasn’t reached its estimated sensitivity after its commissioning.
So far, it acts as a calibration device. By the end of O3, all the GW detections have been detected
with the aLIGO and AdVirgo detectors. Finally, there is also the GEO600 detector in Hannover,
Germany [130]. It has 600 m long arms. Though the shorter arm length limits its sensitivity,
it played a key role in developing the mirror suspension techniques and interferometers [136].
There is also a planned installation of another aLIGO detector in India [147, 148]. Fig. 3.4
shows the respective positions of all the current and planned detectors on the world map.

Prospects with Third Generation Detectors

The Einstein Telescope [149] (ET) is a prospective third-generation (3G) ground-based GW
detector poised to be operational by the mid-2030s. It will be accompanied by Cosmic Ex-
plorer [150] (CE), another future 3G detector, foreseen to be active in the 2040s.

ET, a proposed European project, will feature a triangular (10 km arms each) or 2L (15 km arms
each) configuration. It will be an underground GW detector, which enhances its sensitivity, par-
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ticularly at lower frequencies, compared to 2G detectors. CE represents the U.S. community’s
effort in 3G detection, considering arm lengths of 40 km and 20 km. These proposed observa-
tories aim to achieve an order of magnitude better sensitivity and a wider accessible frequency
band than 2G detectors, such as aLIGO and AdVirgo. This leap in capability will allow for the
detection of an immense number of CBCs, with ET alone expected to detect 10° - 10° BBH
mergers per year, reaching cosmological redshift up to z ~ 20, and BNS mergers at rates of
around 7 x 10* per year, extending to z ~ 2-3 [151].

When operating as a network, ET and CE can complement each other. ET excels at low frequen-
cies due to its underground placement, while CE offers slightly better sensitivity in the 10 - 100
Hz range due to its large arm length [152]. Their combined efforts will significantly improve
source localisation and parameter estimation, which is crucial for advancing multi-messenger
astrophysics through joint GW, neutrino, and EM observations [153].

3.3. Identifying Gravitational Waves from Astrophysical Sources

During the data-taking runs, information recorded by each detector is processed to identify
GW signals using the ‘matched filtering’ technique [154]. In this method, the GW signal is
‘matched’ with a collection of template waveforms to identify potential signal candidates in the
presence of additive Gaussian noise. This is achieved by maximising the ‘signal-to-noise ratio’
(SNR). It is an optimal detection statistic for a signal as it is directly related to the likelihood
ratio to determine the signal’s strength, modelled as a known waveform, relative to the additive
Gaussian noise [155, 156].

3.3.1. Signal-to-Noise Ratio

In the matched filtering framework, instead of directly calculating the SNR (p), the power SNR
(p?), which represents the square of the amplitude SNR (p), and is an additive quantity for a
network of detectors, is evaluated in the time domain.

p2(1) = /_‘:H*gf)(;")(f)e—iznﬂdf' 3.1)

As shown in Eq. 3.1, H*(f) is the complex conjugate of the Fourier transform of A(z), which
represents the GW strain data. It consists of the GW signal waveform with unknown amplitude
and arrival time, embedded within the noisy data. The data is modelled as @(t) = ah(r —tg) +
n(t), for which W(f) is the Fourier transform. Here, « is an amplitude scaling factor, 7y is the
signal arrival time, and n(¢) is the detector noise. S, (f) is the two-sided power spectral density
(PSD) of noise n(t) [155].

In the context of a GW detector network, as a first step, (piz) is calculated for individual detec-
tors. If piz(td) exceeds the predetermined SNR threshold p&l, for individual detectors, candidate
detection is recorded, subject to the associated false alarm probability. However, high SNR
values can also arise from non-stationary noise artefacts or glitches [157]. Therefore, SNR
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alone is usually not the optimal choice for ranking GW candidates. To mitigate this, additional
signal-consistency tests are applied: Two main methods are defined below:

» x? signal consistency test: It evaluates whether the time-frequency distribution of power
within detected data aligns with the expected power (p?) distribution of a matching GW
template. A true GW signal is expected to distribute its power consistently across all
frequency bands, leading to a low x2. In contrast, noise transients often produce high
total SNR, but their power is typically concentrated in only a few frequency bands. This
inconsistent power distribution results in a large 2 value, indicating that the event is
likely a glitch [158].

« £2 signal consistency test: It compares the SNR time series of a detected event to the
auto-correlation of the template waveform time series, indicating how closely the data
matches the expected GW signal, ideally being zero for an exact match and one for a
noise transient [159].

Using p;, x2, or &2, and other in-
formation, such as the signal ar-
rival time and phase at different de-
tectors, various search statistics are
constructed for ‘ranking” GW can-

SNR distribution of confident GWs from O1-0O3
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Figure 3.5.: SNR distribution of all the 90 significant GW

events starting from the first to the third observation run
of LIGO-Virgo-KAGRA (LVK).

gers are not extremely uncommon,
they are down-weighted in the rank-
ing.

For events passing these checks, the network SNR is reported as the quadrature sum of individ-

Puet = 1/ 2. (32)

Commonly, a network SNR threshold py, ~ 8 is used [124]. However, this value is not a hard
cutoff and is influenced by factors such as the number of detectors operating, their respective
sensitivities, and the conditions of the observing run [124—126].

The SNR distribution for the GW events detected with high significance during O1-O3 is shown
in Fig. 3.5. It includes SNR values for the 90 CBCs detected with high confidence. The
minimum SNR value was found to be 7.5 for GW200220_061928, an event detected during

ual detector SNRs, as given in Eq. 3.2.
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O3b [126], proving the previous statement that there is no strict lower bound on the SNR re-

quired for a confident detection.

3.3.2. False Alarm Rate

Although SNR remains strongly correlated with the detection significance after applying data-
quality vetoes and glitch removal, to come up with a more robust statistic, the false alarm rate

(FAR) is introduced.
The mathematical definition of FAR

is given as,

N,
FAR = —°k&
T

obs

(3.3)

Here, Npkg is the number of de-
tected background noise events hav-
ing a similar or greater SNR. T, is
the total duration of the background
data. It is determined by condi-
tioning the probability distribution
on the noise-only hypothesis to as-
sess the rate at which noise artefacts
can produce a trigger of the same
rank [161].

FAR distribution of O3 GWs
i = FAR=2yr
| = FAR-=2/day = 730/yr
2230 public events (from O3)

o
o

Event Counts

.y —— |

101 10'
False Alarm Rate (FAR) [yr~1]

Figure 3.6.: The raw FAR distribution of O3 events re-
leased as part of [125] and [126], from GW signal search
pipelines. Unique CBC signals with FAR < 2 yr~! are
sent as real-time alerts to the community as ‘confident’

detections. However, signals with FAR < 2 day~! are

part of the archival data release, considered for further
analysis, according to [126]. Few events with FAR > 2
day ! are visible in the plot, but bear no physical impor-
tance.

A common approach involves gen-
erating a background (Npkg) via
‘time-sliding’. The assumption un-
derlying this method is that noise
transients in different detectors are uncorrelated and that true GW signals are sparse within
the dataset. So, the trigger time associated with the data streams from different detectors could
be shifted by time intervals longer than any astrophysical time delay, to generate a background-
only dataset. The minimum time shift applied for each pipeline is selected to exceed the co-
incidence window used to identify consistent signals across the detector network [126]. This
time-shifting procedure is then repeated many times over a sufficiently long duration (7gps) of
input data. The technique is conceptually similar to background scrambling used in neutrino
analyses (see Ch. 5).

Once a large background dataset is obtained, the FAR for any given candidate event is de-
termined by comparing its ranking statistic (e.g., SNR, likelihood ratio) to the distribution of
ranking statistics observed in the background [124]. The p-value, which indicates the statis-
tical significance, is then calculated based on this count, the observation time, and the total
background time. The procedure is explained in detail in [162].

31



3. Detecting Gravitational Waves: Instruments and Data

3.3.3. Probability of astrophysical origin

Pastro distribution of confident GWs from O1-O3 Matched filtering pipelines also es-
90 confident GWs timate the candidate’s probability of

astrophysical origin (pasyo). It is
crucial information as the likelithood
of an event being astrophysical at
a given FAR varies across differ-
ent regions of the CBC parameter

Counts

such events occur [156]. It is essen-
tially estimated as a Bayesian poste-
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Figure 3.7.: The pasiyo distribution of all the 90 confi- ematically, we can express it as,
dently detected GW events starting from the first to the
third observation run (01-03) of LIGO-Virgo-KAGRA Pasiro = PBBH -+ PBNS + PNSBH-
(LVK). (3.4)
Here, pau, pBNS, and pnspy are the probabilities for detecting the GW signal from a BBH,
BNS, and NSBH-like source, respectively.
Thus, the probability of the GW signal being associated with terrestrial noise is pierr = 1 - Pastro-
This distinction predominantly guides the low-latency alerts sent by LVK during the observation
runs [77, 163]. Decisions are made by the astronomical community on which GW candidates
are worth following up for multi-messenger counterparts. Generally, BNS mergers have higher
priorities, followed by NSBH and BBH merger-like events. The p,go distribution of the 90
GW events during O1-O3 is shown in Fig. 3.7.
Matched-filtering pipelines estimate pagiro based on a Poisson mixture model of signal and noise
events [164, 165]. After the triggers are ordered according to the ranking statistics, and FAR
estimation takes place, as explained in Sec. 3.3.1, 3.3.2, a signal model is constructed describ-
ing the expected distribution of ranking statistics for true astrophysical signals. It is gener-
ally obtained via signal injections based on fiducial astrophysical population distributions (e.g.,
masses, spins, redshift, etc.) and injected onto the background. For this step, the ‘sensitive
hypervolume’ (<VT>) is a key component. It is defined as,

N,
< VT >= ?5 (3.5)

where, rate of coalescence is R and N, 1s the expected number of observed GW signals [166]
in time T.

From population assumptions, it represents the detector network’s sensitivity to signals from a
given population of CBCs.

dve. 1

dz 1__|_pr0p(9)f(zv O)T' (3.6)

<VT>:/dzd6
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@Ye denotes the differential comoving volume. ppop(0) represents the distribution of

Here
B dZ
source parameters in the astrophysical population, and f(z,0) is the detection probability for

the fraction of simulated events that are recovered above the detection threshold with parameters

0 at redshift z. The factor %ﬂ in the denominator accounts for the time dilation of the intrinsic
event rate due to cosmic expansion.

Similarly, a noise model describes the distribution of ranking statistics for noise events. It is
primarily derived from time-shifted analyses, explained in Sec. 3.3.2. Finally, pagro for an event
is calculated by considering the ratio of the likelihood of the event being astrophysical versus
background, weighted by the expected rates of CBC mergers and background events [ 124—126].
However, it should be noted that the possibility of the detected GW signal being burst-like is
not accounted for in the framework. Hence, no pagyo €stimation is provided by a burst search
pipeline for public use. Apart from this, there is always a finite probability of a GW signal
getting low p,gro because of imperfect merger rate estimations, which always come with huge
uncertainties [167]. Therefore, having pierr > pastro does not necessarily rule out the possibility
that the GW signal is coming from an astrophysical origin.

3.3.4. Parameter estimation

Estimating the source parameters from an individual GW signal is the next vital process. The
goal is to constrain both intrinsic and extrinsic parameters of CBC systems. The intrinsic pa-
rameters are inherent properties of the binary system, such as component masses (mp,m;), di-
mensionless spin vectors (¥ 1, ¥2), effective inspiral spin (Xef), etc. The extrinsic parameters are
related to the system’s position and orientation relative to Earth. A few examples of this kind
are: sky location (right ascension ¢ and declination 6), luminosity distance (dr ), inclination
angle (Oyn) between total angular momentum and line-of-sight, time of merger (), reference
phase (@), polarization angle (), etc.

Parameter estimation is performed after a GW signal is identified as a signal candidate, af-
ter data quality checks and after mitigating ‘glitches’. It primarily relies on Bayesian infer-
ence [168], implemented in software packages like LALInference [169], BILBY [170, 171],
and RIFT [172]. These frameworks compute the posterior probability distribution of the pa-
rameters conditioned on the observed data. Using Bayes’ theorem, it is expressed as:

p(8ld,F) < p(d|6,F)p(6|F). (3.7)

Here, p(0|d,F) is the posterior probability distribution of the CBC parameters (6) mentioned
above, given the detector strain data (d) and the signal hypothesis (F). p(d|0,F) is the likeli-
hood function, which represents the probability of observing the data given specific parameter
values. p(6@|F) is the prior probability distribution, reflecting any a priori knowledge or as-
sumptions about the parameters before observing the data. The strain data, d, is the raw output
from GW detectors, which is a noisy time series where GW signals might be present.

For signal modelling, theoretical models of GW waveforms are used, characterising the inspi-
ral, merger, and ringdown phases. These models vary depending on the CBC parameters. The
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noise in the detectors is typically assumed to be stationary and Gaussian distributed. The like-
lihood, p(d|0,F), searches for signals of known shape in noisy data. For CBC searches, priors
(p(6|F)) represent initial beliefs about the parameters, which are ‘population-informed’, i.e.,
based on astrophysical expectations or previous observations. The choice of prior can signifi-
cantly impact the posterior distribution, especially for parameters that are not well-measured by
the data. That is why, for burst searches, broad, uninformative priors are used to allow the data
to dominate the inference.

The process of parameter estimation is computationally intensive due to the evaluation of wave-
form models across a high-dimensional parameter space. Because of this, traditional parame-
ter estimation pipelines can potentially take weeks per event. So, it is typically performed in
real-time for GW candidates that are deemed highly significant. An initial estimation is often
conducted shortly after it is identified to roughly infer component masses and other properties
relevant for follow-up searches. This is followed by a more exhaustive set of parameter estima-
tion to produce final, high-accuracy results. During the offline parameter estimation of archival
strain data, we benefit from improved background statistics, extensive data calibration, and vet-
ting. The results from these offline analyses are used to create Gravitational Wave Transient
Catalogues (GWTC) [124-127, 173].

3.4. Astrophysical Sources of Gravitational Waves

After GW signals are identified and an initial idea about the source parameters is obtained, they
are investigated with the primary aim of understanding the astrophysical origin of the recorded
GW signals. As compact binaries inspiral, the frequency and amplitude of the GW increase,
as the GW radiation by the orbital motion causes the orbit to shrink. This phenomenon is
known as ‘chirping’. This inspiral phase and chirping do not continue forever. For a binary
system, as the compact objects spiral closer, their separation eventually reaches a critical limit.
It is approximately w, where m; and m; are the masses of the compact objects. Be-
yond this separation, the orbital dynamics of the system significantly change, and they rapidly
plunge towards each other and merge. This limit is known as the innermost stable circular orbit
(ISCO) [174]. The frequency of GW emitted at this point is inversely proportional to the total

mass M = m + my of the binary, as shown in Eq. 3.8

3

62/37'CG(m1 +mp) )

fisco = (3.8)

Currently operational ground-based GW detectors are the most sensitive when 10 < fisco <
1000 Hz. Below or above this range, the detector performance is hindered due to the over-
whelming presence of noise [137]. Following the frequency-mass relationship from Eq. 3.8, it
is evident that the 2G ground-based detectors, i.e. LVK, are primarily sensitive to stellar-mass
compact objects of mass 4 <M < 200 M.

Several interesting astrophysical sources fall within this mass range. Some of them are listed
here [128, 174]:
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* CBCs, such as BBH, BNS, and NSBH mergers with M < 200 M, in distant galaxies, are
the most well-understood sources within this frequency range.

* If the stellar collapse to a neutron star or black hole in our Galaxy and distant galaxies is
sufficiently non-spherical, which sometimes triggers supernovae, it can produce a burst
of GW within this frequency range.

* The rotation and vibration of pulsars in our Galaxy can produce continuous and almost
monochromatic GW due to non-axisymmetric deformations or internal instabilities.

* Low-mass X-ray Binaries, where neutron stars are accreting mass, are also considered
potential long-lived sources of continuous emission of GW.

* Stochastic GW background that could originate from the superposition of countless dis-
tant, individually unresolvable astrophysical sources or fundamental processes in the
very early Universe, such as phase transitions and the Big Bang, is also a sought-after
source within this frequency range. Although observationally very weak, LVK attempts
to set stronger limits for these backgrounds by cross-correlating data from multiple de-
tectors [175].

From the above-mentioned list, LVK has only observed GW signals associated with astrophysi-
cal CBCs, and continues to search for GW-burst-like events [127]. To find out such associations,
‘online’ searches are carried out concurrently with observation runs to send low-latency alerts
of CBCs detected with high confidence, with initial parameter estimation performed. ‘Offline’
searches are conducted after each observation run ends, to perform computationally intensive,
deeper searches for comprehensive event characterisation. These archival searches can be fur-
ther categorised into two main methods: template-based and non-template-based searches.

3.4.1. Template-based Searches

Template-based searches primarily focus on detecting GW emitted from CBCs. For these tran-
sient sources, the anticipated GW emissions are sufficiently modelled across most of their pa-
rameter space. Therefore, robust inference frameworks based on the matched filtering method
are used. It involves correlating the detector’s output with a waveform template. There are
currently four such GW detection pipelines provided and used by the LVK community:

* GstLAL (Gstreamer and the LIGO Algorithm Library): GstLAL performs matched
filtering using multi-rate signal processing, optimised for low-latency analysis [176]. The
template waveforms are available for the range of redshifted total mass of 2 < M <
758 My, with a minimum component mass of 1 M. Triggers are generated by max-
imising the SNR (p) over 1 s time windows, if p > 4 for the LIGO detectors and p > 3.5
for Virgo [124]. It is also the only pipeline that considers single-detector triggers for
further processing.
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* MBTA (Multi-Band Template Analysis): MBTA is also a low-latency pipeline that
is being used from O3. It decomposes each waveform template into low- and high-
frequency components using a multi-band approach, thereby reducing computational
cost [177]. The templates cover redshifted component masses from 1 - 195 M, assuming
aligned spins. Triggers above an SNR threshold of 4.8 for BBH/NSBH, and 4.5 for BNS,
are considered for time coincidences, only if at least two detectors record them within
a time window of the light-travel delay. It can also create ‘pseudo-triple’ events from
double events with sub-threshold signals in a third detector to improve sky localisation.

* PyCBC: PyCBC performs offline analysis using time-domain templates. It utilises a
stochastic template bank covering a redshifted total mass range of 2 to 500 Ms with
spin-aligned waveform models. Coincidences require matched templates and time delays
within allowed light-travel windows.

* PyCBC-Highmass: A modified version of the standard PyCBC pipeline optimised for
higher-mass compact binaries, with a template bank specifically covering higher total
masses (25 - 400 M)). The search configuration is tuned for better sensitivity to short-
duration, high-mass signals, including allowance for larger spin magnitudes and mass
ratios [178].

Using multiple independent template-based pipelines ensures the robustness of GW searches
and makes them comprehensive. As each pipeline is optimised for different scientific priorities
and computational strategies, they provide essential cross-validation of results. GstLAL and
MBTA emphasise low-latency searches for rapid alerts, whereas PyCBC and PyCBC-Highmass
focus on offline, high-significance analyses with broader parameter coverage. Thus, more GW
signals are picked out by these two pipelines. They also have different sensitivities to different
source classes (e.g., light BNS, high-mass BBH, precessing systems). But as they operate on the
same strain data, sometimes a single event could also be double-counted by multiple pipelines,
which the analysers need to be aware of while dealing with the raw catalogues.

3.4.2. Non-template-based Searches

In contrast to the CBC searches, there are plausible sources of short or long-duration GW emis-
sions, which are poorly modelled or even unknown. These sources include core-collapse super-
novae, long-duration gamma-ray bursts, soft gamma repeaters, etc. For these cases, traditional
matched filtering techniques are ineffective due to the lack of accurate waveform templates.
Therefore, general transient-finding methods with minimal assumptions about signal morphol-
ogy are utilised. Thus, non-template-based search pipelines also offer the potential to identify
unforeseen astrophysical sources of GW. The GW burst search pipeline available within the
LVK collaboration is known as the ‘Coherent Wave Burst’ (cWB)-allSky search [179].

The data from the completely unmodelled version of cWB-allSky is not publicly available.
However, a CBC-optimised version of cWB-allSly is also used. After the completion of O3b,
the results obtained from this pipeline during the entire O3 period became available. The events
from this particular version of cWB-allSky are referred to as ‘cWBs’ from here on in this thesis.
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CBC-optimised c(WB-allSky Search

Unlike CBC searches that rely on specific waveform templates, the burst-search algorithm iden-
tifies ‘clusters’ of excess energy above the baseline detector noise [180—182]. For a GW signal,
it typically expects a chirping time-frequency pattern, with increasing frequency and power
over time. The detection statistic is based on the coherent energy (E.), which is derived from
cross-correlating reconstructed signal waveforms from multiple detectors. This is proportional
to the coherent network SNR. Candidates are ranked using this statistic [183]. The SNR for
each detector is estimated from the reconstructed waveforms and then combined to calculate
the network SNR, as discussed in Sec. 3.3.1. To distinguish genuine GW events from glitches,
the pipeline checks the network correlation coefficient (CC), defined as ﬁ, where E, is the
residual noise energy. Genuine GW events are expected to have CC ~ eq 1, while noise events
(glitches) have CC < 1. The estimation for FAR is derived from time-shifted data, similar to
what has been explained in Sec. 3.3.2. Only cWBs identified by this minimally modelled search
pipeline can have p,qo estimation. That is provided by modelling signal and noise event rates
using standard Poisson mixture formalism (see Sec. 3.3.3), where only BBH merger rates are
considered for the signal assumption. cWB can work with arbitrary detector networks. But
during O3, it was often restricted to pairs of detectors (e.g., HL, HV, LV) rather than the full
HLYV network, as the full network did not improve significance at the time.

3.5. Catalogue of Gravitational Wave Events

During the data-taking runs, LVK shares information publicly in real-time on GW detections
after performing all the steps mentioned in Sec. 3.3 to facilitate follow-up searches by the astro-
nomical community. These follow-up alerts, from LVK’s first three observation runs (O1-0O3),
correspond to GW events detected with high confidence with a FAR < 2 yr~!, depending on
background activity around the GW signal detection time [124—126]. They are labelled as
‘highly significant’ detections. They are also included in the event catalogue release following
an extensive archival search to obtain more robust parameter estimation on an event-by-event
basis. These catalogues are generally known as ‘Gravitational Wave Transient Catalogues’
(GWTC).

3.5.1. High-significance Events till O3

Ol started on September 12, 2015, and went on till to January 19, 2016. From November 30,
2016, to August 25, 2017, the O2 data-taking campaign was active. After the completion of
both O1 and 02, GWTC-1 was released [124]. It contained detailed information about the 11
highly significant events from these two observation runs. They are also colloquially known as
‘confidently detected’ or ‘confident’ events. Among these 11 events, there are 10 BBH mergers
and 1 BNS merger.

GWTC-2 was made publicly available, containing information on 39 confident events from the
first half of the third observational run (O3a), which went on from April 1, 2019, 15:00 UTC to
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October 1, 2019, 15:00 UTC [173]. It was further updated, and GWTC-2.1 was released with
44 events [125]. The events in this updated catalogue were highly likely to be associated with
CBCs (i.e., paswro > 0.5 from at least one detection pipeline), even though they had FAR > 2
yr~!. Similarly, 35 confident CBC events were added to the GWTC-3 catalogue [126]. They
were detected during the second half of the third observation run (O3b), between November
1, 2019, 15:00 UTC, and March 27, 2020, 17:00 UTC. So, till the end of O3, there are 90
confidently detected events. The entire community has extensively followed up on them to
detect multi-messenger emissions. Details of some of the interesting candidates are mentioned
below.

GW150914

LIGO

This event marked the first direct observation w o S it !
of gravitational waves by aLIGO on Septem- Nk _

ber 14, 2015 [2]. It was identified as a BBH | b ¢
merger, a phenomenon whose existence had . =4 ol )
been postulated but never observationally ver- N oo 22 I [orremsa
ified before. GW150914 remains one of the Ve e
highest SNR CBCs from Ol and O2, with ‘ L

SNR = 24.4 (see Fig. 3.1). TN /

GW170817 Figure 3.8.: ocalisation of GW170817. (Left)

90% credible regions from LIGO-Virgo. 1PN
Observed on August 17, 2017, this was the triangulation from Fermi and INTEGRAL
first detection of GW from a BNS merger (light blue), and Fermi-GBM (dark blue). (In-
by the LV network [3]. It was also detected §et) optical counterpart in the Swope Qiscovery
with the highest SNR (SNR = 33) among the image 10.9 hr afFer the merger (top right) and
events listed in GWTC-1. Additionally, it was the DLTA0 pre-discovery image 20.5 days ear-

. . lier (bottom right). The reticle marks the tran-

the most precisely detected GW events witha . . .
) sient. Figure and details from [3].

90% containment area on the sky (AQqg) of
16 deg?. Crucially, it was also accompanied by EM counterparts, including a short gamma-ray
burst and a kilonova, as represented in Fig. 3.8). This ushered in a new era of multi-messenger
astronomy. GW170817 provided unprecedented constraints on the properties of matter in ex-
treme environments, particularly the neutron star Equation of State (EoS). It also enabled a

GW-based cosmological measurement of the Hubble constant.

GW190814

This event involved a 23 M, black hole coalescing with a 2.6 M, compact object [125]. The
nature of the lighter object is uncertain. It falls into the ‘lower mass gap’ between neutron stars
and black holes. It could be either the most massive neutron star or the lightest black hole ever
observed.
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GW190521

GW190521 was a BBH merger with a total mass of 150 M., and a remnant mass of
147.4J_r‘1‘(6):8 M, making it the highest mass BBH in GWTC-2.1. Its primary component mass
fell within the pair-instability mass gap, a region where black hole formation was theoreti-
cally challenging. This event garnered significant interest due to a possible association with
an observed flare from an AGN (See Fig. 3.9), suggesting new avenues for multi-messenger
astronomy with BBHs [184].

5190521g
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58200 58300 58400 58500 58600 58700 58800 58900
MJD

Figure 3.9.: (Left) The skymap associated with GW 190521 depicting the 50% and 90% LIGO
localisation regions. The location of ZTF19abanrhr is marked and falls within the 78% contour.
(Right) ZTF g-band photometry, r-band photometry, and g-r colour for J1249+43449 over the
past 25 months, before the flare-up. The flare beginning around MJD ~ 58650 is compared
with a dashed vertical line, which corresponds to the GW190521 trigger time. Figures and
details obtained from [184].

BNS and NSBHs detected during O3

GW190425 was the only significant BNS event detected during O3a. Notably, it was observed
by Livingston (L1) and Virgo (V1) and identified by only the GstLAL search pipeline. The O3b
candidates included the first confident observations of NSBH mergers: GW191219_163120 and
GW200115_042309. GW200115_042309 was the lowest total mass binary from O3b, and its
secondary component mass (nmp = 1.441“8:% M) is consistent with known Galactic neutron
stars. GW200210_092254 from O3b is notable because its less massive component’s mass
(my = 2.83f8:ﬂ M) spans the range for both possible neutron stars and black holes, making

its classification as NSBH or BBH uncertain from GW data alone.

3.5.2. Low-significance Events from O3

After the completion of O3, LVK publicly released the archival information about more than
2200 low-significance or ‘sub-threshold” GW from the entire O3. They have slightly higher
FAR values, as identified by CBC and also CBC-optimised cWB search pipelines. According
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to the definition valid till O3b, they should have FAR < 2 dayfl, and pagro < 0.5. 1201 of
them were detected during O3, and were included in GWTC-2.1° [125]. The remaining 1048
candidates were detected during O3b and are found in GWTC-3* [126]. None of them was
released in real-time during O3.

It is important to note here that the sub-threshold classification does not necessarily imply that
these events are convincingly linked to terrestrial origin. They have passed the signal consis-
tency checks mentioned in Sec. 3.3. But many of these events were detected during periods
of reduced GW detector sensitivity, which resulted in higher background rates at the time of
observation. Furthermore, the assigned p,sro Value for these events is highly dependent on pop-
ulation assumptions and waveform models used by the search pipelines mentioned in 3.4, as
it is a Bayesian posterior estimate. So, these low-significance GW remain compelling source
candidates for multi-messenger follow-up campaigns that can also attest to the validity of their
astrophysical origin. Consequently, they are interesting source candidates for archival neutrino
follow-up studies. Identifying temporally and spatially coincident neutrinos could not only
enhance the credibility of the GW detection [14] but also improve its sky localisation. Such
multi-messenger coincidences could, in turn, prompt more efficient EM follow-up efforts for
interesting GW source candidates in general.

Finding possible multi-messenger counterparts for these sub-threshold GW from archival stud-
ies would also verify our current understanding of the ‘threshold” we currently set on parameters
FAR, pasiro, and SNR to claim a GW detection and trigger a follow-up search. That will allow us
to better judge their significance. It is even more relevant considering the wealth of information
we will be getting from the 3G GW detectors. Having a better insight into the ‘significance’
of GW events will help us to efficiently identify interesting GW alerts for real-time follow-ups,
which will be crucial soon.

Hence, for this thesis, the main focus is to identify plausible neutrino counterparts for sub-
threshold GW, which were not followed up on in real-time by the astronomical community, and
verify their astrophysical significance. Recently, a search has been carried out to look for their
high-energy (£(10-100) TeV) neutrino counterpart [185]. A search in IceCube for sub-TeV
neutrinos [122] is conducted in the analysis relevant to this thesis, discussed in Ch. 7.

3For public O3a catalogue: https://zenodo.org/records/5117762
“For public O3b catalogue: https://zenodo.org/records/5546665
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Chapter 4. Detecting Neutrinos:

Instruments and Data

"The Universe is full of magical things patiently waiting for our wits to grow
sharper."
— Eden Phillpotts

Historically, one of the main challenges regarding experimental studies of neutrinos has been
their poor detection prospects, since they have an extremely tiny interaction cross-section. A
breakthrough occurred when anti-neutrinos were first experimentally confirmed in 1956 by
Cowan and Reines [55] through an inverse beta decay procedure. Shortly afterwards, the con-
cept of using astrophysical neutrinos as potential probes for studying the Universe was recog-
nised by Markov [186]. He first discussed the idea of installing detectors deep in a lake or
sea to determine the direction of charged particles originating from neutrino interactions in the
detector medium, using Cherenkov radiation, which would allow neutrinos to serve as a probe
into stellar atmospheres.

The first experimental endeavour in this direction was the Deep Underwater Muon and Neu-
trino Detector (DUMAND) project [187] in the 1980s. It aimed to construct prototype strings
of photomultipliers in the Pacific Ocean off the coast of Hawaii at a depth of 5 km. Although
DUMAND was ultimately unsuccessful due to technical difficulties, it was a pioneering exper-
iment that laid the groundwork for future large-scale neutrino observatories underwater in the
early 2000s, like the Baikal detector [188] in Lake Baikal, Siberia, and the Astronomy with
a Neutrino Telescope and Abyss environmental RESearch project (ANTARES) [189] in the
Mediterranean Sea. As a complementary approach, the idea of using Antarctic ice as a neu-
trino detection medium arose. Although photons in water are less scattered than in ice, the
clear and compressed ice at the South Pole has a longer mean absorption length of photons.
It also has no radioactivity. This motivated the Antarctic Muon and Neutrino Detector Array
(AMANDA)[190] to be initiated in the late 1990s. The initial encouraging results motivated
further endeavours to build an even bigger detector for extra-terrestrial neutrinos, which paved
the way for the IceCube Neutrino Observatory [191].

4.1. IceCube: The Detector

The IceCube Neutrino Observatory is a cubic-kilometre detector located under the Antarctic ice
at the geographic South Pole. Completed in 2013, its primary objective is to detect neutrinos
originating from distant astrophysical sources. However, due to the already mentioned small
cross-section and low fluxes of astrophysical neutrinos reaching Earth, achieving a statistically
significant detection requires an instrumented volume on the order of at least ~1 km? to observe
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a few extragalactic neutrinos at PeV energies per year [72, 192], which justifies IceCube’s large
volume.

4.1.1. Detection Mechanism

M/ﬁ M/ﬁs M/ﬁs [T

Z0 W=

u/d u/d d/u u/d

Figure 4.1.: Feynman diagram for deep inelastic scattering of neutrinos. (Left) Neutral current
interaction (Right) Charged current interaction. Reproduced from [193].
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Figure 4.2.: The neutrino-nucleon interaction cross sections with respect to energy of the in-
teracting neutrino/anti-neutrino, considering neutral current [194], charge current [195], and
Glashow resonance [196, 197]. Figure and details obtained from [198].

IceCube detects neutrinos indirectly by observing the Cherenkov light emitted by charged sec-
ondary particles produced in neutrino interactions within the ice. The nature of the primary
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interaction type is deep inelastic scattering [199], for which the associated Feynman diagram is
shown in Fig. 4.1.

It could be either a neutral current interaction
or a charge current. The cross-section associ-
ated with each interaction is shown in Fig. 4.2
As a result of the scattering, charged sec-
ondary particles (e~ ,u~,7") are produced.
When the interacting neutrino is energetic

enough, the velocity of the charged leptons |
exceeds the speed of light in that ice, which "
is a dielectric medium. This phenomenon
results in an emission of blue light (350-
600 nm), which is known as Cherenkov radia-
tion [201]. It is emitted at an angle 6. with re-

spect to the direction of the charged lepton, as
shown in Fig 4.3, Mathematically, the emis-
sion angle,

Figure 4.3.: Schematic diagram of Cherenkov
radiation, obtained from [200]. It is shown
1 here that the associated photons are emitted at a
cos 0. = B (4.1)  characteristic angle 6., which is determined by
the dielectric detection medium. See text for

Here ‘n’ is the refractive index of the medium, details.

which is ice in this case, and has n ~ 1.31".

The quantity = 7, where v is the velocity of the charged lepton and c is the speed of light
in vacuum. For ice (and also water), 6, ~ 41° [193]. The sensors in the detection units are
fine-tuned to detect this Cherenkov light, as elaborated on in the next section.

4.1.2. The Detection Unit: Digital Optical Modules

The fundamental building block of the IceCube instrumentation is the Digital Optical Mod-
ule (DOM). The DOM collects the Cherenkov light emitted as a result of the neutrino interaction
in the surrounding medium. They are robust devices designed to function in a predominantly
autonomous manner, in the extreme temperature and pressure conditions of the South Pole.
They provide precise charge measurements with nanosecond time resolution [204].

Each DOM is a spherical optical detecting unit containing a 10-inch Hamamatsu R7081-02
PMT [205, 206] which is typically downward-facing to optimise the detection of up-going neu-
trino events [207]. Standard PMTs have a peak quantum efficiency of approximately 25% at
390 nm. The PMTs operate at a gain of 107 and are sensitive to wavelengths between 300-
650 nm [204]. A p-metal cage surrounds the PMT bulb to reduce the influence of Earth’s
magnetic field, improving collection efficiency and reducing gain variations [208, 209]. Each
PMT has a high voltage divider circuit, with a maximum capability of 2047 V. A main-

'n ~ 1.31 is an average behaviour. The refractive index of ice varies with wavelength. More details on the ice
properties could be found in [202, 203]
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board acts as the central DAQ unit for each DOM, integrating various components for high
voltage power supply control, data acquisition, digitisation, calibration, and communication.

Penetrator HV Divider Most DOMs include a flasher board
LED with 12 single-coloured LEDs, pri-
Flasher . . .
Board marily for calibration purposes and
DOM - ? / measuring ice properties [210, 211].
i '_ These LEDs can emit controlled

!jl; Mu-metal flashes, detectable by neighbour-
grid ing DOMs, to calibrate charge and

/ time response, improve DOM lo-
) 7 I, calisation, and study ice optical

/ ing is a pressure-resistant borosil-

properties.  The spherical hous-
icate glass container (outer diame-
/ \ ter ~ 13 inches, thickness ~ 0.5
PMT RTV . . )
gel inches) designed to withstand the

immense pressure of refreezing in
ice. Three wire pairs extend from
Figure 4.4.: Schematic diagram of the Digital Optical the DOM. One pair provides power
Modules (DOM) used in IceCube. Source: IceCube and a bidirectional digital commu-

Glass Pressure Housing

gallery. nication pathway to the IceCube
Laboratory (ICL) on the surface. The other two pairs connect to the DOMs directly above
and below, enabling local coincidence checks.

4.1.3. Detector Geometry

To capture the neutrino detection signature in-ice and distinguish astrophysical neutrinos from
background, the IceCube detector is equipped with three complementary detector components,
which are also pointed out in Fig. 4.5.

* In-ice array: This is the primary component for detecting high-energy astrophysical neu-
trinos. It has a detection threshold of 100 GeV. It comprises 86 strings containing 5160
DOMs in total drilled into the Antarctic ice [204]. The instrumentation starts at a depth of
1450 m and continues to 2450 m, where the ice is very clear, which facilitates the capture
of Cherenkov radiation optimally. The in-ice array is segmented into two parts by a dust
layer. The whole configuration is optimised for detecting events in the TeV-PeV energy
range. Most strings (78 out of 86) are arranged in a hexagonal pattern with an average
spacing of 125 m. The DOMs on these strings are typically spaced 17 m apart. As the
high-energy neutrinos typically light up a large volume in the detector, a sparse config-
uration allows for a cost-effective setup. With this configuration, IceCube has achieved
sub-degree precision in the direction reconstruction of astrophysical neutrinos [213].
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Figure 4.5.: Schematic diagram of the IceCube Neutrino Observatory. Source: IceCube gallery

* DeepCore: This is a denser sub-array of 8 strings located at the centre of the main in-ice
detector [212]. It contains seven standard IceCube strings within its fiducial region. The
instrumentation starts at depths between 2100 m and 2450 m below the dust layer, which
places the DOMs in the clearest ice of the detector. The sub-array itself is segmented
into two parts by the dust layer. A subset of 10 DOMs deployed above the DeepCore
region, within the depths of 1750-1850 m, forms a ‘veto cap’. It can identify and reject
atmospheric muons, especially the ones coming vertically. This significantly reduces the
background rate for DeepCore events. Furthermore, the larger IceCube array surrounding
DeepCore also acts as an active veto. A schematic diagram of the DeepCore installation
is shown in Fig. 4.6, where each of the above-mentioned components is identified”.

The primary purpose of DeepCore is to lower the neutrino detection energy threshold to
approximately 10 GeV. To achieve this, the strings are more closely spaced, with a mean
spacing of 70 - 72 m. The spacing between the DOMs is also less here. It comes with
7 m spacing between 2100 m and 2450 m depth, 10 m spacing in the veto region [214].
DeepCore DOMs also feature a newer PMT model (R7081MOD) with higher quantum
efficiency (around 34%) than the main IceCube strings [215].

IceTop: This is a cosmic ray (CR) detector array located on the surface of the ice directly
above the in-ice detector [216]. It consists of 162 ice-filled Cherenkov tanks arranged

%For a light reading, refer to:IceCube DeepCore
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Figure 4.6.: A schematic diagram of the full DeepCore configuration, obtained from [212].
Courtesy: IceCube research news.

in 81 pairs, each separated by 10 m. Each tank contains two IceCube DOMs (high-
gain and low-gain). IceTop measures air showers from CR and primarily focuses on
studying CR around the ‘knee’ (PeV-EeV). It also serves as a veto against the atmospheric
muons for the in-ice neutrino detectors. IceTop’s veto capability begins at energies around
300 GeV [217]. Non-uniform snow accumulation on top of the tanks affects the veto
capabilities due to an increase in the detection threshold and uncertainties. To counter
these effects, in addition to dedicated studies to model the snow effects [218], a major
effort to enhance the surface array with hybrid detector stations comprising elevated radio
antennas and scintillation detectors is planned and currently in deployment [219-221].
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4.2. From Interaction to Inference

As neutrinos interact within IceCube’s detector volume, and the DOMs capture the resultant
light from the interactions, the raw data is transferred to the IceCube Laboratory (ICL) on the
surface, which serves as the central control system for the observatory. The DAQ system applies
trigger criteria to perform data reduction in real-time by looking for local coincidences before
giving an event output. These events are then forwarded to the ‘Processing and Filtering” (PnF)
stage. Here, further filters are applied to identify interesting events, which consequently reduces
the data volume. Daily ~100 GB data is thus transmitted via satellite [204].

4.2.1. Event Topologies

Using the Level 2 data following the PnF stage, one of the key challenges to navigate is iden-
tifying the flavour of individual events, which end up in the final selection. It is identified by
looking at the signatures the charged leptons leave after an individual neutrino’s interaction in
ice.

Figure 4.7.: Typical event topologies observed by IceCube. (Left) Tracks, caused by CC inter-
action of vy, (centre) cascades, caused by CC interaction of Ve, vz, and NC interaction of all
flavours, (right) double bang, exclusively associated with v;. Hit DOMs are shown as coloured
dots, where the colour encodes the relative detection time (red = earlier, green = later) and
the dot size indicates the amount of detected Cherenkov light. Figure and details obtained
from [222].

Tracks

If the parent neutrino is a muon-neutrino (v, ), the secondary muon produced via CC interac-
tion (more details in Sec. 4.1.1) can travel long distances before it further loses its energy via
radiative processes like Bremsstrahlung or ionisation. As these muons scatter less in ice, they
look like they have travelled in a long, straight path, which is referred to as ‘tracks’ [223]. The
more energetic the muon neutrinos are, the longer and distinct the track is. They also maintain
exceptional directionality and the angular resolution roughly scales with the neutrino energy
(Ey) as, AY ~ 0.7‘3(TE6—V\,)_0'7 [207]. However, for tracks, it is difficult to have an accurate en-
ergy estimation due to Cherenkov effects, and also because the tracks can start outside of the

detector’s fiducial volume. An example event is shown in the left panel of Fig. 4.7.
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Cascades

For an electron neutrino (V.), the resultant electron produces an electromagnetic shower in the
local detector volume. A similar effect could be obtained from CC interaction of tau neutrinos
(vz) and NC interaction of all flavours [191]. The Cherenkov light signal observed due to the
shower-like particles is more spherical than being track-like. So the angular resolution is poorer
than that of tracks (A¥ ~ ¢'(10°)) [224]. However, as the interaction is initiated only within
the detector volume, the light is well-contained within the detector. Though the light pattern
spreads out within the distance of a few metres, this length scale is proportional to log;y(Ey).
So the energy resolution of these events is much superior. An example event is shown in the
middle panel of Fig. 4.7.

Double Bangs

This is an exclusive signature associated with v;. The secondary tau initiates an initial cascade
before travelling approximately 50 m per PeV energy and decaying. A second cascade follows
because of the tau decay [225]. However, below a few PeV energy, the v; can only travel a
very short distance before decaying. So the resultant signature becomes difficult to distinguish
from that of a cascade. Although, simulated event example is shown in the right panel of
Fig. 4.7 [222], IceCube has now reported observation of v; in the TeV-PeV energy range [67,
226].

4.2.2. Data Samples

Once neutrino events have passed through triggering and filtering, and some idea about the
event topology is obtained, the events are organised into specialised data sets for a certain time
period, tailored for different physics goals. All of them aim to provide information about the
arrival direction and energy of the events contained in the datasets. Each sample is produced
with dedicated selection criteria, optimised reconstruction methods, and targeted background
rejection strategies. As a result, neither a single data set exists, nor does a ‘universal’ strategy
for preparing datasets. In the context of this thesis, one high-energy and one low-energy sample,
each with tailored event reconstruction, selections and background suppression strategies, are
of particular relevance and will be discussed in detail below.

High-energy Neutrinos in IceCube

While IceCube seeks to detect rare high-energy astrophysical neutrino events, they are outnum-
bered by an overwhelming background of atmospheric muons and neutrinos, which look exactly
like the astrophysical neutrino in the detector. Every second, IceCube detects 3000 atmospheric
muons [204], and 275 atmospheric neutrinos are detected daily, whereas the detection rate of
astrophysical neutrinos is 1-2 per month [227]. To deal with the enormous background, IceCube
has to employ various strategies which differ depending on the energy of the neutrino and the
specific sub-detector array being utilised.
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* Background suppression techniques: Generally, for neutrinos in the energy range of
TeV - PeV, the primary IceCube detector uses several methods to mitigate background.
As it is buried deep within the Antarctic ice, that naturally provides a shielding against
atmospheric muons. IceTop also has veto capabilities. In-ice events with energies above
300 GeV that are accompanied by a coincident air-shower signal in IceTop are flagged
as likely originating from atmospheric muons [217]. Also, a part of the detector itself
can serve as an "outer veto layer". Events that produce their first light in this outer layer
are discarded, ensuring that only neutrino interactions with vertices well-contained within
the detector are considered [228—231]. This is a powerful technique for reducing the at-
mospheric muon background. Furthermore, for events originating specifically from the
Northern Hemisphere (NH), known as up-going events, the Earth itself acts as a shield,
absorbing nearly all atmospheric muons [232, 233]. This makes the northern sky signif-
icantly more sensitive to astrophysical neutrinos, with atmospheric neutrinos being the
dominant remaining background. That can be managed by making energy cuts, as the
atmospheric neutrinos follow a E —3.7 spectrum, which is much softer than that of the as-
trophysical neutrinos [234], following presumably a ~ E~2 spectrum >, as discussed in
Ch. 2.

* Event reconstruction: The high-energy neutrino sample relevant for a part of this the-
sis work (see Ch. 8) is the publicly available all-sky dataset of selected tracks, covering
10 years of IceCube data (2008-2018). It is known in the community as the 10-year
Point Source Track (PSTrack) dataset*. The reconstruction discussion here is therefore
restricted to PSTrack only. Other high-energy event selections, both tracks and cascades,
rely on different reconstruction techniques, for which comprehensive overviews are avail-
able in [193, 224, 228-231, 233]

To detect high-energy track-like events at the DAQ level (Level-1), the Simple Multiplic-
ity Trigger (SMT)-8 trigger is employed, which requires a minimum of 8 DOMs with
HLC hits within a 5 us time window. Further data reduction occurs at the PnF stage
(Level-2), specifically using the Muon Filter by executing quick reconstructions. At this
stage, the poorly reconstructed triggers are mostly removed, and the resultant data is
transmitted to the North. There, the data undergoes more sophisticated online process-
ing to maximise astrophysical neutrino events, minimise background contamination, and
ensure high-quality direction reconstructions [193, 207, 235].

Initially, fast algorithms such as LineFit [236, 237] provide quick estimates of the
event direction. It identifies a best-fit track following the least-squares minimisation
method [238] for the ¥ quantity defined below.

it

p?, if p<u,
=Y o), o z{ . (4.2)
,;’) n2p—u), ifp>p

3The current best-fit single power law estimate for the spectral index is 2.58f8:(1)8 [229].
4Check out: Data release
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In Eq. 4.2, p = |[#(t; —to) + 7o — 7:|. The muon velocity is ¥, 7 is the position of the i
hit at time #;, 7y is the point of the track at time 7y and Nyp;, is the number of hits. ¢(p) is
known as the Huber penalty function [239].

This output track estimate is further used by a more sophisticated, likelihood-based Multi
Photoelectron (MPE) approach [237], called SplineMPE, to obtain a more refined track
reconstruction. The Paraboloid method is used to estimate the angular uncertainty of track
reconstructions using the paraboloid sigma (o) as a proxy [240], given in Eq. 4.3.

2 2
GZ”@' 43)

Here, 01 and o, are the scales of the axes of the ellipse, which is fit around the global
minima of the SplineMPE likelihood map.

The energy reconstruction is achieved via another likelihood-based algorithm called
MuEx [241]. It estimates the reconstructed energy by exploiting the linearity between
the total number of photons produced (1) and the deposited energy (E):

n =AE+k. (4.4)

In Eq. 4.4, x is the expected number of noise photons. A is the number of photons per unit
energy and is derived from simulations for the exact muon track hypothesis employed.

Following this stage, the Muon Filter Level 3 [242] is used for offline processing, to
significantly reduce the rate of atmospheric muons while retaining most neutrinos. It
removes low-energy, misreconstructed events using criteria such as total charge collected,
QOwt > 100 PE, and the average-charge-weighted DOM distance to the track, anVg <
90 m. Before moving to the next stage, the SplineMPE algorithm is applied again, using
the results of the first as a seed and incorporating energy estimation to improve angular
resolution. Finally, Boosted Decision Trees (BDT) are used to improve data sample purity
by rejecting atmospheric muons and misreconstructed cascade events [193, 207, 235].

Low-energy Neutrinos in IceCube

The DeepCore subarray is designed to detect lower-energy neutrinos in the sub-TeV regime.
It deals with similar backgrounds as mentioned for the high-energy neutrinos, but at a much
higher rate. So, its strategies for background suppression are more complicated and tailored to
deal with high background rates at lower energies.

* Background suppression for low-energy neutrinos: While the surrounding main Ice-
Cube array acts as an active veto for DeepCore, it uses further kinematic cuts based on
‘effective velocities’ calculated from hit timing and location. Events with effective ve-
locities between 0.25-0.4 m/ns, characteristic of atmospheric muons originating outside
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Figure 4.8.: (Left) An example high-energy neutrino event (IceCube-170922A) detected by
IceCube, associated to the TXS blazar flare on 2274 September, 2017. It has an estimated
energy of 290 TeV. (Right) A simulated low-energy neutrino event in DeepCore, with an energy
of 25 GeV. The black dashed line and the black round marker show the direction and interaction
point of the incoming neutrino. Figure and details obtained from [243]. Courtesy: IceCube
research news.

DeepCore, are disregarded [212]. This method retains 99.4% of neutrino events while
significantly reducing atmospheric muon contamination.

* Event reconstruction: As a part of this thesis (see Ch. 6 and 7), the low-energy dataset
which has been used is known as ‘GRECO Online’. GRECO stands for ‘GeV Recon-
structed Events with Containment for Oscillations’. It was originally developed for an
analysis regarding tau neutrino appearance [244]. For details of the initial event selec-
tion, refer to [214].

At Level-1, DeepCore has a distinct condition known as Simple Multiplicity Trigger
(SMT)-3, which requires at least 3 HLC hits within a 2.5 us time window, enabling the
detection of lower-energy events. At Level-2, the DeepCore Filter is used to identify the
promising sub-TeV events for further offline processing [215]. However, the main short-
coming of GRECO, like any low-energy neutrino dataset, is that, unlike higher-energy
IceCube events, which exhibit distinct track or cascade topologies, DeepCore events at
0'(10) GeV often do not show clear topological separation due to the short muon tracks,
as evident in Fig. 4.8.

Hence, more recently, GRECO has been optimised to enhance sensitivity to transient
astrophysical neutrino sources by improving its effective area across the sky, especially
around the energy range of '(100) GeV [245]. To achieve this, the event selection com-
bines efficient cuts and a boosted decision tree (BDT) to suppress noise triggers and
atmospheric backgrounds. After applying all the event selection cuts, the events are re-
constructed using ‘Pegleg’ [246], which is a low-energy reconstruction algorithm, specif-
ically used for the GRECO selection. It is very time-consuming, taking approximately
10 minutes to reconstruct each event [215]. However, it can reconstruct both tracks and
cascades, and including the cascade-like events in the dataset improves A by a factor of
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~3 [198]. Pegleg provides eight reconstructed parameters as outputs, which are the hit
position (X, y, z), hit time (t), direction (0, @), track length (1) and total deposited energy
(Etor)- The resulting sample is an all-sky, all-flavour dataset, which can roughly contain
60% of atmospheric neutrinos [215]. It is an example of a high-statistics/low-purity sam-
ple °, which also includes astrophysical neutrinos. Thus, it is well-suited for transient
follow-up in a shorter time window (typically ~1000 s), where the background could be
suppressed by the incoming flux of astrophysical signal neutrinos, and has already been
used in several analyses [10, 247, 248]. Further details on the cuts and reconstruction
methods employed for the GRECO Online dataset could be found in [215].

4.3. Science Goals of IceCube

Exploiting the final level data selection, the IceCube collaboration provides the opportunity to
the scientific community to perform astroparticle physics research in multiple frontiers. Some
of them are discussed below.

* Neutrino Physics: IceCube performs precise measurements of atmospheric neutrino os-
cillations [214, 249-251], including tau neutrino appearance [244] and muon neutrino
disappearance [252]. Studies to better understand the neutrino mass ordering are also
performed [246]. The DeepCore sub-detector is particularly optimised for these low-
energy analyses. IceCube also allows us to measure neutrino-nucleon cross-sections at
high energies [253]. A breakthrough was the detection of the Glashow resonance [197],
which occurs when a high-energy electron antineutrino interacts with an electron (see
Fig. 4.2).

* Beyond Standard Model Physics: IceCube looks for neutrinos produced from dark mat-
ter decay or annihilation, for a large amount of dark matter accumulation in the core of
Earth itself [254], or in celestial bodies like the Sun [255, 256], the Galactic Centre [257],
and in galaxy clusters [258] using DeepCore data. It also allows us to search for ster-
ile neutrinos [259, 260], magnetic monopoles [261], quantum gravity effects [262], and
Lorentz symmetry violation [263].

* Cosmic Ray Studies: Icecube tries to understand the elemental composition of CRs
using signals from extensive air showers (EAS) detected by IceTop and in-ice compo-
nents [30, 264, 265]. Using the data, we can study high-energy CR, especially in the
‘knee’ region (PeV - EeV), which represents the transition from Galactic to extragalactic
origins. Furthermore, we can test phenomenological models that describe hadronic inter-
actions of CRs with atmospheric nuclei [266-269]. Additionally, using the data, there are
ongoing efforts to identify mass composition sensitive parameters [270]. Investigating
the arrival directions of CRs to understand their distribution and potential sources is also
one of the analysis motives [271, 272].

>In contrast, IceCube also provides low-statistics/high-purity samples, such as the starting track selec-
tions [228], where most of the events have a high probability of being astrophysical.
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* Diffuse Studies with Astrophysical Neutrinos: IceCube addresses several key aspects
regarding the diffuse measurement of astrophysical neutrino flux. It already confirmed
the detection of astrophysical neutrinos in 2013 [1]. Since then, efforts are ongoing to un-
derstand its characteristics, including the energy spectrum. Recently a strong evidence in
favour of a broken power law spectrum of astrophysical neutrinos has emerged [230, 231].
While trying to understand its flavour composition, a pion decay scenario is currently
favoured [68]. However, a muon-damped source scenario is also under investigation [67].

Among its other objectives are the measurement of the astrophysical neu-
trino—antineutrino ratio [273], the characterisation of the diffuse neutrino flux originating
from the Galactic Plane [274-276], and the search for cosmogenic neutrinos at extremely
high energies [37]. Furthermore, IceCube contributes to the identification of astrophysi-
cal tau neutrinos [277] and to a detailed understanding of the astrophysical muon neutrino
spectrum [278].

* Neutrino Astronomy: A core objective for IceCube is to locate the sources of high-
energy neutrinos, which can provide invaluable information about the origin of CR.
IceCube provides this complementary view of the sky using different event selections.
This involves looking for individual or populations of neutrino sources that are either
steady [234], transient [279], or flaring [280]. Using the data, we can perform continu-
ous, unbiased searches across the entire sky for neutrino flares or clusters, even without
relying on pre-defined source lists.

IceCube also sends real-time alerts with a latency of a few seconds on the interesting high-
energy tracks and cascades with high astrophysical purity via the GCN notice system
in machine-readable format to facilitate autonomous follow-ups [213, 281, 282]. All
these alerts are also released in the form of catalogues, and used for neutrino source
identification [283, 284]. A cluster alert system [285] to identify potential flaring neutrino
sources [286] in real-time has also been developed, and communication is in place for
triggered electromagnetic (EM) follow-up searches via a memorandum of understanding.
There is also another work ongoing for the development of a real-time alert system based
on identifying multiplets of neutrino events coming from the same location within 30
days to trigger optical follow-up searches [287].

In addition to performing neutrino astronomy with high-energy events, DeepCore data
is also used for systematic studies to identify transient sources emitting sub-TeV neutri-
nos [215, 245, 288]. While solar neutrinos are typically below IceCube’s primary de-
tection range, the observatory contributes to identifying neutrino coincidences with solar
flares [289].

* Multi-messenger Follow-ups: Other than identifying high-energy neutrino candidates
with a high probability of astrophysical origin and issuing rapid alerts to the broader as-
tronomical community, IceCube also follows up on alerts from Gravitational Wave (GW)
and EM (e.g., optical, X-ray, gamma-ray) community, enabling timely multi-messenger
follow-up searches in coordination with other telescopes [290, 291]. It also actively
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searches for neutrinos from various transient astrophysical sources, including Gamma-
Ray Bursts [109-111, 247], Fast Radio Bursts [292], and novae, with a focus on sub-TeV
neutrino emission [248, 293]. Association of high-energy IceCube neutrinos with two
tidal disruption events [103, 104] has led to further studies [294], but no counterpart was
found. GW events are also regularly followed up via both real-time searches using high-
energy tracks [9, 13] and archival searches using neutrino events across a broad neutrino
energy range, from MeV-PeV [7, 8, 10-12, 122, 295]. Currently, there is no statistically
significant coincidence reported. Additionally, IceCube has conducted both catalogue
and stacking searches to identify neutrinos coming from the vicinity of detected ultra-
high-energy cosmic ray events by combining data obtained from multiple neutrino and
CR observatories, resulting in upper limits on neutrino flux for each ultra-high-energy
CR event [118, 296].

IceCube also has estimated upper limits for core-collapse supernovae [297, 298], specif-
ically from high-energy neutrinos. It has also followed up on a recent core collapse
supernova, SN2023ixf, which occurred 6.4 Mpc away from the Earth. Because of the
supernova’s location at RA = 210.9° and & = 54.3°, high-energy neutrino tracks specif-
ically from the Northern Hemisphere were used for the follow-up, but no evidence of
correlated neutrino emission was observed [299]. DeepCore can also potentially help to
detect neutrinos coming from an upcoming Galactic supernova [300]. Searches for bursts
of MeV neutrinos from nearby supernovae are also performed continuously in real time,
and any detections are automatically announced within the SNEWS network [295]. Thus,
DeepCore’s integration within the larger IceCube observatory allows for a multi-faceted
approach to neutrino astronomy, enabling detailed studies across a broad energy range.

IceCube has been dedicatedly searching for neutrinos coming from different active galac-
tic nuclei subclasses by looking into the data obtained from different EM telescopes, such
as Fermi-LAT-detected blazars [301, 302], X-ray bright Seyfert galaxies [303], hard X-ray
AGNSs [98], to name a few. A dedicated study has been performed to detect neutrinos from
AGN core [304]. Already in 2017, TXS 0506+056 was identified as the first hadronic
accelerator during its flaring state, which was observed by MAGIC, H.E.S.S., and VERI-
TAS, Fermi-LAT, AGILE, Swift XRT, ASAS-SN, Kiso/KWFC, Kanata/HONIR, OVRO
and VLA, across the whole electromagnetic spectrum [4]. Eventually, an AGN-starburst
composite galaxy NGC1068 [5] has also emerged as a steady emitter of high-energy neu-
trinos, with 4.20. A softer evidence of neutrino emission with 2.90 has been reported
from the direction of NGC4151 [98]. Finally, in 2023, IceCube also announced detection
of high-energy cascades from the Galactic Plane [81], which has now been probed further
using multiple combined datasets and analysis techniques [305, 306].

IceCube also allows us to study the optical properties of ice [307-313], dust concentration [314],
snow accumulation [218], and other characteristics [315, 316] of the Antarctic ice. These stud-
ies not only help us to better understand the systematic uncertainties, but also facilitate conduct-
ing diverse scientific research.
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4.4. Future of IceCube

Given all these exciting achievements, IceCube is preparing for future enhancements, focusing
on IceCube-Gen?2 project and an immediate IceCube-Upgrade.

4.4.1. IceCube-Upgrade

The IceCube-Upgrade [317], planned to be deployed for the 2025-2026 season, will provide
several new strings within the DeepCore sub-array region. This will further increase DOM
density and include different types of PMTs facing multiple directions, significantly improving
angular uncertainty for southern sky events and enhancing sensitivity at low energies, between
1 GeV to 1 TeV [318]. This improved reconstruction will enable neutrino source searches at
sub-TeV energies [319]. This enhancement is also critical for more precise atmospheric neutrino
oscillation measurements [320] and low-energy neutrino-aided dark matter searches [321, 322].
The data and experience gained from the upgrade will also contribute to better calibration [323]
and ice models [313], which are crucial for future progress.

Key Components

The IceCube Upgrade will test new optical sensors, such as mDOM (Multi-PMT Digital Opti-
cal Module) [324] and D-Egg [325], for IceCube-Gen2. mDOMs will have 24 smaller 3-inch
PMTs, each pointing in almost all directions, thereby increasing the photocathode area by a
factor of 2.2. D-Eggs will use two 8-inch PMTs facing up and down, offering lower power
consumption and requiring smaller boreholes. A redesigned version of the standard IceCube
DOMs, referred to as pDOMs, will be deployed in the calibration region to enhance the charac-
terisation of their in-situ response [326].

4.4.2. IceCube-Gen2

IceCube-Gen2 [327] is envisioned as the successor to the current IceCube detector, designed
to serve as a "window to the extreme Universe". It is planned to be fully operational by 2033.
It aims to significantly increase the detector volume to 8 km? (~ 10%/3 times of IceCube) and
extend the sensitivity beyond 10'® eV. The event rate should increase by an order of magnitude
for all neutrino flavours in the 10'* eV - 10! eV energy range, with improved flavour iden-
tification and point-source sensitivity at least five times better than the current detector. The
Gen-2 configuration will facilitate near real-time reconstruction with < 1° resolution for rapid
multi-messenger follow-ups with EM and GW observatories. It will also help identify dominant
populations of neutrino sources, probe the diffuse astrophysical neutrino flux, and address open
questions about CR physics and fundamental neutrino properties.
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Figure 4.9.: IceCube Gen-2 schematic diagram. Credit: WIPAC/ICEHEP

Key Components

IceCube-Gen2 will add new components to the existing IceCube infrastructure. The current in-
ice optical array will be expanded with 120 new strings of mDOMs and D-Eggs, spaced about
240 m apart, instrumenting a total volume of 8 km?, with new optical sensors of enhanced
detection capabilities. A large surface array to accompany the in-ice array will also be an intrin-
sic part of the whole configuration, to veto the atmospheric background to detect astrophysical
neutrino events. It will consist of scintillators and radio antennas to mitigate snow effects on
IceTop, lower the air-shower detection threshold, improve composition measurements, and en-
able PeV y-ray searches from the Galactic Centre. In addition, a ~ 500 km? in-ice radio array
with 313 stations will extend sensitivity to neutrinos in the 10'® — 10'8 eV range via Askaryan
emission, providing unprecedented reach for transient astrophysical events and strengthening
multi-messenger capabilities [328].

The Fig. 4.9 shows an overall schematic diagram of the planned extension. As a part of this
thesis, the prospect of transient source search in the era of Gen-2 has been explored. But before
that, the general neutrino source search methods need to be discussed, which are highlighted in
Ch. 5.
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Chapter 5. Search for Co-incidences:

Unbinned Maximum Likelihood Analysis

"The most important questions of life are, for the most part, really only problems
of probability."
- Pierre-Simon Laplace

For this thesis work, the primary objective is to identify potential astrophysical sources of neu-
trinos. Any analysis developed to identify neutrino sources aims to distinguish neutrinos origi-
nating from astrophysical sources, which are referred to as ‘signals’, from the dominant atmo-
spheric and diffuse astrophysical neutrino ‘background’. To this end, statistical methods based
on likelihood ratio tests are employed. These tests evaluate the compatibility of the observed
data with contrasting hypotheses: one assuming the presence of signal neutrinos, and the other
representing a background-only scenario.

In this chapter, the method used to perform the analysis relevant to this thesis, as well as many
other analyses with neutrino data, is discussed. It starts by outlining the key components of the
hypothesis-testing approach, followed by a description of the signal and background models
represented by different likelihoods. Finally, the overall structure of the analysis, including its
practical implementation and interpretation of results, is outlined. Elements of the framework
have previously been presented in a proceeding [329].

5.1. Hypothesis Testing

To search for signal neutrinos in the data, two case scenarios are considered. The data can
represent two competing hypotheses:

* Null hypothesis (77)): We only have background neutrino events in our data.

* Signal hypothesis (J%): We inject some signal neutrinos correlated with a specific astro-
physical source, along with background events.

These hypotheses are constructed in a way that incorporates all relevant information from the
data into the analysis, but they represent two contradictory scenarios. For mathematical rep-
resentation [235], let us assume a multi-dimensional space ®. There belongs some set of pa-
rameters (0) which can efficiently discriminate between .7%; and 7). To specify the scenarios
representing .77), we rely on a subset of @, @y (®y C 0), and the alternative scenario 7% is
represented by the complementary subset ©. To summarise,

)0 €0y, IH:0 € 5.1
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Figure 5.1.: Illustration of the (left) spectral, (centre) temporal, and (right) spatial features of
the signal and background hypotheses. Adapted from [198].

The main distinguishing features between the signal and background neutrinos are discussed
below and represented in Fig. 5.1.

Spatial feature: The signal neutrinos are expected to be clustered around the source
spatially and temporally. The spread of the cluster is dictated by the detector’s angular
resolution around the true direction. In contrast, the background events are isotropically
distributed [198, 330].

Spectral feature: The signal neutrinos are expected to follow a E~2 spectrum, following
Fermi acceleration mechanisms. In contrast, the atmospheric neutrinos from extensive
air showers (EAS) follow a power law of ~ E~37 below ~1 TeV. It further steepens to
~ E~* (till 100 TeV) in higher energies above due to meson re-interactions [17, 331].

Temporal feature: If the signal neutrino emission is time-dependent (periodic, flares,
one-time bursts), the events coming from the astrophysical neutrinos should be emitted
within a certain time window. In contrast, atmospheric neutrinos form a time-independent
background, unrelated to the source activity. However, their rate fluctuates seasonally due
to variations in the atmospheric pressure and temperature. Warmer temperatures cause the
atmosphere to expand, thus lowering its density. This results in increasing the mean free
path for pions and kaons, which enhances their decay probability. Eventually, this raises
the background rate. Cooler temperatures compress the atmosphere, leading to more
meson interactions and a lower neutrino flux [198, 332, 333].

To incorporate all the above-mentioned information, we search for neutrino events coming from
a sky location X, and they follow a certain spectral shape E~7. For time-dependent emission,
the search is conducted within a time window of ty,, which is chosen around the time of source
activity. All these together represent the signal hypothesis. The background hypothesis is that
when the events are spatially and temporally not influenced by the astrophysical source and

follow a different spectral shape altogether.

58



5.2. Likelihood

5.2. Likelihood

Once the signal (%) and background (7)) hypotheses are defined, statistical testing is required
to evaluate which is better supported by the data. The likelihood-ratio test is the standard method
used for this purpose. According to the Neymann-Pearson lemma, it is the most powerful test
to distinguish between the two competing hypotheses. However, before conducting a likelihood
ratio test, we first need to define the likelihood functions describing the contrasting hypotheses.

Suppose p (X | 6) denotes the probability of obtaining observation ‘X;’ given a particular set of
parameters 6. The general representation of the likelihood function would be [235],

Z=[]rxi0) (5.2)

Our goal is to estimate the parameters that best describe the potential source. By maximising the
likelihood ., we can obtain the best-fit parameters 6 in the parameter space of ® that describe
the observations (X;) we have. So,

Z(0]X)=max.Z(0 | X). (5.3)
6cO

This forms the foundation of the maximum likelihood estimation (MLE) method. There are two
main approaches to performing MLE using neutrino data.

* Binned MLE: In this approach, the entire data is binned into histograms. It is much
simpler to implement, but it loses some information in the binning process. It is often used
when data volume is high or binning is unavoidable (e.g., detector resolution limitations)

* Unbinned MLE: This method uses individual event information directly. It is more
rigorous, especially for low-statistics regimes. It is commonly used in particle physics
and neutrino astronomy.

5.2.1. Unbinned Maximum Likelihood

For neutrino source searches, the standard analysis method is based on unbinned maximum
likelihood (UML) estimation. In this case, each event contributes individually to the total
likelihood. This approach optimally utilises event-level observables, including reconstructed
direction, time, and energy.

The likelihood function evaluates the probability that a given set of observed neutrino events X;
originates from a point-like astrophysical source located at X;. The likelihood is formulated as
a Bernoulli trial, where each event is assumed to either be produced by a source (following the
signal hypothesis) or arise due to background.
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The Point Source Likelihood

Assume we have a well-localised, ‘point-like” astrophysical source of neutrinos, whose angular
size is much smaller than the detector’s angular resolution. In that case, the likelihood takes the
following form [198]:

N
nS ani
4 ( i ) 5.4

b(na(Y ,H netny s 64

InEq.54
* N is the total number of events observed in the sky.
* ng is the number of signal neutrinos.
* ny, is the expected number of background events
* S represents the signal probability density (PDF)
* Bj represents background PDF

1 — My —
As among N events, ng are signal events, n, = N - ngs. So, b (1— N) The index i runs
over each of the N candidate neutrino events.

The signal hypothesis S; incorporates both spatial and energy information, typically modelled
based on the reconstructed event observables X;, and ¢, (Xs,7Y), which represents the spectral
hypothesis for the point source. The source spectrum is usually assumed to follow a power-law.

N _dN 5—7
0u50) = ganar = () (5.5)

In Eq. 5.5,

* @ is the flux normalisation, with the units of GeV cm 27!

* Ey is a reference energy
* 7vis the spectral index

Both ng and 7y could be treated as free parameters, for which the likelihood is maximised [10].
In certain analyses, however, 7 is fixed to a physically motivated value, leaving only g as a free
parameter to simplify the optimisation [12]. The background PDF B; is typically estimated from
scrambled datasets, by randomly reassigning the right ascension or time of individual events,
assuming an isotropic distribution.

5.2.2. Binned vs unbinned MLE for source searches

The entire framework explained above could have been implemented using a binned MLE as
well. However, several limitations make the UML more favourable for neutrino source searches,
as previously discussed in [332].
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In a binned analysis, a fixed angular bin is typically chosen to match the detector’s angular
resolution. It could be used to select events near the source direction. A statistically significant
excess of events within this bin, above the expected atmospheric background, could indicate a
potential source. Additional event selection criteria, such as energy or time cuts, may be applied
to improve sensitivity, especially for transient signals, by reducing background contamination
within the chosen time window.

However, the binned approach simplifies each event into a binary decision: either it falls within
the selected bin and counts toward the signal, or it does not. This binary treatment discards
valuable information that could help distinguish signal-like events from the background. For
example:

* Events near the edge of the search bin contribute equally to those near the centre, despite
being less compatible with a point source hypothesis.

* Energetic events that are much more likely to originate from an astrophysical source fol-
lowing a harder spectrum of E~2, versus the atmospheric background following a spec-
trum of E~37, are not given additional weight beyond the energy cuts.

* The effectiveness of a binned analysis depends on how well the selection cuts match the
assumed signal model. Cuts optimised for one spectral or spatial hypothesis may perform
poorly for others [334]. There is often a trade-off between maximising sensitivity and
maximising discovery potential.

To overcome these challenges, I follow the UML method for the analyses performed as a part
of this thesis, which was introduced in [330]. This approach incorporates angular and energy
information on an event-by-event basis. By retaining full event-level information and allow-
ing flexible modelling of signal hypotheses, the unbinned MLE provides improved sensitivity
and discovery potential for both steady and transient neutrino sources. This method was first
developed for the AMANDA detector [190] and has since been refined and widely adopted in
IceCube analyses. Similar techniques [335] have also been applied to data from other neutrino
observatories, such as ANTARES.

5.2.3. The Extended Point Source Likelihood

N
%e*(”ﬁnb) is included in the

likelihood [8, 247]. It encodes whether we observe an excess beyond the expected background.
If the probability of observing N events is based on an expectation of having ng + ny, events,

If the source is transient, an additional Poissonian term

where ny, is the expected number of background events, the final likelihood takes the following

form: i )
Loa(ng(y) = L) )

= i (5.6)

< I’lsSi n I’lei )
i1 \Ns+n, ng+ny '
This is the form of likelihood that is relevant to this thesis, and has been implemented in the
analysis discussed in Ch. 7 for the sub-threshold GW follow-up search. To test the hypotheses
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for transient sources which are not point-like (here, GW sources), on the sky, further spatial
information is included in the test statistics, which is discussed in Sec. 5.4. But before that, the
PDFs employed to represent .77 and .7 need to be discussed.

5.3. Signal and Background Probability Distribution Functions

As discussed before, the PDFs S; and B; in Eq. 5.6 are multi-dimensional, incorporating infor-
mation related to spatial reconstruction, energy estimation, and event timing of each observed
neutrino event. Despite the inherent multidimensionality, these components can be treated sepa-
rately, as the variables are independent of each other. A detailed description of their construction
and functional forms, including all subcomponents, is provided in this section. The discussion
here is mostly based on [198, 330], if not mentioned otherwise.

5.3.1. Signal PDF

The Signal PDF (S§;) has three main components: spatial (Ssp), spectral (Sg), and temporal
(Stmp)- So,

S(-)_C’iaq)v(zS?’)/)) = S(fhfS?GiaEiati?tS?Ata}/) (57)
= Ssp(%i | X5, 03 Ei, ¥) X SE(0, Ei, Xs, ¥) X Stmp (i, 15, At). (5.8)

Here, each event is characterised by an estimated energy E; and a reconstructed direction X;.
Each of them also includes the angular uncertainty on this position 6;. As mentioned before, X;
is the source position and ¥ is the spectral index.

Spatial Component

In reality, the spatial term Sy, depends on both the reconstructed energy (E;) and the assumed
spectral index (), since the angular resolution for point-like sources improves with increasing
energy and can vary slightly with y. However, for practical purposes, this dependence is often
neglected [198]. Hence, the spatial term can be approximated as, Ssp(X; | Xs, 013 Ei, ¥) = Ssp(Xi |
fs, Gi).

While the explicit energy dependence is omitted in this simplified form of the spatial PDF,
the angular uncertainty o; is typically calibrated through a procedure known as pull correc-
tion [336]. This process relates the reconstructed angular error to the true opening angle be-
tween the actual and reconstructed event directions as a function of the reconstructed energy.
The calibration is spectrum-dependent and is usually performed for a fixed spectral index, most
often vy = 2. Furthermore, the angular reconstruction uncertainties are typically treated as radi-
ally symmetric. It implies that the resolution is assumed to be the same in azimuth and zenith.
Under this assumption, Ssp depends only on the angular separation y; between the reconstructed
event direction and the source position. So, finally, Ss,(X; | X5, 0i) ~ Ssp(¥4i, 6i). To model Sgp,
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Figure 5.2.: Angular uncertainty for GRECO tracks and cascades with respect to energy. Figure
obtained from [245].

we often rely on a two-dimensional (2D) Gaussian function with a characteristic width given
by G;.

Au/i2

1
Ssp(l[/i,ci) = W e (59)
i

As defined above, here y; =| Xj — Xs |.

Because S is defined on the surface of a sphere, its formulation must account for its curvature.
The effect becomes particularly dominant for events with large ¢;. Such cases are common
in cascade-like events [224] or low-energy samples [245], as seen in Fig. 5.2 for the GRECO
sample. When ©; exceeds approximately 7°, the standard two-dimensional Gaussian approxi-
mation no longer provides an accurate description. In these situations, the spatial term is more
appropriately modelled using a von Mises—Fisher distribution [337] which is well-suited for
probability distributions on a spherical surface.

Spectral Component

The second term in Eq. 5.8 represents the spectral component of the signal PDF. It helps to
distinguish the background from the source spectrum, given a spectral index of y. Other than
that, reconstructed energy (E;) and declination (&;) serve as the key variables in this context.
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In this formulation, dependencies on angular uncertainty are omitted, as was also done for the
spatial component [198]. So, the energy PDF can be typically expressed as,

SE(Ei, 8 | Y) o< Acte(Ei, 8) X E; (5.10)
The normalisation factor is chosen so that Sg integrates to 1 over the entire energy of the neutrino
dataset in concern, for each fixed value of . In Eq. 5.10, an additional term is shown, which is
known as the effective area (A.g) of the detector. It acts as a bridge between the detector level

quantities, such as the number of signal events (ns), and the source spectral assumption ¢ as
shown in Eq. 5.5, in the following way:

ny = Ai / 0s(%e, ) X Aeit(Ei, &) dE 5.11)
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Figure 5.3.: The effective area (A¢fr) of IceCube low-energy all-flavour neutrinos compared to
that of the high-energy tracks, as a function of neutrino energy. The low-energy event selection
is the most sensitive in the &' (10-100) GeV energy range. It has nearly uniform coverage across
the whole sky. On the other hand, the high-energy tracks are optimised for use in the TeV-PeV
energy range. The A.¢r suffers comparatively more in the Southern Hemisphere due to a higher
background of atmospheric muons.

Mathematically, for a given flavour of neutrino,
Acti = €(Eqn, 0) X A(8) X Py(Ey, Eyy) x ¢ [0V(EVNAX(6)] (5.12)

Here, A(0) = A cos(0) = A sin(90° - ) = A sin(0) is the projected area of the neutrino detector
perpendicular to the neutrino coming from a zenith angle (6) or declination (5). Py(Ey,Ep)
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is the interaction probability of the neutrinos, and the exponential term in Eq. 5.12 is the ab-
sorption coefficient of the Earth. €(Ey, 0) is the detector efficiency term which accounts for
the reconstruction of the secondary lepton above the energy threshold Ey, [17]. Physically, Ae
represents the size of an ideal detector with perfect detection efficiency (€ = 1), that would yield
the same response as the actual detector and the applied analysis cuts [198].

A representation of IceCube’s A in high- and low-energies could be found in Fig. 5.3. Agr in-
creases with energy because both the neutrino interaction cross section grows and higher-energy
secondary particles travel further, making them easier to detect within the detector. However,
for upward-going neutrinos (8 > 0), A declines at the highest energies since the Earth becomes
increasingly opaque to these neutrinos (see Fig. 4.2). In the Southern Hemisphere, A remains
considerably smaller across most energies compared to the Northern Hemisphere, as stricter
event selection is necessary to suppress the larger atmospheric background present there. These
trends are naturally reflected in the signal energy PDF because of its dependence on Acg, as
indicated in Eq. 5.10

To maximise sensitivity across a range of possible astrophysical sources, ¥ can be allowed to
vary, typically 1 <y < 4 [207]. For a chosen 7y value within this range, neutrino events are
simulated following Eq. 5.5. These events are used to build Sg as a 2D histogram in E; and
0;. The histogram spans the full range of E; and 30 equally spaced bins for y. This signal
PDF is then divided by the corresponding fixed background PDF, giving a 2D map of relative
signal strength across E; and &; values. Maps are computed for 1 <y < 4, and the likelihood fit
interpolates between them to determine the best value! [235].

Temporal Component

The third and final term in Eq. 5.8 represents the temporal component of a signal PDF. It is a
critical element if the astrophysical neutrino source has time-dependent emission. An example
of such a case is the GW sources discussed in Ch. 3, which are well-known examples of transient
sources.

The main goal of incorporating time information is to achieve better signal-to-background dis-
crimination, especially for short-duration flares where the background is significantly reduced.
Some common temporal models are discussed below

* Gaussian profile: It assumes a smooth, bell-shaped temporal distribution of neutrino
arrivals [235, 245]. It is defined by a central time (#;), which is defined by the source
observation time and flare duration #,,. Mathematically, it is represented as

(fiffs)z

Stmp (£, 15, At) o< e 242 (5.13)

IThe best-fit  is the one that maximises the combined spatial and energy likelihood for all events near the
source.
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It is often normalised with respect to the uptime of each IceCube data-taking season.
However, previous analyses which have used Gaussian profiles have not reported signifi-
cantly improved results [4] compared to a box time profile, which is described below.

* Box profile: This model assumes a constant probability within a defined time window
(At), and is zero elsewhere. It is also defined by a start time (z5), which is the transient
event observation time and a duration (At). The mathematical form is shown below:

1 .
~, iftg—At/2<t; <ts+At/2

Semp (11315, A1) = ¢ & v [2stistt A (5.14)
0, otherwise

It is considered more suitable for online triggered follow-up searches because its start and
end are well-defined, allowing it to be aligned with the end of a dataset [213]. Thus, it
effectively acts as a mask, selecting events within the specified time window. This is the
model that has been used for the GW follow-up analysis described in Ch. 6 and 7.

In some cases, for the signal assumption, Syyp could be set to mirror light curves from EM
observations [4], or the parameters describing the temporal PDF (z, At) can be treated as free
parameters to be fitted by the likelihood maximisation [215, 235]. Furthermore, for transient
sources, the likelihood function itself needs to be modified, as shown in Eq. 5.6, on top of
adding a temporal term in the signal PDF, which is implemented in the analyses presented in
Ch. 6 and 7.

5.3.2. Background PDF

The background PDF (B;) consists mostly of atmospheric muons and neutrinos. Like the signal
(S), it is also composed of spatial and spectral components. The explicit form is shown below:

B = Bg(8 | Pyke) X Be(Ei | 6, Ppke)
= %PB(SIH((SI)) X EB(Ei,Si) (515)

Here, the background neutrino flux is represented by ®py,. To construct the background PDF,
we follow a data-driven approach. Both Pg and Ep are derived from data, as PDFs of the
dataset as a function of declination. Calculating the PDFs using the actual dataset is a realistic
and valid approach because the vast majority of events in the dataset are believed not to be from
astrophysical sources.

For transient sources, the background temporal PDF is generally assumed to be uniform across
the examined time window. However, it’s acknowledged that atmospheric backgrounds have a
seasonal modulation (around 4-10%) due to temperature and pressure changes affecting atmo-
spheric lepton production rates. While some analyses neglect this for simplicity, others address
it by taking into account the local event rate in time or by using off-time windows near the
on-time window [336]. For the analysis presented in Ch. 6 and 7, an off-time window of + 5
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days is considered [329], as within that off-time window we have enough events which can be
scrambled to produce a background-like dataset, while being computationally efficient.

5.4. Test Statistics

For a point source, following the UML method, the likelihood (.¢’) defined in Eq. 5.6 is max-
imised for the best-fit values of ng and 7, as shown in Eq. 5.3. It is then compared against
the likelihood of the background-only hypothesis (implied by ng = 0). For representation, the
background likelihood could be written as (6 | X) where 6y € @y, as introduced in Eq. 5.1.
Now the likelihood ratio A could be defined as the ratio of the maximised likelihood over the
background-only likelihood [235].

_ Z(0]X)
- Z(60 | X)

Finally, the test statistic (TS) is introduced to measure how consistent the observed data are with
the null hypothesis.

A (5.16)

TS =2log A (5.17)

Using the point-source likelihood shown in Eq. 5.6, TS is defined as [8],

TS=2In (M> (5.18)

Here, 7is and 7 are the best-fit values for the number of signal neutrino ng and y which maximise
Z in Eq. 5.4. Similar representation can be obtained using Eq. 5.6. Now, for ng = 0, the
denominator is only driven by the background PDF. Modifying Eq. 5.6, we have:

N
L(ns=0)=[]Bi(Ei,&) (5.19)
i=1

Here, ‘i’ denotes the index representing the total number of neutrinos on the sky. So essentially,
for each event, the energy E; and declination §; are well-known. Hence, Eq. 5.19 has no free
parameters [198]. In practice, T Sps is computed by directly maximising Eq. 5.18 for ng and y. It
is more straightforward than first maximising the likelihood and then forming the log-likelihood
ratio. They are not only mathematically equivalent but also computationally more stable.

Test Statistic with spatial prior

In many cases, the astrophysical sources we are concerned about are not point sources. This is
true, in particular for the analyses described in Chap. 6 and 7. For extended sources like GW
skymaps, as it is shown in the left panel of Fig. 5.4, one must take into account the localisation
uncertainty of the progenitors. So, they are considered a combination of multiple point sources.
This technique was first introduced in an analysis searching for joint sources of neutrinos and
UHECRs [118].
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Background TS distribution for PyCBC-HM-1238821531
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Figure 5.4.: (Left) An example GW skymap, as a typical example of astrophysical sources
extended skymaps, due to poor localisation information from the respective detectors. (Right)
Corresponding BGTS distribution. The BGTS median and 3¢ deviations from the median are
highlighted on the plot.

To include the localisation information of the extended sources, their respective skymaps are
used as input. The skymaps are probability distributions on the sky. They contain the probability
of finding the point source for each pixel in the sky, at a location Xs. For example, for GW
skymaps, the probability distribution is Pgw. So, the joint likelihood would be:

vg/pext(fwnm Y) = Zps (J_C’s;”s’ 'Y) x Pew (fs) (5.20)

When taking the log likelihood ratio, the skymap term and the point source term are separated
into a sum, and the final TS is found by finding the maximum of this sum across the whole sky.

TS = 2In <‘iﬂk<ﬁ9(f’)) 'PGw>

fk(ns = O)
_ i (5(7)) (Pow)x
_ 21n<$k(n5:0)> +21n ( s )
= TSps+2In(a). (5.21)

Here, k denotes each pixel where a point source could be located. This information is obtained
from the source skymap. Pjy; represents the maximum probability of finding a source at a given
pixel on the sky, according to the skymap. To implement this in practice, the point-source TS is
calculated at every single location on the sky. For each pixel, we calculate @y as %—‘g“ where
(Pgw ) is the probability of having a GW source in the k™ pixel. So, the maximum value of 2
In (ax) 1s O for the best-fit GW source location. It is increasingly negative for the pixels where
the GW source is less likely to be located. Thus, it acts as a spatial penalty term depending on
the GW skymap. Thus, the 7Sps map is ‘penalised’ by the term @y, which contains the spatial
information for each pixel ‘k’. Then, the final TS of the analysis is the maximum value from

the sum of the point-source only value and the skymap-only maps.
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5.5. Sensitivity, Evidence and Discovery Potential

After calculating the TS for individual sources, it is important to interpret the obtained TS
values to interpret the results of hypothesis testing. For that, as a first step, we need to know
how the TS behaves for the null hypothesis (77)), i.e., the background-like case. This serves as
a benchmark against which we compare our results with signal injection, or actual data, which
represents our signal hypothesis (J%3).

5.5.1. The Background Test Statistic

To represent the background-like hypothesis, the TS value (with or without spatial penalty)
for each source candidate is estimated without any signal injection, which means ng = 0. This
is done by generating background datasets through time-scrambling [329, 333, 338]. In this
method, the recorded arrival times of individual neutrino events are randomly altered. Because
of Earth’s rotation, altering the event time is equivalent to shifting the reconstructed right as-
cension. Thus, an event detected at a different time would appear to arrive from a different
right ascension while retaining the same declination. This process is repeated typically 10% -
10° times, each representing a ‘pseudo-experiment” or independent trial. The resulting dataset
would be uniformly distributed in right ascension, as expected for background events. But it
will have the original declination distribution preserved, which is closely related to A, as
discussed in Sec. 5.3.

These scrambled neutrino events are now treated as our background events (n), while comput-
ing the background TS value for each trial (7'Spg). The T'Spg values are collected for all trials,
which correspond to the background TS (BGTS) distribution for individual source candidates.
An example background TS distribution is shown in the right panel of Fig. 5.4. For other spe-
cific source scenarios, the BGTS distributions could be found in Fig. 6.18, in Ch. 6 and also in
Appendix A.

5.5.2. Signal Injection

After obtaining a robust background estimation, we aim to evaluate the expected results of
our analysis for a specific signal strength that can be observed. It also helps us to assess the
sensitivity of our analysis. To perform this signal injection step, simulated neutrino events are
selected from a Monte Carlo dataset with an assumed spectral index . Then they are added to
the scrambled dataset and injected onto a 1° x 1° box around a potential source location [333].

Sensitivity and Discovery Potential

From these injections, we calculate the 90% sensitivity, which is reported for each source can-
didate. This sensitivity estimate provides a benchmark for the detection capabilities of our
analysis.

The 90% sensitivity is defined as the flux for which the TS value after signal injection is greater
than the median of the BGTS distribution for 90% of the trials [329, 333, 338]. To perform
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sensitivity studies, we inject an increasing number of ng, following a spectrum with a preferred
Y value, into the source skymap. The injected ng values are scaled to account for the detector’s
acceptance, allowing us to relate each ng to a specific flux level, as shown in Eq. 5.11. This
procedure is also repeated across multiple trials for each source candidate. For each injected
ng value, we need to calculate the fraction of TS values obtained after signal injection which is
greater than the threshold defined based on the BGTS distribution. This is defined as ‘passing
fraction’ estimation.

The 90% sensitivity is defined as the flux at which the TS exceeds the median of the BGTS
distribution in 90% of the trials, corresponding to PF = 0.9. Similarly, 3¢ / 50 discovery
potential (DP) is defined as the flux level at which the TS exceeds the threshold corresponding
to a 30 / 50 (single-sided) fluctuation above the background in 90% of trials (PF = 0.9) [329,
333, 338].

o’ — ! ™ Figure 5.5.: Diagram to depict sensitiv-
o Background . . f th . 1

o Sensitivity Flux 4 ity and I.)P‘ln .terms of the signal and

107 50 Disc. Potential Flux BGTS distributions. On the plot, the

X

//

77110 00
N
%

90% CL sensitivity and the 50% CL 5o
DP are indicated. However, it should

= be pointed out that the chosen CLs and
- significance threshold for discovery are
50% 5000 4 analysis-specific choices. For exam-

Probability

U

\ - ple, for the analysis presented in Ch. 6
| and 7, the threshold of 90% sensitivity
and 30 evidence potential for 90% C.L.
is followed. Figure and details obtained
Test Statlstlc A from [339]

Fig. 5.5 shows a schematic diagram of sensitivity and DP in terms of background and signal TS
distributions. Notably, in most of the neutrino point-source searches, and also for the analysis
relevant for this thesis (See Ch. 6), a 90% CL is adopted for the definitions of both sensitivity
and DP. With this threshold, the background discrimination is expected to be stronger, which
is advantageous in the sub-TeV energy range. However, this is not a universal choice. Other
studies may employ different CLs, such as 50%. Unless specified otherwise, all sensitivity
estimates, discovery potentials, and upper limits presented in this thesis are evaluated at the
90% CL.

Signal Recovery Tests

In addition to evaluating the TS distribution for signal-injected datasets, it is important to ex-
amine the best-fit values of the free parameters in the likelihood, specifically ng and . This is
typically done through bias tests, where known values of ng and Y are injected into the analysis,
and the corresponding distributions of the recovered 7i; and ¥ are studied.
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In an ideal case, the fit should recover the injected values, i.e., N = Njy; and ¥ should be equal
to the assumed spectral index value ¥y;. Significant deviations from the injected values indicate
bias in the parameter estimation. A bias toward lower or higher values of Ng; and Y5, would
suggest under-fitting or over-fitting, respectively.

For extended sources in particular, under-fitting of ng is more likely. This arises because injected
neutrino signals, when distributed according to the source skymap, are spread over a large
number of pixels due to the typically broad spatial uncertainty associated with individual source
candidates. As a result, the signal becomes diluted, making it more difficult for the likelihood
to correctly identify the true number of signal events.

5.5.3. Significance and Trial Correction
Significance
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---Significance

and sensitivity studies, we can
mm p-value

0.40
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at least as large as the one observed,
0.05 A

solely caused by background fluctu-
ations. Smaller p-values correspond 0.00

0 Xsig

to a lower probability of obtaining
T'Sops from background fluctuation, Figure 5.6.: A plot showing the relation between statis-
and therefore represent stronger ev- tical Signiﬁcance (Xsig) and p—Value, in the context of a

idence of an event associated with a Gaussian distribution. Figure obtained from [333].

real astrophysical signal. It is common to express p-values in terms of the number of standard
deviations (Xsio) from the mean of a Gaussian distribution. The mapping between p-value and
Xsig can be derived by integrating the Gaussian PDF, leading to

Xsg = V2erf ! (1-2p) (5.22)

Here, erf ! denotes the inverse error function [333]. Fig. 5.6 illustrates the relation between
significance and p-value. As reference values, a 30 deviation from background expectation
corresponds to p & 1.35 x1073. This is often regarded as moderate evidence, while 56 (p ~
2.87 x107?) is the conventional threshold for a discovery claim.
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Trial correction

As mentioned in Sec. 5.5, we need to carry 54 —== 1 Trial o
out multiple searches or trials within the same — ig;‘:';s /,/”
analysis, using the same dataset. In that case, *1 — 1000 Trials //’

the probability of observing a significant re- 3, /,/

sult purely by chance increases. This phe- g e

nomenon is known as the ‘look-elsewhere’ %, /’/

effect. To account for this, a statistical correc- ! ,,/"

tion is applied to obtain the post-trial p-value 14 /’/

from the pre-trial one. In this work, the Sidak //”

correction [340] is used, under the assump- o1 . : . , ,
tion that each trial is statistically independent. ° ' i|ogw(ppr:) ) i

The corrected value is given below: ) ) )
Figure 5.7.: A plot showing the relation be-

_q N 5 tween pre-trial and post-trial p-values, for dif-
Ppost = 1= (1= ppre) (523)  ferent numbers of trials. Figure obtained

from [333].
Here, N is the number of independent trials

performed. Figure 5.7 shows how the relation between ppre and ppost changes with increasing
N. It is clear that the more trials performed, the smaller the pre-trial p-value must be to remain
significant after correction.

This expression can also be interpreted in terms of false positives (FP). If the probability of FP
in a single trial is ppre, then the probability of not having a FP is 1 - ppre. For N number of trials,
the same would be (1 — ppre)N . Then, the probability of observing at least one FP across all N
trialsis 1 - (1 — ppre)N , which gives us the corrected, post-trial p-value. It is implemented in the
results described in Ch. 7.
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Chapter 6. Event Selection and Sensitivity
Studies: GW follow-up with Neutrinos

"Somewhere, something incredible is waiting to be known."
— Maria Mitchell

Previously, in Ch. 3, the ‘low-significance’ or sub-threshold GW events have been introduced
(see Sec. 3.5.2), and the motivation for initiating multi-messenger studies of these events with
neutrinos was briefly discussed. However, they were not subjected to real-time neutrino follow-
ups during the third observation run (O3) of the LIGO-Virgo-KAGRA (LVK) GW detection
network, as their event data became publicly available only after the catalogue releases.

The first systematic effort in initiating multi-messenger studies with archival sub-threshold GWs
and neutrinos involved a Bayesian follow-up analysis using the Low Latency Algorithm for
Multi-messenger Analysis (LLAMA) pipeline [341]. This approach aimed to identify possible
high-energy neutrino counterparts to individual sub-threshold GW events. A key limitation of
such analyses is that they solely focus on identifying high-energy neutrino counterparts. How-
ever, given the majority of the prospective common astrophysical sources of GW and neutrinos
are believed to have off-axis jets, such sources are expected to produce neutrinos in the sub-TeV
energy range due to Doppler de-boosting effects [15].

Another shortcoming of the previous analysis was its strong dependence on the accuracy of
waveform modelling and population-based priors, particularly the posterior estimates of the GW
source distance (dgw) and the astrophysical probability (pasiro) associated with the GW detec-
tion. These quantities are derived using Bayesian parameter estimation methods employed by
the LVK collaboration and are highly sensitive to the choice of prior assumptions, as discussed
in Sec 3.3. In particular, the pygo values vary significantly across different search pipelines, ow-
ing to differences in assumed source population models, merger rates as functions of compact
binary coalescence (CBC) masses and redshift, which already comes with a large uncertainty,
and the specific waveform templates used [126]. As a result, a model-independent follow-up
strategy driven solely by event-by-event GW and neutrino information becomes valuable for a
robust interpretation of sub-threshold GWs. Therefore, a complementary search for sub-TeV
neutrino counterparts to the sub-threshold GW candidates is essential.

To this end, as a part of this thesis, an unbinned maximum likelihood (UML) framework is
adopted for conducting the sub-TeV neutrino follow-up. This method does not rely on prior
model assumptions for the GW source population. Hence, it offers a complementary and more
agnostic approach to the Bayesian analyses. The UML framework itself is described in detail
in Chapter 5. In this chapter, the focus will be on the preparation to carry out an archival
search using this method. The selection of sub-threshold GWs from GWTC-2.1 and -3, the
sub-TeV neutrino dataset used to perform the search and the results obtained from sensitivity
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6. Event Selection and Sensitivity Studies: GW follow-up with Neutrinos

studies will be discussed in this chapter. The contents discussed here were previously presented
in [329, 338].

6.1. Sub-threshold Gravitational Waves

In this section, an overview of the sub-threshold GWs is provided to demonstrate the procedure
used to filter and identify the most significant candidates from the full catalogue. These short-
listed events serve as the targets for the archival sub-TeV neutrino follow-up search, for which
the estimated sensitivities are included in this chapter.

6.1.1. Sub-threshold Event Selection

After the completion of the first half of O3 (O3a), detailed information on 1201 sub-threshold
GW candidates was made public with the release of GWTC-2.1' [125]. They were identified
through four distinct CBC search pipelines developed by the LVK collaboration, namely Gst-
LAL [176], MBTA [177], PyCBC [162], and PyCBC-HM [178].

Similarly, 1048 sub-threshold candidates were included in the GWTC-3 catalogue2 [126]. It
includes information on cWBs detected during the entire O3, alongside CBCs from the second
half of O3 (O3b). To estimate p,go for cWBs, the pipeline relies on population information
from BBH mergers. These cWBs should not be confused with GW burst-like candidates de-
tected by another fully unmodelled pipeline. The latter events are not publicly released. For
further details, see Sec. 3.4.

To systematically identify sub-threshold CBC and cWB candidates for this study, the following
selection criteria, based on the false alarm rate (FAR) and p,go values, are employed:

2 yr~! <FAR < 2 day ! (6.1)

Pastro < 0.5 (6.2)

The following section describes the implementation of this filtering strategy and the resulting
dataset used for follow-up analysis.

Selection based on FAR

To identify sub-threshold candidates from GWTC-2.1 and 3, the first step is to perform a se-
lection based on the given FAR. The distributions of FAR values for all CBCs aggregated from
four independent pipelines, and for cWBs from O3, are shown in Fig. 6.1.

The first bin in each histogram corresponds to events with FAR < 10~* yr~!. On the other
end, events with FAR > 2 day~! are also present in both catalogues. But these carry negligible
astrophysical significance. Hence, such events are excluded.

"https://zenodo.org/records/5117762
2https://zenodo.org/records/5546665
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6.1. Sub-threshold Gravitational Waves

FAR distribution of O3 CBCs
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Figure 6.1.: False Alarm Rate (FAR) distributions for CBCs (top) and cWBs (bottom) from O3.
Four template-based pipelines identified CBC candidates during the O3 period. Among them,
those having FAR < 2 yr~! are classified as confident detections. The cWB pipeline performs
a minimally modelled search for burst-like GW events. In both panels, the dotted region marks
sub-threshold events with 2 yr—! < FAR < 2 day~!, which are the focus of this study. Events
above this range (right of the dashed line) are excluded. cWBs with FAR < 2 yr~!, those not
confirmed by CBC searches, remain scientifically interesting. Three of them were selected in
this analysis for neutrino follow-up.

The GWTC-2.1 and GWTC-3 catalogues include all CBC and cWB candidates with FAR < 2
day~! (~ 730 yr~!). This range encompasses both confident and sub-threshold detections. As a
result, confident GW events with FAR < 2 yr~! also appear alongside lower-significance candi-
dates. To isolate only the sub-threshold population of interest, we apply the selection criterion
described in Eq. 6.1. The dotted regions in Fig. 6.1 highlight the sub-threshold GWs satisfying
this criterion. This selection step removes highly significant GW events that have already been
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6. Event Selection and Sensitivity Studies: GW follow-up with Neutrinos

the subject of follow-up studies using both high- and low-energy neutrinos from IceCube [9, 10],
allowing the analysis to focus exclusively on the sub-threshold GWs that constitute the primary
targets considered in this work.

Selection based on p,go

After applying the selection condition from Eq. 6.1, the paso distribution for the sub-threshold
GWs from GWTC-2.1 and -3 is shown in Fig. 6.2. Here again, candidates from all GW search
pipelines have been considered altogether.

Sub-threshold pastro distribution from O3 According to Eq. 6.2, there are no
B Pastro = 0.1 sub-threshold GWs with pagro >
500 0.5, as they were designated as

‘confident events’ while updating
catalogues. It is important to note

‘"g’ that a given sub-threshold GW can
S 100- be reported by multiple pipelines,
7 potentially with differing pygro val-

50 /% ues. In such cases, the version of the

2 candidate associated with the high-

| : est Pastro 18 retained for further anal-

10-6 10-5 104 10-3 10-2 10-
Pastro ysis to ensure that each event is rep-

Figure 6.2.: Distribution of p,gro values for all sub- resented by its most astrophysically

threshold GWs with 2 yr~! < FAR < 2 day~!. It in- lavourable characterisation.

cludes both CBCs and cWBs detected during the 03. In Fig. 6.2, the distribution shows
The last bin, highlighted in pale blue with hatching, in- that the vast majority of candidates
cludes events with p,go > 0.1. These are selected for (approximately 96%) have paguo >~
the archival neutrino counterpart search presented in this 0. They could be more influenced

work. by terrestrial noise or instrumental
artefacts noted as glitches. To im-
prove the reliability of the selected sample for follow-up analysis, an additional criterion is
imposed by selecting only those events with pagro > 0.1, from both catalogues. After applying
this selection, 45 sub-threshold CBCs are identified from O3a and O3b each, resulting in a total
of 90 CBCs.
The selection of cWB events from O3 deserves a dedicated explanation, even though the overall
treatment mimics that of the CBC events. Many of the cWBs overlap with CBCs. From the O3a
observing period, information on 51 cWB events was made publicly available. Among these,
17 events overlap with confident CBC detections from the same run. These overlapping cases
are highlighted in the left panel of Fig. 6.3. Similarly, from O3b, among the 83 cWBs listed, 9
candidates coincide with 9 confident, BBH-like O3b events. They are pointed out in the right
panel of Fig. 6.3.
The coincidence between cWB detections and template-based CBC signals likely stems from
the partial dependence of the cWB pipeline on BBH population models for calculating pastro-
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Overlapping cWBs with confident CBCs from O3a
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Figure 6.3.: Common detections between cWB and CBC search pipelines from (left) O3a and
(right) O3b. 17 common detections were identified from O3a, all labelled as ‘confidently de-

tected CBCs’, with FAR < 2 yr~!. Similarly, 9 cWBs overlap with confident CBC detections
from O3b.

As aresult, certain events may appear in both template and non-template based search pipelines,
sometimes with relatively higher p,so values for the non-template searches.

For the unique 34 cWBs from O3a, the FAR distribution is shown in the right panel of Fig. 6.1.
Only three of them were found to have pagro > 0.1 after satisfying the selection criteria from
Eq. 6.1. These sub-threshold candidates are identified as cWB-1246523564 (pasgo = 0.16),
cWB-1250939932 (pastro = 0.45), and cWB-1253293503 (pastro = 0.36). The skymaps for these

events are shown in Fig. 6.4.
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6. Event Selection and Sensitivity Studies: GW follow-up with Neutrinos

Similarly, for the unique 74 cWBs from O3b, predominantly they have p,sro < 0.1, and therefore
are excluded from further analysis. Finally, 7 sub-threshold GWs with 2 yr—! < FAR <2 day~!
and pusiro > 0.1 were retained.

Thus, finally, a total of 10 cWBs from O3a and O3b satisfied the selection conditions. The pasiro
distribution for them is shown in the left panel of Fig. 6.5.

Sub-threshold cWB pastro distribution from O3 Sub-threshold pastro distribution from O3
59 O Pastro = 0.1 50 [ Pastro=0.1
4 -
40—
2- .
3 § 30—
S, 3
20—
—
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 6.5.: The p,gro distribution for (left) cWB events from O3, and (right) the total 100
shortlisted sub-threshold CBCs and cWBs, with 2 yr_1 <FAR <2 day_1 and 0.1 < paspro <
0.5. No events with p,gro > 0.5 are present in this sample, consistent with the sub-threshold
classification defined in [126].

These, together with 90 sub-threshold CBC events identified earlier, yield a final sample of
100 sub-threshold GWs across the full O3 run. Together, they represent the top 4% of the
sub-threshold population in terms of p,giro. The pasiro distribution for all the shortlisted 100
sub-threshold GWs from O3 is shown in the right panel of Fig. 6.5. They form the main cluster
of the shortlisted dataset for subsequent neutrino correlation studies.

Final catalogue of sub-threshold GWs

Now that 100 sub-threshold GWs from O3 have been identified, it makes sense to have a closer
look at the selected candidates. As discussed in chapter 3.3, some of the most interesting pa-
rameters associated with individual GW signals for this analysis are, for example, their SNR,
FAR, pasiro, Sky area coverage, source type, and detector configuration. Some of these are also
relevant for evaluating the ‘signalness’ of a GW event candidate. Precisely, candidates are more
signal-like if they have:

* Detected by at least two detectors in time coincidence within the GW detector network.

* High SNR. To set a bar, the SNR distribution of the shortlisted 100 sub-threshold GWs is
compared with that of the confidently detected GW event.

* Lower FAR (compared to other shortlisted candidates)

* High pasiro (compared to other shortlisted candidates)
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6.1. Sub-threshold Gravitational Waves

In that order, the detector configuration for the shortlisted 100 sub-threshold GWs is shown in
Fig. 6.6.

In general, we expect a ‘real’ GW signal to o Number of events per detector configuration

be detected by more than one GW detector,

given that multiple detectors are in the data-

60—

50+

[}

taking process together. A sub-threshold can-
didate being detected by three different detec- 5 7

tors altogether, satisfying the SNR threshold S x-

for the local detector, is less likely to be of 207

noise origin. From Fig. 6.6, it is visible that ' 1

there are 25 such candidates in the list. Most 0- HiLT L1Vt HL TV 0

of the other candidates were detected by the LVK Detectors

HILI detectors jointly. This is simply be- Fjgure 6.6.: Detectors configuration for the
cause Virgo was not optimally active in some  shortlisted 100 sub-threshold GW from O3, 99
phases. There is one candidate that was de- of them were detected by more than one GW
tected by only the Livingston (L1)® detector, detector with an acceptable SNR value.

due to an hour-long observational downtime of Hanford around the detection time. It is the
GstLAL-1240164426 event, detected by the GstLAL [176], which is the only LVK matched
filtering pipeline accepting single-detector triggers. The corresponding skymap is provided in
the left panel of Fig. 6.7.
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GstLAL-1240164426 (April 24, 2019)
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Figure 6.7.: GstLAL-1240164426 is the only shortlisted sub-threshold GW that was identified
by only one GW detector (Livingston), but satisfied the SNR threshold. The skymap is shown
in the left figure. The event was detected on April 24, 2019, at 18:06:48, with FAR ~ 9 yr~! and
Pastro = 0.12. At that time, both Hanford and Virgo were experiencing observation downtime. It
is evident from the figure on the right, obtained from the GWOSC website. The event detection
time is marked on the plot.

As it was detected by only one active detector, it has the worst localisation. However, it has
quite a low FAR (~ 9 yr~!) compared to most of the other candidates, which can have FAR >

3Originally, Hanford had two interferometers on the same site (H1 and H2). To distinguish them, the number-
ing was introduced. Even after H2 was retired, the convention stayed. Till now, all individual detectors in each site
are marked as H1, L1, and V1, depicting that these are the first detectors to be active in each site.
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100 yrfl. Also, the pasiro > 0.1. So it is considered for the neutrino follow-up search in this
analysis.

As the next step, the distribution of the SNR of all shortlisted 100 events is studied and compared
with that of the 79 high-significance GW's from the same observing run, as illustrated in Fig. 6.8.
It is important to note that all sub-threshold events from O3 within 2 yr~! < FAR < 2 day ™!
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Figure 6.8.: (Left) The SNR distribution of the 100 shortlisted sub-threshold GWs from O3. A
comparison is shown with the SNR distribution of the 79 confidently detected GWs during O3.
(Right) The SNR values are compared to the corresponding pasiro values for individual GWs.
There is no evident correlation between them, which is also expected as SNR is the true measure
of signalness, whereas pasiro 1S @ Bayesian posterior probability, which depends on signal model
assumptions.

satisfy the SNR thresholds required by each detector at the time of their observation. This
condition also applies to the highly-significant detections with FAR < 2 yr~!
candidates are evaluated under consistent detection criteria.

From Fig. 6.8, it is evident that despite their classification as ‘sub-threshold” GWs, all of the 100
shortlisted candidates exhibit SNR values comparable to those of confidently detected events.

, ensuring that all

This suggests that the low significance assigned to these events is not due to their intrinsic weak-
ness as signals. Rather, it is likely due to their signal morphology deviating from the typical
CBC waveforms, which results in higher FAR in template-based searches. Such mismatches
can arise if the signals originate from unconventional sources or are affected by instrumental
artefacts, for example, that hinder the template matching process.

In particular, a subset demonstrates notably high SNRs, exceeding SNR = 40. All of them are
associated with the shortlisted cWBs, as depicted in the right panel of Fig. 6.8. It is also evident
that there is no correlation between event candidates having high SNR and those having high
Pastro- SNR measures directly come from the matched filtering techniques. In contrast, the pasiro
values are the Bayesian posteriors influenced by the signal model assumptions preferred by the
modelled or minimally modelled search pipelines.

To highlight candidates with relatively high SNR, the minimum SNR value associated with
any confidently detected GW event is used as a reference point, that is, 7.5. Almost all the
shortlisted GW events have an SNR value higher than that. Although no further SNR-based
cuts are applied in this analysis, this comparison helps to distinguish stronger signals within the
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6.1. Sub-threshold Gravitational Waves

sub-threshold sample. Among the 100 events, 21 have SNR values exceeding 10, of which 15
alSO eXhlblt pastro > 0.3.

The next relevant quan- FAR and pastro for 100 sub-threshold GWs
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lower FAR and higher Figure 6.9.: The pasuo values for the 100 shortlisted sub-threshold
Pasro at the same time. GWSs, shown corresponding to their FAR values. There is no corre-
It is shown in the 2D lation between high FAR and high pagro values, which is expected
given the discussion presented in Sec. 3.3.

histogram in Fig. 6.9.
11 candidates have pygro > 0.4, for which FAR < 20 yr’l. However, most of the low FAR
candidates have 0.2 < pasiro < 0.3.
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Figure 6.10.: The 50% and 90% containment areas from the 100 shortlisted sub-threshold GW
skymaps, for (left) 90 CBCs and (right) 10 cWBs from the entire O3. Although cWBs tend to
have worse localisation on the sky, no drastic difference is observed for the shortlisted events.

To gain an understanding of the localisation of individual events, the 50% and 90% containment
areas from the skymaps of these sub-threshold GWs are also shown in Fig. 6.10. It is already ev-
ident from these plots that the majority of the sub-threshold GWs do not have good localisation.
Finding probable neutrino counterparts can significantly decrease the localisation uncertainty
for individual GW skymaps, which can make EM follow-up campaigns more efficient.
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Sub-threshold CBC source classes from O3
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Figure 6.11.: The type of CBC sources we have
Most of

them are BBH merger-like events. There are 16

in our sub-threshold GW shortlist.

NSBHs, and no BNS merger-like candidates.

Also, it is interesting to know the source type
associated with each event. For the 100 short-
listed events, 10 are c(WBs. Among the 90
CBCs, there are 16 NSBH-like candidates.
All of the rest are BBH-like events. The
source classification is shown in Fig. 6.11.
The entire list, along with details of individ-
ual candidates and their skymaps, is provided
in Appendix A.

6.1.2. Additional
Interesting GW Events

While scrutinising the FAR distribution for

cWBs from O3, as shown in the lower panel of Fig. 6.1, it is noticeable that two events have

FAR <2 yr~!, each from O3a and O3b.
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" Figure 6.12.: Skymaps for the cWB events

from O3 with FAR < 2 yr~! and pagyo > 0.5.

From O3a, these two cWBs (cWB-1248942961, cWB-1253922430) have FAR < 1 yr_1 and
Pastro > 0.5, but are not associated with any high-significance detection from O3a. None of
them is listed as a confident event independently, because none of the CBC search pipeline
identified them. All the 90 LVK confident events were primarily identified by one or more CBC
search pipelines, which look for GW signals from BBH, BNS, or NSBH-like sources. It is also
another requirement to label a GW signal as a confident detection.
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Similarly, from O3b, two additional cWBs (cWB-1259514943, cWB-1265755544) were found
tohave FAR < 1 yr*1 and quite high pago, 1.€., Pastro > 0.9. Interestingly, cWB-1259514943 was
recorded just 1 s after the confident BBH-like candidate GW191204_171525. As aresult, it was
associated with a different GPS time and escaped the filtering for confident CBCs. However,
it is strongly believed to be a manifestation of the CBC in the cWB analysis pipeline. So,
only cWB-1265755544 (pastro ~ 0.9) was found to be recorded independently by the minimally
modelled cWB search pipeline.

So, in total, we end up with three cWB events, cWB-1248942961 (pasyo = 0.98), cWB-
1253922430 (pasro = 0.64), and cWB-1265755544 (pastro = 0.91) of ‘high-significance’. They
were found not to be associated with any confident CBC detection from O3. Nevertheless, due
to their strong signal characteristics, they are included in this follow-up analysis. The corre-
sponding skymaps are shown in Fig. 6.12. So, in total, 103 GWs will be considered for further
analysis.

6.2. GRECO Data Sample

As mentioned before, this work focuses on the sub-TeV neutrinos detected by IceCube’s dense
infill array, DeepCore [212]. As a part of this work, we use the reconstructed GRECO events
from the dataset known as ‘GRECO-v002-p10b’. The events were recorded during the data-
taking runs of 2012 to 2019, between 26h April, 2012, to 29th May, 2020. A general discussion
on this particular event selection can be found in Sec. 4.2.2.
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Figure 6.13.: (Left) The GRECO daily reconstructed event counts from GRECO-v002-p10
around the GW event PyCBC-1245459820. As it is visible that there are no reconstructed
events available for 2 days, after 58657 MJD, to just before 58660 MJD. (Right) The daily
event counts from the newly available dataset, including the missing events from GRECO-
v002-p10.

GRECO-v002-p10b was an intermediate release, specifically to update GRECO-v002-p10, for
the sub-threshold GW follow-up analysis. The reason behind that was having no reconstructed
events for more than 2 days in GRECO-v002-p10, after MJID 58657 (23 June, 2019). It is
visible in the left panel of Fig. 6.13.
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GRECO event rate (2012-2019)
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Figure 6.14.: The 5-day averaged GRECO rate for the years 2012-2019. The average event rate
shows a sinusoidal behaviour due to the seasonal variations in the atmospheric neutrino flux,

as mentioned before in Ch. 5. The median rate is 4.6 mHz, which is marked on the plot by the
dashed line.

These events were necessary to follow up on an NSBH-merger-like event, which was de-
tected by the PyCBC pipeline on 25" June, 2019. The reason for having no events available
in GRECO-v002-p10 from the ‘good’ data taking runs* (run no. 132735, 132736, 132737,
132751, 132752) between those days is a failure of the current reconstruction algorithm ‘Peg-
Leg’ [246], which is currently implemented for GRECO. The reconstruction is usually slow and
requires resubmission multiple times to the grid to obtain the final result. It takes even longer
for higher energy events or if the likelihood parameter space is difficult to minimise. In that
case, a chunk of events could go missing during reconstruction [342].

To solve this issue, Dr. Michael Larson decided to run the reconstruction separately to obtain
reconstructed events from these good run lists (GRL) for the run IDs mentioned above, and
included them in the latest versions of GRECO, v10b and v14. During the unblinding request,
v14 was not available as it also comes with two more years of data (2012-2022), which required
more processing time. So v10b was used for this work. The daily event counts from the final
dataset with reconstructed events are shown in the right panel of Fig. 6.13 for a few days around
the GW event time. From here on, the main GRECO features related to the likelihood analysis
(See Ch. 5) to be performed are discussed.

4The requirements for a data-taking run to be listed as a ‘good’ run are that all strings are working properly
whigh-energy neutrino taking data, at least 5030 DOMs are active during the entire run, no light is coming from
LEDs or other calibration devices, and the run must be 7 to 9 hours long [215]. The list of all good runs, which is
available internally in the collaboration, is known as ‘good run list” (GRL).
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6.2. GRECO Data Sample

Event rate

GRECO has a relatively stable event rate, which provides an estimate of the number of back-
ground events to expect across the entire sky within a specific time window. Fig. 6.14 presents
the 5-day binned GRECO event rate from 2012 to 2022. The average expectation is ~ 4.6
events in 1000 s, which is also marked on the plot. It provides a robust background for transient
searches. Roughly 60% of the background is expected to be associated with the atmospheric
neutrinos, and the rest comes from atmospheric muons [215]. The observed sinusoidal modula-
tion reflects seasonal variations in the atmospheric neutrino flux, as previously mentioned and
discussed in Ch. 5. Although the background rate is quite high, it should be strongly suppressed
while searching for short transients, as explained in Ch. 5.

Effective area

For short-duration transients, the main driving force that boosts sensitivity is effective area
(Aer)-

Effective Area
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Figure 6.15.: All-flavour effective area for GRECO in the Southern Hemisphere, celestial hori-
zon, and Northern Hemisphere. GRECO has comparable effective area coverage all over the
sky in the energy range of &'(10 — 100) GeV. This makes GRECO a good choice for searching
for sub-TeV neutrino counterparts to GW sources.

As shown in Fig. 6.15, GRECO maintains a fairly uniform A across all sky regions, including
the Southern Hemisphere (SH), Northern Hemisphere (NH), and the celestial horizon. This con-
trasts with GFU (see Fig. 5.3), which primarily focuses on high-energy (sub-PeV) track events
and comes with much enhanced A.¢r coverage in the NH. For GFU, the A¢ suffers in the SH for
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background suppression (for related discussion, see Ch. 4.2.2) [198, 213]. GRECO’s uniform
sky coverage, specifically due to the inclusion of cascades [198], is particularly well-suited for
following up on GW events, which often have broad and widely distributed localisation regions
spanning both hemispheres.

Energy range and resolution

The GRECO dataset covers a reconstructed energy (Ereco) range of &'(10-100) GeV, as seen in
the left panel of Fig. 6.16. This energy range, in contrast to IceCube’s high-energy samples
(such as GFU, sensitive to ¢/(10-100) TeV), makes GRECO particularly valuable for identify-
ing lower-energy neutrino counterparts to astrophysical transients.
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Figure 6.16.: GRECO energy distribution and energy resolution for GRECO-v002-p10b dataset.

Fig. 6.16 shows both the reconstructed energy distribution and the energy resolution. As seen in
the plots, the energy reconstruction can perform poorly at higher energies, as the reconstruction
algorithm is computationally expensive and sometimes stops too early, before converging to
the global minimum [342]. The trend is visible in the left panel of the plot, where there are
some poorly reconstructed events at high energies, which affect the resolution. As these poorly
reconstructed events still appear in the final event selection, they make the energy resolution
plot appear worse as energy increases.

In the newer datasets, a hard cut is applied for log(Ereco) = 3.5, as beyond that, the linearity
no longer exists, and a much lower Ec, value is assigned even for higher Eye. It helps us to
achieve a flatter trend in the higher-energy end of the energy resolution plot. However, keeping
those events in the dataset is also not alarming, as removing them reduces the A.¢ and therefore
the significance for short transients also gets suppressed. It can help if we are sure that we are
removing significant background, but for short transients, the background within a limited time
window is already low enough that it doesn’t matter [342].
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6.2. GRECO Data Sample

Angular resolution

The GRECO sample initially did not come with an angular error (o) estimate from Pegleg,
as it is extremely computationally expensive. The angular uncertainty estimators, such as
Paraboloid [240], which rely on sampling the reconstruction algorithm many times for different
regions in the parameter space, cannot be used as part of it.

The angular uncertainties for the events were separately estimated and added to the version of
GRECO Online, which is used for neutrino astronomy. It is derived from a random forest algo-
rithm, which was trained on both charged-current and neutral-current interactions for neutrinos
of all flavours [198]. Further details are available in [248].

Distribution of 90% containment areas
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Figure 6.17.: The GRECO area containment (90% C.L.) corresponding to the uncertainty ob-
tained from individual events. The median is also marked. For reference, for sub-threshold
GWs, the median area from 90% containment region is > 2000 deg?, as shown in Fig. 6.10.

The distribution of angular uncertainty with respect to reconstructed energy is shown in Fig. 5.2.
It is observed that some higher-energy events may achieve resolutions as fine as 1°. However,
typical cascade-like events have uncertainties around O(10°). This is always a problem for low-
energy event selections, as less energy is lost by the charged leptons inside the detector volume,
and this in turn leads to less deposited charge on the DOMs, which makes event reconstruction
extremely hard. This is the main downside of using GRECO: the events exhibiting poorer angu-
lar resolution compared to high-energy tracks. This limits point-source sensitivity, effectively
reducing such searches to counting experiments. However, this limitation is less critical for
extended and transient sources like GW events. The related skymaps have much worse locali-
sation, with a median 90% containment area > 2000 deg2 (see Fig. 6.10), which is most of the
time an order more compared to the GRECO area containment, as seen in Fig 6.17. Therefore,
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despite its coarse angular resolution, GRECO can help with constraining the location of GW
sources.

6.3. Background and Sensitivity Studies

Previous studies (e.g., [10]) have used GRECO to investigate possible lower-energy neutrino
counterparts to 90 confident GW events observed during the O1, O2, and O3 runs. as a part of
this work, wl extend this approach by using GRECO to search for sub-TeV neutrino counter-
parts associated with selected sub-threshold GW candidates from the O3 run. Before perform-
ing the coincident search with GRECO data, the first step is to complete the background and
sensitivity studies, considering individual shortlisted GW events to evaluate the analysis perfor-
mance. To perform the background studies, scrambled data is used as described in Sec. 5.5.1.
The results from these background studies are used to evaluate sensitivity for the individual
shortlisted 103 GW events using sub-TeV neutrino simulations available within IceCube, as
described in Sec. 5.5.

6.3.1. Background Studies
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Figure 6.18.: Examples of background TS distributions for some of the shortlisted sub-threshold
GWs. The corresponding skymaps are available in Appendix A. The median of each BGTS
distribution is marked, alongside the 30 deviation from the median.
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Following the prescription from Ch. 5, the background TS (BGTS) distribution is constructed
for each of the 103 shortlisted GWs from O3. This is achieved by randomly sampling the
arrival times of each neutrino event detected within a + 5 day off-time window around each
GW detection time. This procedure is repeated 10,000 times, individually considered as an
independent trial. The resulting BGTS distribution is then used as a reference for a background-
like case.

In general, all BGTS distributions contain some dominant spatial features that they inherit from
. They contain several negative TS values as the background neutrinos fall on the pixels
belonging to the less-probable regions on the GW skymap. There, @y is much less than one,
resulting in 2 In(@) to be significantly negative. It acts as a dominant spatial penalty term on
the final TS value, as reflected in Eq. 5.21. The BGTS distribution of GstLAL-1240164426 is
distinct in that aspect. Most of the TS values there are positive, with the TS,.q > 0. The reason
is a worse localisation of the GW source, and having the most probable source position spread
across the two hemispheres, as visible in Fig. 6.7.

A few example BGTS distributions for some of the shortlisted GW events detected during O3
are shown in Fig. 6.18.

6.3.2. Studies with Signal Injection
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Figure 6.19.: Examples of signal recovery tests for some of the shortlisted sub-threshold GWs.
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Gamma recovery test for GstLAL-1240164426

Gamma recovery test for PyCBC-1245459820
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Figure 6.20.: Examples of spectral index recovery tests for some of the shortlisted sub-threshold
GWs.

With signal injection, we perform sensitivity studies and signal recovery tests by injecting signal
neutrinos following a ¥ = 2 spectrum. The method was outlined in Sec. 5.5.2.

Signal Recovery Tests

Some example bias plots for sub-threshold GW candidates from O3 are provided in Figs. 6.19
and 6.20. Here, we plot the number of neutrinos injected, Ny, vs the recovered number of best-
fit neutrinos, Ng;. We also check the bias on the spectral index 7 of the fitted signal neutrinos
recovered from the highest probable region of the GW skymap. As we inject neutrino events
with %, = 2, we compare that with the recovered y values, noted as Y.

For the best-case scenario, we are expected to get Ng; = N¢. Similarly, we expect to retrieve ¢
= 2. In the worst-case scenario, we will see a huge bias in the fit towards lower or higher values
of N and 4. From that, we can infer that our setup is under-fitting or over-fitting, respectively.
Especially, for the sub-threshold GWs, under-fitting of the number of signal neutrinos is more
probable. However, with a larger number of signal injections, linearity is obtained, as seen in
all the plots.
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Figure 6.21.: Sensitivity and Evidence Potential (EP) curves shown for some of the shortlisted

sub-threshold events from O3, for which the BGTS distribution is shown in Fig. 6.18. The 90%
passing fraction is identified on the individual plots, and the corresponding time-integrated
energy squared sensitivity and EP fluxes are highlighted.

Sensitivity Studies

To perform sensitivity studies, we inject an increasing number of ng, following a spectrum with
Y = 2, into the GW skymap. For each injected ng, we calculate the corresponding TS values and
compare them with the BGTS distribution. Also, the flux level corresponding to each injected
ng value is noted. This procedure is repeated across multiple trials for each shortlisted GW
to calculate the Passing Fraction (PF) for various flux levels. Then, 90% sensitivity and 30
evidence potential (EP) is calculated according to the definition given in Sec. 5.5.

In Fig. 6.21, a few sample sensitivity and 30 evidence potential (EP) plots are shown as an
example. The overall sensitivity results obtained for all 103 shortlisted GW are tabulated in
Table 6.1. Each column carries the information about the GW event ID, the detection time in
UTC, the 90% sensitivity and 3o EP flux, with corresponding ng values.

Table 6.1.: 90% Sensitivity and 30 Evidence Potential flux

GW ID Time (UTC) Sensitivity flux  ng  EP flux ng
PyCBC-HM-1238423132  04.04.2019 1.91 279 8.14 11.76
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Table 6.1 (continued)

GW ID Time (UTC) Sensitivity flux  ng  EP flux N

PyCBC-HM-1238442602 04.04.2019 2.38 298 845 10.44
PyCBC-1238582124 06.04.2019 1.77 261 742  10.90
PyCBC-HM-1238821531 09.04.2019 1.59 250 6.60 10.26
PyCBC-HM-1239092652 12.04.2019 1.14 2.34  3.31 6.70
PyCBC-HM-1239227262 13.04.2019 2.00 295  7.07 10.21
PyCBC-HM-1239632437  18.04.2019 1.27 237 424 7.81
GstLAL-1240164426 24.04.2019 2.32 334 8.14 11.61
MBTA-1240423628 27.04.2019 2.99 298 8.83 8.75
GstLAL-1241108686 05.05.2019 2.64 298 879 8.87
MBTA-1241324936 08.05.2019 2.96 3.02 8.55 8.58
PyCBC-HM-1241639735 11.05.2019 1.58 236  7.00 1042
MBTA-1242280001 19.05.2019 3.29 320  9.08 8.81
PyCBC-HM-1242314274  19.05.2019 1.79 255 742  10.56
PyCBC-1243167760 29.05.2019 1.20 240  3.10 6.04
PyCBC-HM-1243220837 30.05.2019 1.70 291 542 9.29
PyCBC-HM-1243748255 05.06.2019 1.86 254 352  10.32
PyCBC-HM-1243985990 07.06.2019 1.93 287 7.82 11.57
PyCBC-HM-1244202953 10.06.2019 1.82 2.68 7.00 10.61
PyCBC-HM-1244278698 11.06.2019 1.78 2.64 771 11.33
PyCBC-HM-1244848599 11.06.2019 1.78 233 690 9.02
PyCBC-244375744 12.06.2019 3.04 3.13 7.18 8.00
PyCBC-HM-1244987689 19.06.2019 2.02 279 8.09 11.05
PyCBC-1245459820 25.06.2019 2.00 282 7.72  10.87
PyCBC-HM-1245839180 29.06.2019 2.00 2.68 846 11.10
PyCBC-1246272532 04.07.2019 3.18 290 798 7.22
cWB-1246523564 07.07.2019 1.98 2.84 8.08 11.36
GstLAL-1246849694 11.07.2019 1.68 2.80 6.00 9.90
MBTA-1247500937 18.07.2019 1.95 276 720 10.10
PyCBC-1248215122 26.07.2019 2.46 312 9.02  11.37
cWB-1248942961° 04.08.2019 2.35 292  7.68 9.40
MBTA-1249050626 05.08.2019 2.43 2.80 6.71 7.73
PyCBC-HM-1249097859 06.08.2019 2.15 293 774  10.56
PyCBC-1249416363 09.08.2019 2.18 2.63 8.85 10.67
GstLAL-1249479778 10.08.2019 3.20 298 8.23 7.57
PyCBC-HM-1249495257 10.08.2019 1.94 2.68 7.54 10.35
PyCBC-HM-1250026325 16.08.2019 2.91 2.68 790 7.27
PyCBC-HM-1250205962 18.08.2019 2.37 270 796 8.99
cWB-1250939932 27.08.2019 1.71 275 643 10.35

5¢WB with Pastro > 0.5
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Table 6.1 (continued)

GW ID Time (UTC) Sensitivity flux  ng  EP flux g

PyCBC-1251787804 06.09.2019 3.07 3.14 8.26 8.40
PyCBC-HM-1251890211 07.09.2019 2.38 2.59 8.96 9.61
GstLAL-1251926900 07.09.2019 2.26 296  7.51 9.68
PyCBC-1252064527 09.09.2019 1.82 2.66 754 10.94
PyCBC-HM-1252645611 16.09.2019 2.63 278  9.14 9.82
PyCBC-1252672417 16.09.2019 1.76 2.57 835 12.23
GstLAL-1252939489 19.09.2019 1.72 2.55 6.58 9.75
cWB-1253293503 23.09.2019 1.75 253  7.54  11.01
PyCBC-HM-1253402832 24.09.2019 1.95 3.00 841 12.81
MBTA-1253719269 28.09.2019 1.87 297 698 1095
cWB-1253922430° 30.09.2019 2.71 2.60 9.50 9.16
MBTA-1257135715 07.11.2019 3.86 3,53 746 6.75
PyCBC-1257260006 08.11.2019 1.93 2,53  7.81 10.35
PyCBC-1258003304 17.11.2019 2.05 2,59 8.17 1040
PyCBC-HM-1258674399 24.11.2019 1.52 246  6.35 10.23
PyCBC-HM-1258872800 27.11.2019 1.90 253  8.07 10.62
PyCBC-HM-1259379760 03.12.2019 1.94 2770  7.60 10.54
MBTA-1259591721 05.12.2019 2.96 2.87 7.88 7.66
cWB-1259959714 09.12.2019 1.69 259 727 10.80
MBTA-1260022599 10.12.2019 1.03 212 2.82 5.76
cWB-1260301231 13.12.2019 2.16 2.64 884 10.61
PyCBC-HM-1260305408 13.12.2019 2.01 3.00 7.33 10.65
PyCBC-1260407000 15.12.2019 1.86 2.68 7.39 10.67
PyCBC-1261058247 22.12.2019 1.71 247 7.18 1040
PyCBC-HM-1261146225 23.12.2019 1.90 274 799 11.48
PyCBC-HM-1261149025 23.12.2019 2.09 3.13  7.53 11.17
PyCBC-HM-1261197166 24.12.2019 1.91 285 7.38 11.23
PyCBC-HM-1261273562 25.12.2019 1.96 280 7.60 10.92
PyCBC-1261656171 29.12.2019 2.00 2.71  8.31 11.42
GstLAL-1261658694 29.12.2019 3.13 3.01 8.23 7.97
PyCBC-HM-1261717507  30.12.2019 1.94 278 822 1152
GstLAL-1261725523 30.12.2019 2.33 277 859 10.21
PyCBC-1262314840 06.01.2020 1.94 276  7.38 10.68
PyCBC-1262321982 06.01.2020 1.81 2.61 741 10.56
PyCBC-1262657374 10.01.2020 2.26 290 9.14 11.58
PyCBC-1262800092 11.01.2020 1.41 2.63 441 8.02
PyCBC-HM-1262878298 12.01.2020 1.35 243  5.00 9.22
PyCBC-1262924523 13.01.2020 1.51 2.53 5.63 9.42

5c¢WB with pagiro > 0.5
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Table 6.1 (continued)

GW ID Time (UTC) Sensitivity flux  ng  EP flux N
PyCBC-1263215647 16.01.2020 2.86 292  8.69 8.76
PyCBC-HM-1263748131 22.01.2020 1.90 277 888 12.54
cWB-1264014232 25.01.2020 2.34 2.88 9.78 11.63
cWB-1264222462 28.01.2020 2.19 290 897 11.73
PyCBC-HM-1264246793  28.01.2020 1.77 2.68 6.87 10.46
PyCBC-HM-1264333383  29.01.2020 1.95 288 776 11.61
PyCBC-HM-1264569708 01.02.2020 1.17 2.18 447 8.17
PyCBC-1264663254 02.02.2020 1.87 2.62 8.01 11.06
PyCBC-HM-1265364040 10.02.2020 1.63 246  7.57 11.37
MBTA-1265537921 12.02.2020 1.57 244 584 9.20
PyCBC-1265685461 14.02.2020 1.07 220 3.10 6.31
PyCBC-HM-1265754804  14.02.2020 1.32 233 4.5 8.64
cWB-12657555447 14.02.2020 2.17 239 842 9.17
GstLAL-1266028677 18.02.2020 1.65 243 749 11.21
cWB-1266055539 18.02.2020 2.10 2.62 824 10.16
GstLAL-1266330503 21.02.2020 3.30 290 8.24 7.35
GstLAL-1266480585 23.02.2020 1.40 242 551 9.51
GstLAL-1266516436 23.02.2020 1.26 2.30  5.00 9.27
cWB-1266548742 24.02.2020 2.29 314 797 10.86
PyCBC-HM-1267131516  01.03.2020 1.74 2.73  7.05 11.17
PyCBC-HM-1267132237 01.03.2020 1.70 2.54 7.63 11.26
PyCBC-HM-1267485300 05.02.2020 1.71 276  5.68 9.18
PyCBC-HM-1268250455 14.03.2020 1.46 2.50 5.19 8.77
GstLAL-1268338066 15.03.2020 1.78 271  6.52 9.83
PyCBC-1268438406 16.03.2020 1.73 2,66 6.72 10.23
cWB-1269257119 26.03.2020 1.74 258 7.68 11.06

Declination-dependence of Sensitivity

Using the 90% sensitivity flux values tabulated in Table 6.1 obtained from the sensitivity stud-
ies, the declination dependence of per-flavour sensitivity of the sub-threshold GWs is also stud-
ied. We represent the sensitivities of the sub-threshold GWs separately, identified by different
pipelines in Fig. 6.22. For demonstration, only GWs detected by GstLAL, MBTA, and cWB-all-
sky-search pipelines are shown here. The plots corresponding to PyCBC and PyCBC-Highmass
pipelines are shown in Fig. A.3. The 90% sensitivity flux for each event is plotted with respect
to the best-fit declination, obtained from the corresponding GW skymap. Each point corre-

7cWB with Pastro > 0.5
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Figure 6.22.: Declination dependence of per-flavour sensitivity flux calculated at 1 GeV for
the sub-threshold CBC and cWB candidates identified by GstLAL, MBTA, and cWB-all-sky
pipelines during O3. The declination of the pixel containing the best-fit source location has
been identified by a marker. Different GW candidates have been identified by different coloured
markers. The horizontal spread across the markers covers the declination range for the 50%
containment area from the respective GW skymap.

sponding to a different GW source candidate has been identified by a marker. The horizontal
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spread across the markers covers the declination range for the 50% containment area for the
respective GW skymap.

Each plot in Fig. 6.22 demonstrates slightly better sensitivities in the Northern Hemisphere
(NH) than in the Southern Hemisphere (SH), which is caused by comparatively lower Aegs
caused by enhanced cuts for atmospheric background suppression. This is a well-known feature
of GRECO, which was also identified in a previous analysis [10]. Some events in the SH still
appear to have better sensitivity. The reason for that is that those particular GW sources have a
significant part of their skymaps located in the NH.

Also, it is notable that the LVK 50% containment region for most of the sub-threshold candi-
dates is pretty large, ranging from the Northern to the Southern hemisphere. The main reason
for this is a worse localisation of sub-threshold GWs compared to that of confident events by
the GW detectors. However, this could be significantly improved if we can identify neutrino
counterparts spatially and temporally correlated to these candidates.

6.4. Summary and Discussion

In this chapter, the detailed procedure of sub-threshold GW event selection for a catalogue
search is outlined. For that, the publicly available LVK data from O3 is used. These events
satisfy 2 yr~! < FAR < 2 day ™! and 0.1 < pagpo < 0.5. Among them, 90 are CBC candi-
dates, including 16 NSBH merger-like events. In addition, 10 cWB events with p,gro < 0.5
and 3 cWB events with p,sro < 0.5 have been identified. The objective is to search for poten-
tial sub-TeV neutrino counterparts that are spatially and temporally coincident with these GW
candidates. For each event, dedicated background and sensitivity studies have been carried out
using scrambled GRECO data. Also, bias tests are performed. The corresponding results are
summarised in Tab. 6.1, with representative example plots provided for demonstration.

The declination dependence of the per-flavour sensitivity has been demonstrated for candidates
from three different pipelines. Notably, for some sub-threshold GWs, the localisation is par-
ticularly poor. Identifying coincident neutrino events would allow a better localisation of the
GW-emitting sources. This would make future follow-ups of sub-threshold GW candidates
more efficient, especially for electromagnetic follow-up searches. In that direction, with the
conclusion of sensitivity studies, the next step is to unblind the GRECO data sample to search
for sub-TeV neutrino emission correlated with the individual sub-threshold GW candidates. The
procedure and results for that are discussed in Ch. 7.
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Chapter 7. Results: Sub-threshold GW
follow-up with Sub-TeV Neutrinos

“The thrill of unwrapping the unknown is the essence of discovery.” — Vera Rubin

To follow up on the sub-threshold GW candidates from O3, a selection criterion to identify
promising source candidates is developed and applied to the whole source catalogue, as de-
scribed in Ch. 6. The background trials and sensitivity studies have also been performed to
evaluate the analysis performance, using the methods described in Ch. 5. The next logical step
is to use the unscrambled IceCube GRECO dataset and search for sub-TeV neutrino coinci-
dences with individual sub-threshold GW events. In IceCube terminology, this transition from
scrambled data to the actual dataset is known as ‘unblinding’. Following this two-step pro-
cedure eliminates bias, preserves statistical rigour, and ensures that any claimed discovery is
credible and reproducible, which are crucial for establishing trust in major discoveries. As a
part of this chapter, the unblinding procedure employed for this analysis and the corresponding
results are discussed. Some of the main results included here were first presented in [122].

7.1. Unblinding Plan

As part of this thesis work, the unblinding is carried out as a time-dependent catalogue search
using the GRECO-v002-p10b dataset, as mentioned in Sec. 6.2. For each GW candidate, we
look for neutrino events that are spatially and temporally coincident within a £500 s time win-
dow around the GW detection time. This search targets all the 103 shortlisted sub-threshold
GW events identified in Sec. 6.1.

For each event, a pre-trial p-value is computed, quantifying how compatible the observed neu-
trino events within the time window are with the spatial and energy distribution described un-
der the signal hypothesis. To assess the significance of neutrino observation from the most
promising GW source candidate, a post-trial p-value is computed using the Siddk correction
method [340] as explained in Sec. 5.5.3. If a neutrino counterpart is found with a trial-corrected
significance of at least 30, the best-fit signal parameters will be reported, which are:

* The number of signal events n,
* The joint best-fit source coordinates (right ascension, r.a. and declination, 6),
* The spectral index 7.

If no significant correlation is observed, we will instead place upper limits on the energy-scaled
time-integrated flux for both neutrinos and anti-neutrinos (v + V), E 2Fv+\-,, for individual GW
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events. Here, the flux is defined as, Fy.y = df%’ for an integration time of 8t = 1000 s. These

limits are calculated assuming a benchmark E~2 spectrum, as the neutrinos are being emitted
by the source.

7.2. Unblinding Results

Following the plan described in Sec. 7.1, the unblinding has been performed on the 103 short-
listed GW events. This section presents the results of that search, including the summary of
pre-trial p-values and their overall distribution. Next, interesting GW+V coincidences are dis-
cussed, and the trial-corrected p-value for that event is reported. Finally, we present flux upper
limits for the case where no significant association is found.

7.2.1. Estimation of pre-trial p-values

As a first step, the unscrambled neutrino data is used to identify neutrino events detected within
a £500 s time window around each shortlisted GW candidate. For every GW event, the sky
pixel is determined which contains the maximum test statistic (7'Sos) following the method
outlined in Eq. 5.21, using the identified neutrino events. This pixel represents the joint best-fit
source location for both the neutrino and GW signals. The observed T Sqps for each GW event
is compared against the corresponding background TS (BGTS) distribution. It is then evaluated
how many background trials yield a 7Sk, larger than T'Syp. The fraction of such trials, relative
to the total number of pseudo-experiments, which is 10,000 for this analysis, defines the pre-trial
p-value, ppre. The resulting values for each source candidate are summarised in the Tab. 7.1.

7.2.2. Summary of unblinding results

Table 7.1.: Summary of unblinding results for the shortlisted 103 GW events. The events are
arranged in the ascending order of the corresponding pre-trial p-value (ppre). For each event,
the GW event details, time of occurrence, observed TS value, pre-trial p-value, and flux upper
limit E2F, .y (for 8t = 1000 s) are listed.

GW ID Time (UTC) Catalogue  Event- TSobs ppre  E*Fyiv
type [GeVcm™2]
PyCBC-HM-1261717507 30.12.2019 GWTC-3 BBH 18.07 0.0004 9.65
PyCBC-HM-1244202953 10.06.2019 GWTC-2.1 BBH 9.70 0.014 6.05
PyCBC-HM-1265364040 10.02.2020 GWTC-3 BBH 7.53 0.033 5.22
cWB-1259959714 09.12.2019 GWTC-3 cWB 693 0.039 5.05
PyCBC-HM-1267132237 01.03.2020 GWTC-3 BBH 633 0.052 5.00
cWB-1260301231 13.12.2019 GWTC-3 cWB  6.61 0.057 5.73
GstLAL-1246849694 11.07.2019 GWTC-2.1 BBH 496 0.069 3.86
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7.2. Unblinding Results

Table 7.1 (continued)

GWID Time (UTC) Catalogue Event- TSops ppre E 2Fv+\-,
type [GeVem ™2
GstLAL-1268338066 15.03.2020 GWTC-3 BBH 493 0.078 4.12
PyCBC-HM-1238442602 04.04.2019 GWTC-2.1 BBH 6.255 0.078 5.32
PyCBC-HM-1238423132 04.04.2019 GWTC-2.1 BBH 5.54 0.085 4.63
PyCBC-HM-1244278698 11.06.2019 GWTC-2.1 BBH 420 0.086 4.04
MBTA-1257135715 07.11.2019 GWTC-3 BBH 0.0 0.10 3.86
cWB-1248942961! 04.08.2019 GWTC-3 cWB 221 0.13 3.9
PyCBC-HM-1253402832 24.09.2019 GWTC-2.1 BBH 5.63 0.135 4.07
cWB-1269257119 26.03.2020 GWTC-3 cWB 3.15 0.17 3.60
PyCBC-HM-1243748255 05.06.2019 GWTC-2.1 BBH 3.18 0.17 3.54
PyCBC-1252672417 16.09.2019 GWTC-2.1 BBH 3.10 0.17 3.72
PyCBC-HM-1264333383 29.01.2020 GWTC-3 BBH 401 0.17 3.57
cWB-1266548742 24.02.2020 GWTC-3 cWB 5.00 0.18 4.12
GstLAL-1252939489 19.09.2019 GWTC-2.1 BBH 2.13  0.196 3.04
PyCBC-1262657374 10.01.2020 GWTC-3 NSBH 344 0.21 3.88
PyCBC-1263215647 16.01.2020 GWTC-3 NSBH 091 0.21 3.86
cWB-1266055539 18.02.2020 GWTC-3 cWB 3.11 021 3.83
GstLAL-1266028677 18.02.2020 GWTC-3 BBH 1.74 022 299
PyCBC-1257260006 08.11.2019 GWTC-3 NSBH 2.121 0.2231 3.15
PyCBC-HM-1243220837 30.05.2019 GWTC-2.1 BBH 1.049 0.2488 2.28
PyCBC-HM-1239632437 18.04.2019 GWTC-2.1 BBH 1.395 0.249 1.74
PyCBC-1251787804 06.09.2019 GWTC-2.1 NSBH 0.067 0.254 3.07
PyCBC-1246272532 04.07.2019 GWTC-2.1 NSBH 0.26 0.26 3.54
PyCBC-HM-1264569708 01.02.2020 GWTC-3 BBH 1.67 027 1.88
cWB-1264222462 28.01.2020 GWTC-3 cWB 236 027 3.40
GstLAL-1251926900 07.09.2019 GWTC-2.1 BBH 035 027 272
MBTA-1241324936 08.05.2019 GWTC-2.1 BBH 0.50 0.28 3.62
PyCBC-HM-1238821531 09.04.2019 GWTC-2.1 BBH 235 028 2.57
GstLAL-1249479778 10.08.2019 GWTC-2.1 BBH 0.0 0.2867 3.20
PyCBC-1267485300 05.02.2020 GWTC-3 BBH 0518 0.3016 2.07
GstLAL-1266330503 21.02.2020 GWTC-3 BBH 0.0 0.31 3.30
PyCBC-HM-1244848599 11.06.2019 GWTC-2.1 BBH 0923 0.34 2.46

LcWB with pagiro > 0.5
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Table 7.1 (continued)

GW ID Time (UTC) Catalogue Event- TSops  ppre E ZFVH-,
type [GeVem 2]
cWB-1250939932 27.08.2019 GWTC-3 cWB 0525 034 2.12
PyCBC-HM-1261149025 23.12.2019 GWTC-3 BBH 0.0 0.35 2.09
MBTA-1259591721 05.12.2019 GWTC-3 BBH 0.0 0.35 2.96
PyCBC-HM-1250026325 16.08.2019 GWTC-2.1 BBH 0.0 0.36 291
PyCBC-1262924523 13.01.2020 GWTC-3 NSBH 1487 0.37 1.99
PyCBC-1262321982 06.01.2020 GWTC-3 NSBH 1.005 0.38 1.35
MBTA-1240423628 27.04.2019 GWTC-2.1 BBH 0.0 0.39 2.99
GstLAL-1241108686 05.05.2019 GWTC-2.1 BBH 0.0 0.40 2.75
PyCBC-HM-1252645611 16.09.2019 GWTC-2.1 BBH 0.745 0.4277 3.06
PyCBC-HM-1245839180 29.06.2019 GWTC-2.1 BBH 0.0 0.4292 2.00
PyCBC-HM-1251890211 07.09.2019 GWTC-2.1 BBH 0.0 0433 240
PyCBC-1265685461 14.02.2020 GWTC-3 BBH 0.0 0.435 1.07
PyCBC-HM-1265754804 14.02.2020 GWTC-3 BBH 0.0 0447 132
PyCBC-HM-1261197166 24.12.2019 GWTC-3 BBH 0.741 0461 2.04
PyCBC-1261058247 22.12.2019 GWTC-3 NSBH 0.521 0.4651 1.84
cWB-1265755544> 14.02.2020 GWTC-3 cWB  0.096 0.4709 2.37
PyCBC-1249416363 09.08.2019 GWTC-2.1 NSBH 0.0 0.4876 2.18
PyCBC-HM-1258872800 27.11.2019 GWTC-3 BBH 0.219 0.4881 1.94
cWB-1253922430° 30.09.2019 GWTC-3 cWB 0.0 0.4963 2.71
PyCBC-1258003304 17.11.2019 GWTC-3 BBH 0.0 0.5065 2.05
PyCBC-HM-1242314274 19.05.2019 GWTC-2.1 BBH 0.0 0.5087 1.79
PyCBC-1264663254 02.02.2020 GWTC-3 NSBH 0.112 0.5105 1.87
GstLAL-1266480585 23.02.2020 GWTC-3 BBH 0.0 0.5114 1.40
cWB-1253293503 23.09.2019 GWTC-2.1 cWB 0.0 0533 1.75
PyCBC-1238582124 06.04.2019 GWTC-2.1 NSBH 0.0 0.5385 1.77
PyCBC-HM-1264246793 28.01.2020 GWTC-3 BBH 0.688 0.5473 1.77
PyCBC-HM-1261146225 23.12.2019 GWTC-3 BBH 0.014 0.5676 1.90
PyCBC-1262314840 06.01.2020 GWTC-3 NSBH 0.397 0.5678 1.94
GstLAL-1266516436 23.02.2020 GWTC-3 BBH 0.13 0.5715 1.26
PyCBC-HM-1267131516 01.03.2020 GWTC-3 BBH 0.0 0.586 2.29
PyCBC-1261656171 29.12.2019 GWTC-3 BBH 0.0 0.615 2.00

2cWB with pagiro > 0.5
3cWB with Pastro > 0.5
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Table 7.1 (continued)

GWID Time (UTC) Catalogue Event- TSops ppre E 2Fv+\-,
type [GeVem ™2
PyCBC-HM-1263748131 22.01.2020 GWTC-3 BBH 0.0 0.6564 1.90
cWB-1264014232 25.01.2020 GWTC-3 cWB 0.0 0.6918 2.34
PyCBC-HM-1243985990 07.06.2019 GWTC-2.1 BBH 0.0 0.6995 1.93
GstLAL-1240164426 24.04.2019 GWTC-2.1 BBH 0.682 0.7215 2.32
PyCBC-HM-1261273562 25.12.2019 GWTC-3 BBH 0.0 0.8399 1.96
PyCBC-1262800092 11.01.2020 GWTC-3 BBH 0.0 0.8577 1.41
MBTA-1247500937 18.07.2019 GWTC-2.1 BBH 0.0 0.8711 1.95
PyCBC-1268438406 16.03.2020 GWTC-3 NSBH 0.0 0.8825 1.73
PyCBC-1244375744 12.06.2019 GWTC-2.1 NSBH 0.0 0.8884 3.04
PyCBC-HM-1250205962 18.08.2019 GWTC-2.1 BBH 0.0 0.898 2.36
PyCBC-HM-1241639735 11.05.2019 GWTC-2.1 BBH 0.0 0.90 1.60
MBTA-1249050626 05.08.2019 GWTC-2.1 BBH 0.0 0.90 243
PyCBC-1243167760 29.05.2019 GWTC-2.1 BBH 0.0 0.90 1.22
PyCBC-HM-1268250455 14.03.2020 GWTC-3 BBH 0.0 091 1.46
GstLAL-1261658694 29.12.2019 GWTC-3 BBH 0.0 091 3.12
PyCBC-HM-1260305408 13.12.2019 GWTC-3 BBH 0.0 091 2.00
PyCBC-HM-1258674399 24.11.2019 GWTC-3 BBH 0085 092 1.52
PyCBC-HM-1239092652 12.04.2019 GWTC-2.1 BBH 0.0 092 1.14
PyCBC-1260407000 15.12.2019 GWTC-3 NSBH 0.0 0.93 1.88
PyCBC-HM-1239227262 13.04.2019 GWTC-2.1 BBH 0.0 0.93 2.00
cWB-1246523564 07.07.2019 GWTC-3 cWB 0.0 0.93 1.98
MBTA-1265537921 12.02.2020 GWTC-3 BBH 0.0 094 1.57
PyCBC-1245459820 25.06.2019 GWTC-2.1 NSBH 0.0 0.94 2.00
PyCBC-HM-1259379760 03.12.2019 GWTC-3 BBH 0.0 0.94 194
PyCBC-1252064527 09.09.2019 GWTC-2.1 BBH 0.0 0.94 1.07
PyCBC-HM-1249495257 10.08.2019 GWTC-2.1 BBH 0.0 094 194
MBTA-1253719269 28.09.2019 GWTC-2.1 BBH 0.0 0.95 1.87
GstLAL-1261725523 30.12.2019 GWTC-3 BBH 0.0 095 233
PyCBC-HM-1244987689 19.06.2019 GWTC-2.1 BBH 0.0 0.96 2.02
MBTA-1260022599 10.12.2019 GWTC-3 BBH 0.0 0.96 1.03
PyCBC-HM-1249097859 06.08.2019 GWTC-2.1 BBH -8.031 0.96 2.15
MBTA-1242280001 19.05.2019 GWTC-2.1 BBH -8.535 0.97 3.29
PyCBC-HM-1262878298 12.01.2020 GWTC-3 BBH 0.0 0.98 1.35
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Table 7.1 (continued)

GW ID Time (UTC) Catalogue Event- TSops  ppre E 2Fv+\-,
type [GeVem 2]
PyCBC-1248215122 26.07.2019 GWTC-2.1 NSBH -1.059 0.99 246

7.2.3. Joint GW + v Skymaps

From the pye values tabulated above, it is evident that two BBH-merger-like events ppre <0.01,
which signifies < 1% probability of chance coincidence. Their details are discussed below. For
the unblinded GW + v joint skymap of all the 103 shortlisted GW events, refer to Appendix B.

PyCBC-HM-1261717507

The most significant candidate is a sub-threshold BBH-like event. The GPS time of the event is
1261717507. It was detected by the PyCBC-Highmass pipeline on December 30, 2019, during
O3b. The pre-trial p-value associated with this event is 0.0004 (3.350). However, after trial-
correction using Eq. 5.23 for N = 103 events, the significance drops to 0.04 (1.76 ¢ one-sided).
The joint skymap for the GW and GRECO events detected within 1000 s by IceCube is shown

in Fig. 7.1.

GRECO events
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Figure 7.1.: Skymap of the most significant sub-threshold GW from the shortlisted 103 events.
The GPS time for detection of the GW event is 1261717507, which corresponds to December
30, 2019. The pagiro value corresponding to this detection is 0.16. The neutrinos detected within
1000 s around the sub-threshold GW detection time are overlaid on top of the GW skymap. The
probability of chance coincidence for this event is 0.04% (4% after trial correction).

In total, 6 GRECO events were detected within the 1000 s time-window. Referring to Table 6.1,
one can compare the fitted number of signal neutrinos required to meet the 90% sensitivity
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flux, which was 2.78. Examining the skymap closely, it is evident that neutrino 4 (6 > 60°)
is primarily driving the TS values in this case. It was found to be emitted ~337 s after LVK
detected the BBH merger. From BBH merger models, neutrino emission is expected to happen
after the launching of jets from the remnant compact object, which is created only after the
merger takes place. So, it fits well within the neutrino emission scenarios expected from BBH
merger models (see Sec. 2.6). Two specific cases are discussed briefly in Ch. 8.

Fig. 7.2 shows the T'Syps for PyCBC-HM-1261717507, overlaid on the respective BGTS distri-
butions derived from scrambled trials. The median and the 30 deviation from the background
are also marked for reference. It demonstrates the deviation from background expectation ob-
tained with T'Sgp.
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Figure 7.2.: The observed TS value for PyCBC-HM-1261717507 is shown here, overlaid on
top of the corresponding background TS (BGTS) distribution. The median of the background
distribution and 3o deviation from it are also indicated.

The corresponding TS map, including the spatial penalty term (see Eq. 5.21), which was ob-
served after unblinding, is shown in Fig. 7.3. Originally, the best-fit location for the GW emit-
ting source was (r.a. = 260.86°, 6 = -35.68°), where the skymap was spread out over both the
Northern and Southern Hemisphere. However, influenced by the neutrino event, the joint GW +
v source position has shifted to the NH, which is marked by the position of 7'Sy,s. For follow-
up efforts, such as electromagnetic counterpart searches, this joint position would serve as a
new focal point. This demonstrates one of the central motivations of this analysis: identifying
coincidences with well-localised neutrino events can indeed improve our ability to highlight
promising regions of the sky for extended sources like sub-threshold GWs, which can influence
our decisions while triggering further follow-up studies.

Despite all the successes mentioned above, a joint detection of GW + v from the pixel where
T'Sops 1s located can’t be claimed, as after trial correction, ppost ~ 0.04 (1.76 &). This means
that the probability of chance-coincidence is around 4%, which is non-negligible.
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Unblinded TS map for PyCBC-H M-1261717507 Zoomed in max TS pixel (r.a.=1118, 5=672)
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Figure 7.3.: (Left) The unblinded TS skymap for PyCBC-HM-1261717507 and (right) the
zoomed-in view of the sky location corresponding to the maximum test statistic (TS) in the
unblinded map, 7'So,s. The colour scale indicates the local TS value, with the red cross mark-
ing the pixel of maximum significance, centred at r.a. = 111.8°, 6 = 67.2°.
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Figure 7.4.. (Left) Joint GW + v skymap for a BBH merger like event, PyCBC-HM-
1244202953, detected on June 10, 2019. Neutrinos detected within the 1000 s search window
are overlaid on the GW skymap. The pre-trial p-value for this event is 0.014. (Right) The
observed TS value is overlaid on the corresponding background TS distribution. The median
and the 30 range of the background are also indicated.

The next most significant source candidate is another sub-threshold BBH merger-like event,
but detected during O3a, also by the PyCBC-Highmass pipeline. The signal was recorded on
June 10, 2019, with a pugo value of 0.14. As tabulated in Table 7.1, the observed pyye for joint
emission of GW + v from this event is 0.014 (2.20 one-sided), which is again not significant
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enough. The joint GW + v skymap is shown in left panel of Fig. 7.4. The right panel shows the
corresponding BGTS distribution on which the 7'S,¢ is marked.

Results obtained for c(WBs and NSBH events

Among the 10 shortlisted cWBs, the most significant one has a GPS time of 1259959714.
It was detected again during O3b, on December 9, 2019, solely by the CBC optimised GW
burst search pipeline. The pre-trial p-value was found to be 0.038. The joint GW skymap
with GRECO events detected within 1000 s by IceCube is shown in Fig. 7.5. The right panel
shows the observed TS values for the most significant sub-threshold cWB event, overlaid on the
respective background TS distributions derived from scrambled trials. The median and the 30
deviation from the background are also marked for reference.
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Figure 7.5.: (Left) Skymap of the most significant sub-threshold cWB from the shortlisted 103
events. The GPS time for detection of the GW event is 1259959714, which corresponds to
December 9, 2019. The pugro value for this detection is 0.28. Neutrinos detected within the
1000 s search window are overlaid on the GW skymap. The pre-trial p-value for this event
is 0.038. (Right) The observed TS value is overlaid on the corresponding background TS
distribution. The median and the 3¢ range of the background are also indicated.

3 of the 10 cWBs had pysiro > 0.5, as mentioned in Sec. 6.1. None of them shows statistically
significant neutrino correlations within the search time window. For example, the joint GW + v
is shown for cWB-1248942961 in Fig. 7.6, which had a p,siro = 0.98 while detection by LVK.
Finally, among the 16 shortlisted NSBH-like shortlisted sub-threshold events, none show sta-
tistically significant neutrino correlations within the search time window of 1000 s. The lowest
Ppre among them was found to be 0.21, for PyCBC-1262657374. For details and the joint GW
+ v skymap, refer to Fig. 7.7.

From the Fig. 7.4, 7.5, 7.6 shown above, it is evident that the number of GRECO events recorded
within the 1000 s time window was higher compared to what was necessary to fulfil the sensi-
tivity expectations (see Table 6.1). Yet, sufficient evidence of joint emission is not possible to
claim because of the larger angular uncertainties associated with promising coincident neutrino
events. This effectively gives us a lower number of best-fit ng corresponding to the 7'Syps. That
significantly affected the discovery prospect for the individual GW events.
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Figure 7.6.: (Left) Skymap of the cWB-1248942961, which was recorded on August 04, 2019.
The pastro corresponding to this detection is 0.98. Neutrinos detected within the 1000 s search
window are overlaid on the GW skymap. The pre-trial p-value for this event is 0.13. (Right)
The observed TS value is overlaid on the corresponding background TS distribution. The
median and the 30 range of the background are also indicated.
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Figure 7.7.: (Left) Skymap of the NSBH candidate, which was recorded to have the lowest ppre

among the 16 shortlisted ones. The GPS time for detection of the GW event is 1262657374,
which corresponds to January 10, 2020. Neutrinos detected within the 1000 s search window
are overlaid on the GW skymap. The probability of chance coincidence was found to be 21%.
(Right) The observed TS value is overlaid on the corresponding background TS distribution.
The median and the 30 range of the background are also indicated.

7.2.4. Pre-trial p-value distribution

As mentioned above, the p-value for each GW event quantifies the probability of obtaining a T'S
at least as large as T'Sqps under the background hypothesis, based on the BGTS distribution. Re-
ferring to their values in Table 7.1, their overall distribution is next to be examined. To interpret
whether this distribution is consistent with background expectations, a reference background
distribution must be established for comparison.

106



7.2. Unblinding Results

Background expectation

To compare the p-values obtained from the UML search, we generate an expected background
distribution by randomly sampling TS values from the BGTS of each GW event and converting
them to p-values, in the same method as explained above. This sampling is repeated 10,000
times to build the distribution. The accumulated p-values are then binned, and the median
count in each bin represents the expected number of background events with p-values in that
range.

In principle, if the BGTS is continuous, which can be achieved with very well localised, high-
energy tracks [8], the resulting p-values under the background hypothesis should be uniformly
distributed between 0 and 1. A very few may give p-values close to 0, which represents
rare, signal-like fluctuations. Otherwise, the p-value will be close to 1 for more common,
background-like outcomes. When accumulated over many repetitions, the distribution of p-
values should appear flat. However, with GRECO, we encounter a contrasting scenario, as the
background expectation is non-uniform across [0,1]. This comes from the discrete nature of the
BGTS, as seen before in Sec. 6.3.1. Since GW skymaps are extended, and GRECO events have
relatively poor angular resolution compared to high-energy tracks, it is almost always possible
to find some overlap between the two. In such situations, the BGTS effectively reduces to a
counting experiment. So, the BGTS can only take a limited number of values depending on
how many events fall inside the contour. Consequently, the p-values derived from this finite set
of TS values are also limited to discrete points. When accumulated, the resulting p-value distri-
bution develops features, for example, in-between plateaus and jumps instead of being smooth
and uniform.

This behaviour is particularly pronounced near p = 1.0, where a majority of pseudo-
experiments yield low TS values (e.g., TS = 0). As a result, many trials cluster at high p-values,
producing a sharp pile-up, while bins near p = 0 remain sparsely populated. This step-like
structure in the background expectation, shown in Sec. 6.3.1 and Fig. 7.8, reflects the limited
resolution of the BGTS in the sub-TeV regime.

Comparison of background and observed p-values

After generating the background p-value expectation, marked with the magenta histogram in
Fig. 7.8, the observed p-value distribution for the 103 shortlisted GW events obtained with
the UML method is overlaid in the same figure as the green histogram. The corresponding ¢
distribution is included in Appendix B.

The observed distribution follows the general features of the background expectation, including
the characteristic plateaus and jumps that arise from the discrete nature of the BGTS. One
notable feature is the absence of events in the bin between 0.75 and 0.8. This empty bin is
not specific to the observed data alone but also appears in the background expectation, which
similarly shows no entries in that range. This consistency indicates that the gap originates from
the structure of the background distribution itself.
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Figure 7.8.: Distribution of pre-trial p-values for the 103 shortlisted sub-threshold GW events
from the O3 observing run. The green histogram with error bars displays the observed p-value
distribution obtained using the UML method. It is compared with the expected background
distribution, obtained by randomly sampling TS values from the background TS distribution
for each GW event and calculating the corresponding p-values. This background sampling was
repeated 10,000 times to construct the expectation. The observed distribution is consistent with
the null hypothesis, and no significant excess is observed.

7.2.5. Kolmogorov-Smirnov Test

To quantitatively assess how much the observed p-value distribution is consistent with the back-
ground expectation, a Kolmogorov—Smirnov (KS) test is performed [333]. The KS statistic
quantifies the vertical distance between the null distribution and the observed distribution by
comparing their cumulative distribution functions (CDFs). In this case, a two-sample KS test
is performed since there are two empirical distributions whose compatibility needs to be tested.
One of them represents the observed p-value distribution, the other is the expected background
p-value distribution, which is described above. The CDFs of each distribution are shown in
Fig. 7.9.

In the plot, a plateau is visible for 0.75 < p-value <0.8 for the CDF representing the observed p-
values. It appears exactly where a dip is visible in the observed p-value distribution in Fig. 7.8.
Thus, it is not a plotting artefact but a genuine feature in the observed CDF of the p-values.
With 103 discrete entries, a flat step like this typically reflects a gap in the available p-values,
which is present in this case between 0.75 and 0.8, followed by several values clustered just
above 0.8. This clustering produces a sharp rise in the CDF near the upper end, which also
appears as the structure in Fig. 7.8. Such irregularities are expected when the CDF is built from
a finite, discrete set of values.

The maximal difference between the CDFs of the two distributions is quantified as the KS
statistic. In this case, the KS test yields a statistic, Dypg = 0.167, corresponding to the maximum
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Figure 7.9.: The CDF distributions representing the observed and the null expectations
vertical distance between the observed CDF and the background expectation. This implies a

~17% probability difference at the point of largest discrepancy. However, the condition to
reject the null hypothesis is,

a, 1+7

In Eq. 7.1, n and m are the sizes of the two empirical distributions (n = m = 103), and « is the
CL at which the null hypothesis is preferred to be rejected. To reinstate, in this case, the null
hypothesis is that the two distributions are consistent with each other. The alternative hypothesis
is that there are inconsistencies between the two distributions, as the observed p-values are not
completely background-like, and the 103 GWs may contain some signal-like cases.

For the 103 sources, and o = 0.01, D,,,m > 0.22, which means a difference of at least 0.22
would be required to reject the null hypothesis with 99% CL. As Dy < D,,m, the observed
deviation is therefore not sufficient for rejection. The KS test p-value is 0.696, meaning that
under the null hypothesis, a discrepancy of this size or larger would arise in about 70% of
realisations by chance. So, the KS test shows no significant deviation of the observed CDF
from the background expectation.

7.2.6. Flux Upper Limits

As none of the shortlisted events has > 30 significance after trial correction, we report flux upper
limits (ULs) (90% C.L.) for all of them, following the unblinding plan outlined in Sec. 7.1.
These limits were calculated assuming an E~2 neutrino spectrum and a fixed 1000 s integration
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Figure 7.10.: 90% C.L. flux upper limits for neutrino emission associated with the 103 short-
listed sub-threshold GW events. The calculation is performed assuming spectral index y = 2
and a 1000-second integration time. The ULs obtained for different event-types, such as BBH
mergers, NSBH mergers, cWBs with pagiro < 0.5, and cWBs with pagyro >0.5 are marked sepa-
rately.

time around each GW detection time. The flux ULs are plotted as a function of the best-fit
declination obtained solely from the corresponding GW skymaps. The results are shown in
Fig. 7.10, for different groups of events, separated as BBH-mergers, NSBH mergers, cWBs
with pasiro < 0.5, and cWBs with pygiro >0.5. It is visible in the plot that the most constraining
ULs we have are coming from mostly BBH merger-like events, as pointed out in the Table 7.1.
Furthermore, it is also visible that in the Northern Hemisphere (NH), the flux ULs are more
constraining, due to having slightly better A.¢ coverage.

Furthermore, we also include previously published ULs for 79 confident GW events from O3,
obtained using both the GRECO and GFU datasets [9, 10], and compare the results with the
ULs obtained in this work. The results are shown in Fig. 7.11. The comparison shows that
the ULs with GRECO for sub-threshold GWs are of a similar order of magnitude to those for
confident events, which is something we expect. It also follows the trend of the point-source
sensitivity that GRECO has. The sensitivity across the entire sky is flatter compared to that of
the high-energy track sample, as GRECO has complementary A.¢ coverage across the whole
sky. For both GRECO and GFU, the flux ULs are more constraining in the NH, compared
to those of the Southern Hemisphere (SH). However, the limits obtained with GFU are more
constraining, as expected, primarily due to improved angular resolution for high-energy tracks.
It allows better suppression of background within a smaller search region. This enhances the
signal-to-background separation and leads to better flux ULs.
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Figure 7.11.: 90% C.L. flux upper limits for neutrino emission associated with the 103 short-
listed sub-threshold GW events. The calculation is performed assuming spectral index y = 2
and a 1000-second integration time. Results are compared to previously published ULs for the
79 confident GW events from O3, using both sub-TeV all-flavour (GRECO) [10] and TeV-PeV
tracks (GFU) data sample [9]. Each flux value is plotted against the best-fit declination from
the corresponding GW skymap.

7.3. Summary and Discussion

In this chapter, the results obtained from the archival catalogue search performed following
the UML method to identify temporally and spatially coincident sub-TeV neutrinos with 103
selected GW events are presented. Though lower in significance according to the GW detectors,
they are still promising source candidates for joint emission of GW + v, which are not yet well
identified. For the sub-TeV neutrinos, GRECO-v002-p10b is used, which includes all-sky, all-
flavour events detected with IceCube-DeepCore. The search time window is 1000 s centred
around each GW detection time.

No statistically significant neutrino counterpart was identified from any individual GW event.
Though a BBH merger-like candidate had pyre ~0.0004, after accounting for trial factors, it is
1.760. Consequently, neutrino flux ULs were derived for each event. The limits presented here
complement those from the high-energy and sub-TeV neutrino follow-ups.

With the increase in sub-threshold GW detection rates during the fourth observation run of LVK,
and more similar observations expected with 3G detectors, similar follow-up search campaigns
could be performed, providing us the opportunity to probe more possible cases of joint emission.
A better localisation of the GW sources will also enhance such a search. With sub-threshold
GW alerts now publicly available in real time during O4, this approach opens promising avenues
for future real-time multi-messenger campaigns.

111
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Overall, the detection prospects suffer because of the larger angular uncertainty associated with
the majority of the sub-TeV neutrinos, as that affects the signal-to-background separation capa-
bilities of individual events. Given that the flux ULs are less constraining, it does not allow us to
effectively constrain or exclude source models. With improved reconstruction of the sub-TeV
neutrinos with the use of more advanced methods, like using neural networks, the detection
prospects could be further improved. There are already some efforts in this direction. In addi-
tion to this, the IceCube Upgrade [317] will provide a higher exposure at low energies and is
expected to improve the localisation and energy determination capabilities of the detector in the
sub-TeV energy range. This is also likely to improve the capabilities of the analysis presented
in this chapter.

The analysis framework employed here can be readily extended to other IceCube data samples.
An analysis using high-energy tracks is already under development and progressing towards
unblinding.
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Chapter 8. Future Prospects: Joint GW

and Neutrino Detection

“We are Stardust brought to life, then empowered by the Universe to figure itself
out. And we have only just begun.”
— Jocelyn Bell Burnell

After more than a decade of searches, common astrophysical sources of neutrinos and Grav-
itational Waves (GW) have not been observed. All GW detections with high significance by
LIGO-Virgo-KAGRA (LVK) [8, 9, 12, 343], as well as interesting shortlisted sub-threshold
GW [122], which are publicly available, have been investigated using various data samples cov-
ering a vast energy range, without yielding any statistically significant coincidence (see Ch. 7).
To date, only neutrino flux upper limits (UL) have been obtained, since the current neutrino
experiments are individually not sensitive enough to any neutrino flux coming from individual
GW sources. Naturally, this raises the question of how fruitful future multi-messenger cam-
paigns involving GW and neutrinos would be in the era of next-generation GW and neutrino
detectors.

To this end, this chapter quantifies the prospects for detecting joint GW and neutrino emission
from astrophysical sources, under certain benchmark model fluxes. It begins with a discussion
of GW and neutrino detectors that could be available in the foreseeable future, with particular
attention to their sensitivities and complementarities. For neutrino detectors, a dedicated back-
ground estimation is performed, providing the basis for evaluating the significance of neutrino
detections. Both individual GW events and a population of GW sources are considered under
specific neutrino emission models before moving on to assess if upcoming observatories can en-
hance the chances of a confirmed joint detection. Part of the discussion was briefly highlighted
in [151].

8.1. Future GW and Neutrino Detectors

It has already been mentioned in Sec. 3.2 that by mid-2030s, third-generation (3G) GW de-
tectors, like the Einstein Telescope (ET), should be operational, and would have much better
sensitivity compared to LVK. In the neutrino front as well, we expect to have the IceCube-
Upgrade [317] and IceCube-Gen?2 [327] in the Southern Hemisphere (SH), improving our sen-
sitivity in both low-and high-energy regimes respectively, as discussed in Ch. 4. A fully oper-
ational KM3NeT [345, 346] and Baikal-GVD [347] will be active in the Northern Hemisphere
(NH). A group of other ambitious projects for TeV-PeV neutrino telescopes are also under dis-
cussion. P-ONE[348], currently at a prototypal stage, aims at the realisation of a 1 km> array
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Figure 8.1.: High-energy neutrino detectors around the globe. Among them, IceCube is fully
operational. Some are active but under construction (for example, KM3NeT and Baikal-GVD).
Others are in the preparatory phase. They all contribute to different configurations of PLEVM,
a global network of high-energy neutrino detectors. IceCube, along with other IceCube-sized
detectors located in the sites of KM3NeT, Baikal-GVD, and P-ONE, is referred to as PLEVM-
1. When IceCube is replaced by IceCube-Gen2, the global network is defined as PLEVM-2.
These two configurations are the most relevant for this work. Additionally, combining the
TRIDENT, NEON, and HUNT leads towards PLEVM-3. Figure obtained from [344].

of multi-PMT optical modules off Canada in the Pacific Ocean. The Chinese project TRI-
DENT [349] is studying the feasibility of a neutrino telescope in the South China Sea, aiming
at an instrumented volume of 8 km?>. In China, other ambitious projects are also under discus-
sion, such as NEON [350] and HUNT [351]. Locations of these individual detectors are pointed
out in Fig. 8.1.

In addition to the optical Cherenkov detectors discussed above, several radio-detection experi-
ments, such as ARA [352], ARIANNA [353], RNO-G [354], and IceCube-Gen2 Radio [328],
are targeting the detection of cosmogenic neutrinos at EeV energies. Complementary searches
are also being pursued with extensive air-shower detectors, such as the Pierre Auger observa-
tory [355, 356] and GRAND [357], which exploit Earth-skimming tau neutrinos (up-going) and
neutrinos from inclined air showers (down-going). These experiments provide an essential eye
in the highest-energy neutrino regime, though they are beyond the scope of the present work,
which focuses on the TeV—PeV energy range accessible to optical Cherenkov detectors.
However, the discovery potential of any individual detector for high-energy neutrinos from
GW sources, or any short-lived transient sources, so to speak, will suffer due to limited flu-
ence during the flare-up period. Moreover, for a significant energy range (GeV-TeV) where
the high-energy neutrino detectors have good sensitivity, they struggle because of a dominating
atmospheric neutrino background, as explained in Sec. 4.2.2. Even though IceCube sees the
whole sky in neutrinos all the time, its position at the South Pole and limited detection volume
also act as additional constraints.
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8.2. Background Estimation

8.1.1. PLEvM and Combined Effective Area

A significant increase in the all-sky neutrino detection rate would immensely boost the sen-
sitivity by a few factors compared to that achievable with a single-detector configuration. To
enhance the full sky neutrino rate, multiple IceCube-like neutrino detectors, of similar or larger
volume, are needed across the globe. When they are operating together, the combined effective
area (Aefr) 1s expected to improve all over the sky. This combined configuration of a global
neutrino telescope network is called ‘PLEVM-1" [344], which represents the combined Ag¢ of
IceCube, KM3NeT, Baikal-GVD and P-ONE, as shown in Fig. 8.1. An upgraded configuration,
‘PLEVM-2’, is also available in which IceCube’s A¢f is replaced by that of Gen-2, allowing us
to examine how such an extension would influence the joint-detection landscape [344].
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Figure 8.2.: Effective area for TeV-PeV neutrinos in IceCube, PLEVM-1 and PLEVM-2 detec-
tors, for declination = -23°, addressing a source located in reference position of GW170817.
One can see how, with the global network of neutrino detectors, the effective area increases by
orders of magnitude. Obtained using the PLEVM code [358].

To demonstrate this, consider a GW170817-like source located at right ascension (r.a.) and
declination (&) ~ [197°,—23°] [3]. Fig. 8.2 shows how the A coverage is improved by orders
of magnitude in that region of sky by considering the joint Acs with PLEVM-1 and PLEVM-
2, compared to single high-energy neutrino detectors. These configurations have already been
considered to investigate the improvement in sensitivity to steady emitters of high-energy neu-
trinos [359]. As a part of this thesis, they are used to evaluate the sensitivity for transient
sources, like compact binary coalescences (CBC).

8.2. Background Estimation

Before evaluating the prospects of GW follow-up searches, accurately quantifying the atmo-
spheric neutrino background across the relevant energy range is crucial. Below ~10 TeV, this
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atmospheric background can overwhelm the signal neutrinos coming from astrophysical sources
of our interest [278, 360]. Quantifying the background neutrino contribution across different
detectors, declinations, and energy ranges allows a more accurate assessment of signal detection
significance.

8.2.1. Atmospheric Neutrino Flux

In the energy range of 10> — 107 GeV, the dominant background for neutrinos coming from a
particular astrophysical source is the atmospheric muons and neutrinos. However, specifically
for up-going tracks, the atmospheric muons are not dominant as the Earth acts as a filter. So,
only the atmospheric neutrinos can pass through and mimic signal-like events in any neutrino
detector, as discussed in Ch. 4.
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decay, and that suppresses neutrino

production.  For near-horizontal
Figure 8.3.: The flux of v, + Vv, at the surface obtained directions, mesons travel a much
as a solution of MCEq. An example result is shown
here for zenith (8) = 60°, § = 30°. The magenta dashed
line represents the contribution of the prompt v, + vV
flux, and the blue dashed-dotted line shows the conven-

tional flux contribution. Details on them were discussed Promp t. particles fleca-‘/ .alm.ost
in Sec. 42.2. immediately, so their contribution

is essentially not affected by the
column depth or interaction probability in atmosphere [17, 360].

longer path in the thinner upper
atmosphere, enhancing the chance
of decay into neutrinos. In contrast,

atm
vV

across the relevant energy range for various zenith angles (6). This is achieved by solving the
Matrix Cascade Equations (MCEq)1 [361]. It is a numerical tool used to simulate the evolu-
tion of particle cascades as they propagate through the Earth’s atmosphere. MCEq models the
particle flux at the surface in discrete energy bins, providing differential spectra and total fluxes

To quantify the fluxes, the first step involves simulating the atmospheric neutrino flux, ¢

!GitHub repository: https://github.com/mceq-project/MCEq
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8.2. Background Estimation

using various models for particle interactions and atmospheric density profiles. For this work,
the SIBYLL 2.3c hadronic interaction model [362] is used, in combination with the H3a cosmic
ray (CR) flux model [363], which divides the CR energy spectrum into three source populations.
Among them, the first one is around the knee region, typically attributed to Galactic supernova
remnants (cut-off energy = 4 PeV). The second population is located at the knee region, orig-
inating from a different class of Galactic accelerators that extends the Galactic contribution to
higher rigidity, filling the gap between the knee and ankle (cut-off energy = 30 PeV). The final
population component is dominant above the ankle, and is a mix of the highest energy Galactic
contribution and extragalactic components (cut-off energy = 2 EeV) [364].

The zenith angle (6) values range from 90° to 180°, which corresponds to upward-going neu-
trinos (i.e., originating from the Northern Hemisphere from IceCube’s perspective). The rela-
tionship between zenith angle () and declination (&) for a detector located at the South Pole
is:

0 =90°—-6 (8.1)

Due to the spherical symmetry of the Earth and the atmosphere, this implies the following
mapping between the Northern and Southern Hemispheres:

Onn = 180° — Osy 8.2)

In Fig. 8.3, an example case for 0 = 60°, 6 = 30° is shown. The muon and anti-muon neutrino
(Vy + V) flux is plotted for the energy range of 10 - 107 GeV. The detailed calculation for
mapping between the zenith angles and declinations can be found in Appendix C. The total
flux consists of the conventional and prompt particle fluxes, where the prompt is a dominant
contribution for E, > 10® GeV. For the background calculation, only v, + V, is considered, as
the signal case is high-energy up-going tracks for this analysis.

8.2.2. Diffuse Astrophysical Background Neutrino flux

The next essential component for the background estimation is the diffuse astrophysical neu-
trino background, arising from numerous unresolved Galactic and extragalactic sources.

This background flux is typically modelled as:

bk E — Yastro
ast;go = ;:;rfﬂavour < m ) (8.3)

According to the published IceCube results [229], the astrophysical diffuse muon neutrino flux
could be expressed as a single power law flux (SPL) with a best-fit spectral index of Yastro =
2.581“8:(1)8. The corresponding per-flavour normalisation at 100 TeV is given by

astro 100 Tev +0.19 R, S |
per—flavour = 1-68¢7) GeV ™ iem s st (8.4)
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Background v, + v, flux

10—4 y
Atm. flux, 6 = 15.0°
- 107> Atm. flux, § = 45.0°
& 106 —— Atm. flux, 6 = 75.0°
rl\‘m —— Diffuse astro (SPL)
lE 1071 lo error
o
3 1078;
O
£ 10794
§ 10-10
W
10—11 ]
103 104 10° 106 107

Energy (GeV)

Figure 8.4.: The energy dependence of the atmospheric and diffuse astrophysical muon neutrino

background is shown here. The atmospheric contribution for three distinct declinations in the
Northern hemisphere is considered. The diffuse astrophysical flux falls off as a single power
law of energy but has no zenith dependence. Beyond 5 x10° GeV, it is the most dominant
contribution as background neutrino flux.

More recently, analyses based on an all-sky sample of medium-energy starting events (tracks
and cascades) have indicated a deviation from the SPL description, favouring a broken power-
law parametrisation of the diffuse spectrum [230, 231] with 4.7¢ significance. While this de-
velopment is noteworthy, in the present work we restrict ourselves to the upgoing tracks and
therefore stick to the earlier SPL estimate, as shown in Eq. 8.4.

The diffuse astrophysical background is independent of the zenith angle, unlike the atmospheric
contribution, because astrophysical neutrinos arrive uniformly from all directions, without a
horizon limiting their sources [228]. But the flux falls off with energy following the aforemen-
tioned power law, in Eq. 8.4. The overall variation of atmospheric and astrophysical background
muon neutrino flux with energy is shown in Fig. 8.4.

8.2.3. Total Background Neutrino Flux

The total background of muon neutrinos (N\lj;ljivﬂ) in each energy bin is calculated by adding
up the individual contributions from atmospheric and astrophysical diffuse muon neutrino flux.
Hence, for each energy bin,

ot = Pasto + P (8.5)
The flux as shown in Eq. 8.5, multiplied by the declination-dependent A.¢ of the detector (ob-
tained using PLEVM code” [358]), gives the number of neutrinos in each energy bin. The

evaluation of the background contribution, N, okg

Vit finally utilises the chosen time window (At)

2GitHub repository: https://github.com/PleNuM-group/Plenum
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8.3. Prospects for Catalogue Search with Binary Black Hole Mergers
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Figure 8.5.: The background neutrino count per energy bin considering both atmospheric and
astrophysical background v, + v, for the IceCube detector, for 109 .

within each declination bin (6; < 8 < &). Eq. 8.6 shows the final expression. For detailed
calculation, check Eq. C.2.

EHIB.X
N‘lfti‘_/“ = Ar27sin(8 — &) / dE ¢2X%(0,E) Aeti(8,E) (8.6)

Erin

The estimated count for N‘lfllfi\-,“ per energy bin for 10° s is shown in Fig. 8.5, considering
IceCube A for upward-going, PSTrack-10 year event selection [232] (see details in Sec. 4.2.2).
The background counts for different values of At could be obtained further (see Appendix C),
and must be compared to the signal models of our interest. For declination values, we stick to
the Northern Hemisphere, and evaluate the background counts for 10° declination bins between
0 = 0-90°. We only consider the Aqgt for Ep;, >1 TeV, as below that the A of the high-energy
neutrino detector is not ideally optimised. Epax is set to 107 GeV, which is chosen according
to the energy range obtained from MCEq solutions, shown in Fig. 8.3, beyond which we have
a negligible background estimate for atmospheric neutrinos. Similar studies are performed for
other IceCube-Gen2, PLEVM-1, and PLEVM-2, for which results are shown in Appendix C.

8.3. Prospects for Catalogue Search with Binary Black Hole Mergers

After quantifying the background, the neutrino signal from a BBH merger-like source for cat-
alogue searches is estimated, considering diverse detector configurations. For the high-energy
neutrino detectors, individual detectors like IceCube and IceCube-Gen?2 are included, account-
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ing for their optimal configuration, along with PLEVM-1 and PLEVM-2. For GW observations,
we consider the detection horizon of current LVK detectors as well as the future ET".

Among the CBC sources, BNS mergers are well-established as prime multi-messenger sources,
especially after the landmark GW170817 event [3], which had clear electromagnetic (EM)
counterparts. In contrast, BBH mergers are typically not expected to produce EM or neutrino
counterparts as isolated objects. But, if some BBH systems are embedded in AGN disks, it
offers an exciting scenario [114—117]. These disks are considered ‘promising factories’ to form
compact object binaries, as there is a high density of stars and compact objects, which increases
encounter probability and facilitates binary formation through dynamical interactions. After
the occurrence of the BBH merger in the matter-dense environment of the AGN disk, a recent
work has shown that the remnant BH can accrete matter and launch powerful jets [365], which
can collide with disk materials. The interaction between the jet and the AGN disk accelerates
protons to high energies, which can interact with the ambient photon fields and hadronically
produce photons and neutrinos, as shown in Eq. 2.7 The potential of a BBH merger being a
multi-messenger source in such a scenario is already discussed in Sec 2.6.

This particular scenario got even more interesting when an optical flare transient ZTF19abanrhr
associated with AGN J124942.34344929 was found as a plausible EM counterpart to a BBH
merger event, GW190521 [184], detected by LVK during O3a [366] (also see Sec. 3.5). Al-
though no neutrino counterpart was detected, IceCube has published flux upper limits [9, 10].
Several models [367, 368] predict that in future, such sources will be more common, especially
with the 3G detectors. Thus, the prospect of identifying joint emission of GW and neutrinos
based on benchmark models from such sources is evaluated, considering neutrino detectors that
will be active during future observation runs of LVK and ET, for example.

8.3.1. High-energy Neutrino Fluence from BBH mergers

For signal estimation, neutrino emission models of an individual BBH merger embedded in an
AGN disk need to be considered. The muon neutrino (V) fluence” is reported in [116, 117], till
10° GeV. The corresponding flux ((I)\I?MBH(EV)) 1s estimated for different source scenarios, which
are discussed below.

* In [116], the authors consider a BBH system 103 R, away from the AGN core. The unit
R, is the Schwarzschild radius, and is defined as,

_ GMsvBH

Ry = (8.7)

c2

MsyvpH is the mass of a supermassive BH at the AGN core. Distance of the BBH system
from the BH, ry, is set to 10 Ry. The BBH merger has a total mass of 100 M. They

3Cosmic Explorer (CE) or ET+CE configurations are not considered here, as this work is a simple proof of
concept.
4By definition, fluence is the time-integrated flux. For a time window [fg, #{], fluence = ftg o (Ey,t)dt, where

0(Ey,1) is the differential flux with a unit of GeV~! cm=2 s,
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Forward shock
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Figure 8.6.: Schematic diagram of an idealised jet, with four types of shocks. The shocks are
located at the junction of each shock site. Figure reproduced from [116].

investigate neutrino emission from different shock sites, marked as the reverse shock
(RS), collimation shock (CS), and internal shock (IS), which form during the created jet’s
interaction with the disk atmosphere [115]. A schematic diagram is shown in Fig. 8.6.
For each of the shock sites, the accretion rate m = f,..rgyr varies. Here, facc is the rate
parameter and gy, is the accretion rate.

* On the other hand, in [117], neutrino fluence is estimated considering Forward Shock (FS)
formation as the jet propagates within the disk atmosphere. In this case, fycc 1s fixed to 15,
but (l)‘],iBH(Ev) varies for different rq values. The source distance from the Earth is fixed at
5300 Mpc. The fluence values are provided based on different jet durations, depending on
varying rq values. While calculating the fluence, the authors here also assume a constant
neutrino emission for the entire jet duration.

For both models, the fluence is reported assuming an SMBH at the AGN core with a mass of
103 M. Neutrino bursts are expected to occur post-merger, after the GW emission, when a jet
erupts from the remnant BH. In both studied scenarios, the resultant jet is pointing directly to-
wards Earth, with an initial jet opening angle 6; ~ 0.2. It is, overall, a fairly idealised situation,
which would enhance the neutrino fluence detectable on Earth [15]. For both models, pp inter-
action dominates neutrino production in the lower energies, while py interaction contributes to
producing neutrinos with energies above ~ 10 TeV [116, 117]. Additionally, a characteristic
increase in the fluence is observed around ~PeV energies, as in lower energies, the neutrino
fluence is suppressed due to Bethe-Heitler production.

The important source parameters for both of the models are tabulated in Tab. 8.1. The resultant
fluence plots are shown in Fig. 8.7.
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Figure 8.7.: The neutrino fluence obtained for BBH mergers in AGN disks, as presented in [116,

117]. (Left) The fluence is calculated for 5 x 10 s and the BBH merger is occurring at a
distance from the AGN core fixed to 103 R,, where R, is the Schwarzschild radius of the
central SMBH. The source is ~100 Mpc away from the Earth [116]. Different fluence values
are calculated for different shock acceleration scenarios and different accretion rates of the
remnant black hole. (Right) The fluence is calculated for a BBH merger, which is ~5300 Mpc
away from the Earth. The accretion rate of the remnant black hole is f,.c = 15. The different
fluence values are estimated based on the jet duration, which depends on the distance of the
BBH merger from the AGN core [117]. Figures obtained from the original articles.

Table 8.1.: Source parameters influencing the high-energy neutrino fluence from BBH mergers
occurring in AGN disks. For each case [116, 117], the total mass of the BBH merger (Mppn),
its distance from Earth (d), as well as from the AGN core (rq), accretion parameter of the
remnant Black Hole (facc), and the jet duration for which fluence is calculated (¢;) with their
corresponding units, are specified.

Ref. Mgy d. 714 face 1 Ey
(Mz) (Mpe) (Rg) (s) (GeV)

[116] 100 100 10° 0.1 5x10° 10°-10°
1
10

[117] 150 5300 10 15 7x10* 1-10°
103 10*
10° 8 x 10°
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8.3.2. Simulating Signal Neutrinos from BBH Merger in AGN Disk

BBH

Considering the fluence given in [116, 117], the number of signal neutrinos, (N"u +V“) coming
from an individual source candidate can be calculated in the following way:
BBH Emax BBH
NEBE oy /E " dE 9P (Ey) Acn(6. Ey) 8.8)

The factor of 2 is multiplied to account for both neutrinos and anti-neutrinos. Aeg(8,Ey) is
obtained for different detector configurations using the PLEVM code’. At is chosen based on
the jet-duration (7)) assigned to each scenario (see Tab. 8.1). The background estimation for
each case also has a similar implementation (see associated plots in Appendix C). Ey;j, is set as
1 TeV, for all detectors, in accordance with the background calculation performed in Sec. 8.2.
Similarly, Enay is set to 107 GeV, as the background estimation is simulated only till this energy
range.

Following the above prescription, the signal rate obtained for a BBH merger occurring at
100 Mpc is shown in Fig. 8.8, considering the most optimistic scenario with ficc = 10. The
corresponding flux, (])E#BH(EV) for different shock sites is reproduced from the fluence provided
in [116] (for At =5 x10° s), which is shown in the left panel of Fig. 8.7. As expected, the signal
rate is much higher for detector configurations such as Gen-2 and PLEVM-2, which provide
the most extensive A coverage in TeV - PeV energy range. The estimated signal rate is quite
high for reverse and collimated shocks, as they facilitate more efficient CR proton acceleration,

compared to internal shock [116].

However, it represents an unrealistic scenario. A source distance of 100 Mpc is too close for
the distance assumption, where a GW detector like LVK is capable of detecting a BBH merger
in an AGN disk. To this end, the results can be further optimised for a BBH merger located
further away from the Earth. For standardisation, we need to estimate the nearest distance at
which at least one BBH merger can occur in an AGN disk during the operation time of a GW
detector. Given the current measured BBH merger rate per comoving volume, R(dy ) at different
luminosity distances can be parametrised as follows:

R(z) = Ro(1+2)" (8.9)

Here, Ry is the local merger rate at redshift z = 0. The estimated value from LVK O3 for Ry is
given as 18.4fé?j6Gpc_3yr_1. The best fit value for the evolution parameter, K = 2.9f}:§ for z
< 1 (dp ~ 6800 Mpc) [167]. Thus, the number of expected BBH mergers occurring in AGN
disks n(dy) is given below.

>GitHub repository: https://github.com/PleNuM-group/Plenum
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Figure 8.8.: The rate of signal events detected by IceCube, PLEVM-1, Gen-2, and PLEVM-
2, for a source located at 100 Mpc away from the Earth. The fluence values correspond to
Jace = 10, At =5 X 106 s, and three different shock sites: internal (IS), collimated (CS), and
reverse shocks (RS). Fluence obtained from [116]. The total number of signal events could be
calculated by scaling the rate according to the desired time window (At).

n(dL) = R(dL)*xV(dyL) X Tobs X PagN
4
~ R(dp) x gndﬁ X Tops X PAGN (8.10)

The current best estimate for the probability of a BBH merger occurring at an AGN disk, Pagn ~
0.2 [369]. In Ty, = 1 year, to have n(dy) = 1, dp. ~ 400 Mpc6. Similarly, for LVK, which is
active for Ty, = 10 years, the chances of observing a BBH merger in AGN disk increase given
the longer operation time. Thus, the nearest one could be detected around di, ~ 186 Mpc.
Modifying the fluence accordingly, as shown in Eq. 8.11, would allow us to predict NEMBE‘-,“.

1
¢§uBH < (8.11)
L

®However, the chances of observing a BBH merger in AGN disk increase given the longer operation time.
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Following Eq. 8.11, (Z)\],SuBH is calculated for a single BBH-merger located at di, = 400 Mpc.
Using it, the signal rate estimates are shown in Fig. 8.9. Clearly, the signal rate has decreased
significantly from what was obtained in Fig. 8.8.
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Figure 8.9.: The rate of signal events detected by IceCube, PLEVM-1, Gen-2, and PLEVM-
2, for a source located at 400 Mpc away from the Earth. The fluence values correspond to
Jface =10, At =5 X 100 s, and three different shock sites: internal (IS), collimated (CS), and
reverse shocks (RS). Fluence obtained from [116]. The total number of signal events could be
calculated further by scaling the rate according to the desired time window (At).

The result can be further optimised by accounting for the time variation of neutrino emis-
sion from the individual sources. In this work, a constant emission is assumed for 5 x 10° s,
which roughly accounts for two months. However, it is not a realistic scenario. Although a
higher emission is expected after the collimation of the jet, which happens 100 s after the jet
launch [116], it should subsequently decline rather than remain steady. As the jet expands, both
the photon density and baryon density decrease, which will incorporate time variation in high-
energy neutrino emission. But a time profile quantifying that for similar sources is unavailable,
so it was not possible to deviate from this rate estimate.

A more realistic case is represented by [117], where (p‘],iBH (Ey) is calculated for a source located
at 5300 Mpc, comparable to the distance where ZTF19abanrhr was observed [117, 184]. The
signal rate obtained for this scenario using Eq. 8.8 is shown in Fig. 8.10. The signal rate here
also benefits from the higher A.¢ coverage for Gen-2 and PLEVM-2 in the considered energy
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range, what was also seen in Fig. 8.9. For different values of r4, the rate varies, and rg =
10° R offers the most optimistic scenario as it is located furthest away from the AGN core.
So, it benefits from the maximum density of the lower-energy photons, which can interact more
efficiently with the high-energy protons to produce a higher fluence of high-energy neutrinos.
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Figure 8.10.: The rate of signal event detection for a source located at 5300 Mpc, for different

rq values from the AGN core. Fluence obtained from [117], only accounting for forward shock
(FS) acceleration. f,c. = 15 for all given rq values. Fluence is calculated for the corresponding
jet duration shown in Tab. 8.1. The total number of signal events could be calculated by scaling
the rate according to the desired time window (At).

Significance Calculation

As Fig. 8.10 presents a more realistic scenario, the significance of the observed neutrino detec-
tion is calculated considering the NEHBE‘-,“ counts for different Az values, as tabulated in Tab. 8.1
for various rq values, and comparing them with the corresponding background estimates. The
relevant background estimations are included in Appendix C. The detailed derivation for sig-

nificant calculation is also included in Appendix. D. Following Eq. D.9, the significance of the
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detection (Oge) of a joint-emission of neutrino and GW from their common astrophysical source
is defined as,

BBH.

G —=
det \/ NBBH | pbke

vutvy TV v,
Rsig X VAt

\ Rsig + Rbkg

BBH bkg : : :
Here, Nv” ey and Nvﬂ G, are respectively the number of signal and background neutrinos de-

tected within a considered time window (At). R, and Rpge are the corresponding signal and

(8.12)

background event rates.

Significance vs declination (5300 Mpc)

0.9
Detectors rq values
0.81 — IceCube — rq=1e5Ry
—=== Plenum-1
0.7 —:= Gen-2
—_ | e Plenum-2
)
% ________ T S PO S T /,/
3 0.5 I papre i - i Co 7
= o e N /
c — . '/
k=) 0.4+ \\’ 7
0 4
0.3 P —— -~___
0.2 1" e
-—

10 20 30 40 50 60 70 80
Declination [degrees]

Figure 8.11.: The detection significance quantified for a source located at 5300 Mpc, referring
to the scenario presented in Fig. 8.10, specifically 10° R, away from the AGN core, and At = 8
%107 s. Different high-energy neutrino detector configurations are considered.

Following Eq. 8.12, the significance of a joint emission detection by different high-energy
neutrino detectors, Oge;, for a BBH-merger located at ry = 10° R, 5300 Mpc away from us
is shown in Fig. 8.11, as it has the highest signal count for the longest time-window (At =
8 x10° s) among all the source scenarios considered for different ryq values, as tabulated in
Tab. 8.1. Hence, Gy is also the maximum, as Oy < V/Af, as shown in Eq. 8.12.

For all considered source locations in the Northern Hemisphere, 0g4e 1s almost constant and
negligible for IceCube, within 6 < 55 — 60°. It decreases a little while moving further away
to the North, reaching a minimum around 70° < & < 80°, for decreasing N‘],E’“Bf‘-,”. But for
80° < & < 90°, 0g4er suddenly increases, caused by a sudden drop in background count in the
last declination bin, which is more drastic than the decrease in signal count. This increasing
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trend for oge; near the pole with & > 80° is the same for all the detector configurations consid-
ered in this work, even though the signal is highest near the horizon for having a higher A
But consequently, the background also overwhelms the signal the most there, as discussed and
demonstrated in Sec. 8.2. Near the pole, the background becomes more manageable.

Overall, the joint emission detection prospect via catalogue search is non-significant for all
considered detectors due to the weak neutrino fluence coming from an individual source located
at 5300 Mpc. For other rq values, the significance is, of course, worse for having lower At. Even
with enhanced A for Gen-2 and PLEVM-2, claiming evidence (~ 30) of high-energy neutrino
counterpart detection from a distant BBH merger occurring in AGN disk is unlikely. However,
for very close source, for example, at d, = 400 Mpc, the significance could be much more than
30, for the scenario presented in Fig. 8.10. The same was seen also for Fig. 8.9 (d;, =400 Mpc).
But such high significance can only be achieved considering an optimistic scenario with very
high accretion rate (fycc = 10 - 15), efficient reverse shock acceleration, and a detector with
bigger A coverage, such as PLEVM-1, Gen-2, or PLEVM-2. Associated plots could be found
in Appendix D. Given this prediction, accumulating signal by stacking GW sources against
the background emerges as the most promising strategy to achieve discovery. Therefore, the
potential of such an approach with future detectors is examined next.

8.4. Prospects for Stacking Analysis

With significantly improved sensitivities anticipated from upcoming GW detectors such as ET,
the detection horizon for CBCs will expand considerably. This extended reach opens the door to
stacking analyses, where observation from multiple GW sources could be combined to obtain
statistically significant neutrino signals. While detecting spatially and temporally coincident
neutrinos from individual GW events would remain challenging, given a faint signal competing
against a large background, stacking could be a promising tool.

As BBH sources are so far the most populous CBC sources of GW, for this work, we only
predict the stacking prospects for them. Similar work for BNS sources has already been intro-
duced [370].

In the era of ET, an enormous number of BBH mergers are expected to be detected on a daily
basis. BBH mergers with total masses in the range of 20-100 M, are expected to be detected up
to redshifts of z ~ 20 [149]. This represents a substantial improvement over the 2G detectors,
which are expected to reach a redshift of z ~ 1 as the final target sensitivity. If restricted within
z=1, ET is expected to detect nearly 100% of BBH mergers with signal-to-noise ratio (SNR)
> 12 [151].

Interestingly, for that redshift range, the merger rate increases with increasing distance, as
shown in Eq. 8.9. Given the measured value of k¥ from LVK O3, k = 2.9ﬂ:§ forz < 1 [167].
Beyond this redshift range, no measurement of the redshift evolution of the BBH merger rate is
available, as LVK has limited sensitivity. At very high redshift, only a few massive stars have
formed, so the rate is likely to decrease beyond the peak of star formation at z ~ 2.

Given that BBH mergers will constitute the majority of CBC detections with ET, even a small
fraction (Pagn ~ 0.1 - 0.3) occurring in exotic environments of AGN disks would yield a sig-
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nificant number of GW source candidates, making stacking a potentially powerful strategy to
uncover otherwise hidden multi-messenger signals.

8.4.1. Redshift-dependent BBH merger rate

Redshift-dependent BBH merger rate (LVK 03) BBH merger rate (LVK 03) vs distance
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Figure 8.12.: (Left) The BBH merger rate evolution till z = 1. The current best estimate for R
= 18.474%%Gpc—3yr~! is obtained from LVK O3. The best fit value for k =2.9" |- for z < 1.
(Right) The rate variation for luminosity distance df .

To understand the potential of a stacking analysis in the era of ET, it is essential to comprehend
the population of BBH mergers that ET can detect. For demonstration, we stick to z <1 because
within this range, K is confirmed to be positive. Using Eq. 8.9, the BBH merger rate up to z =
1 is shown in the left panel of Fig. 8.12. The right panel demonstrates the variation of merger
rate corresponding to luminosity distance dp.. For this, we exploit the relation between di, and
z, which is

dyp = (1+2z)dc (8.13)

Expected BBH mergers-in-AGN disk
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Figure 8.13.: Expected number of BBH mergers occurring in AGN disk, assuming Pagn = 0.2,
for Top = 1 year.
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Here, dc is the comoving volume defined for a given redshift. It is plotted till di, ~ 7000 Mpc,
which corresponds to z ~ 1. The relevant cosmological model parameters are €, = 0.315,
which is the matter density parameter. The Dark energy density parameter, Qx = 0.685, and the
Hubble constant, Hy = 67.66 km 51 Mpc_1 [64].

Using this redshift-dependent BBH merger rate, the total number of expected BBH mergers
occurring in AGN disks (Nggyy) that ET can detect within one year of its operation time (T,ps =
1 year) for different d;, values could be calculated using Eq. 8.10. The result is shown in Fig.
8.13. PagN 1s the probability of the occurrence of a BBH merger in an AGN disk. It is set to
0.2, as an optimistic assumption [369]. At dp = 1 Gpc, the estimated value for Nggy = 26.02

ﬁg:gg in 1 year. For a longer operational time, it would increase multiplicatively.

8.4.2. Localisation Uncertainty with ET

Following the BBH merger rate, the predicted localisation uncertainty of ET needs to be studied
to quantify the neutrino background we can get from the whole region while stacking. The vari-
ation of sky localisation uncertainty for the 90% containment region of a GW skymap (AQq¢)
with distance dy_ is shown for ‘ET-triangle’ configuration (ET-A)’, in the left panel of Fig. 8.14.
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Figure 8.14.: (Left) The localisation uncertainty (90% containment region), AQgqq is plotted
here against distance dy, for ET-A. (Right) The fraction of sky area covered (f.oyv) due to the
localisation uncertainty (AQqy) of the GW events occurring within the neutrino observation
time window (At). In this case, At = 8 x 10’ s. Using the best-fit AQgq for each distance value
dr, feov 1s always saturated to 1 for di, > 5000 Mpc.

As discussed before, with ET, BBH mergers occurring in distant galaxies could be detected
with respectable significance. However, as we go to the depth of the Universe, AQqq typically
becomes worse with increasing distance (dp ), as evident from Fig. 8.14. That, combined with
the frequent occurrences of BBH mergers with increasing luminosity distance, will result in an
accumulated uncertainty region on the sky. It is quantified by f.oy, as given in Eq. 8.14 [370].

7 A possible 10 km long triangular GW detector configuration located near Maastricht, as mentioned in Sec. 3.2.
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W A0 (d)

1 R(z) 4mdg At Pagy d(dc) (8.14)

oo i) = [

It estimates the fraction of sky area covered by the individual localisation uncertainty (A€Qqg)
coming from all the BBH mergers detectable by ET within a given distance limit (dgl{}v) and
an observation time window (At). The comoving distance, dc is defined in Eq. 8.13. Using
the AQoo(dr ) shown in the left panel of Fig. 8.14, f.oy(dp) is estimated for A t = 8 x10° s, in
accordance to the model presented in [117] (rq = 10° Ry) and PagN = 0.2, at different dy, values
shown in the right panel of Fig. 8.14.

As seen from the plot, for di. > 5 Gpc, the individual error regions of the BBH mergers occurring
within that distance limit in At = 8 x 10° s are cumulatively covering the whole sky, resulting in

feov = 1. This will increase the background neutrino estimation as well.

8.4.3. Stacking Significance with Distance

From Fig. 8.14, it is visible that for distant GW sources, the localisation would be worse. For a
bigger uncertainty region on the sky, the cumulative number of background neutrinos (lelff‘-’,cum)
for the stacked signal would also be higher. Also, the neutrino flux decreases with d?, as shown
in Eq. 8.11. So, the number of signal neutrinos coming from a single source also decreases if
the GW source is further away from us. However, the cumulative number of signal neutrinos
NSCi‘ém should always increase with distance. So, it makes sense to study exactly how the joint
detection significance varies with di.. The best case would be identifying a sweet spot, where
Nggy is sufficiently high, so that Nsci‘ém is higher or comparable to N‘ljlig‘;cum within a certain
detection time window At, as that can provide significant detection.

To implement this, Ngg(di) is calculated, as was done in Fig. 8.13, using Eq. 8.10. For each
distance, ¢§“BH(dL) is scaled following the relation shown in Eq. 8.11. To demonstrate, we
consider the neutrino fluence for the most realistic case as seen in Fig. 8.10, assuming rgq =
10° Ry, and At =8 x10° s.
Assuming all BBH mergers are isotropically distributed in the sky, and are embedded in iden-
tical scenarios (i.e., all are located 10° R, away from the AGN core in this case and emit a
constant flux of neutrinos for 8 x 10° s around each of their merger time), the cumulative signal
count for all sources, N;’i‘ém (dp) in any declination bin (6; < 6 < &) is given by,
27 (sin &, —sin gy )

4r

Sen(dL) = Y Npu(di, Top) X Ny 2ty (di, Ar)
dy,

27(sindy —sin &
n(smfiz sin 1){8.15)

4 BBH
= R(dp) x gndf X Tobs X Pacn X Ny oy, (dv, At) x
Here, Ngffvﬂ (dy,,At) is the number of signal neutrinos coming within neutrino observation time
window, At, from a single BBH merger source situated di, away from the Earth. 75, is the GW
detector’s operation time. The luminosity distance is evaluated at the midpoint of each distance
bin, di, < dp <d,. It is computed using Eq. 8.8 and Eq. 8.11, for a given declination bin,

131



8. Future Prospects: Joint GW and Neutrino Detection

01 < 8 < &. The last term in Eq. 8.15 represents the fractional region of the sky confined
within the declination bin.

Similarly, for background calculation, we assume f.oy is equally distributed in each declination
bin considered in the Northern Hemisphere. Thus,

27 (sin &, —sindy )
4r

kag,cum<dL) . Rbkg,per sr(a,dL) % fcov < 4T X

V+Vv vty

X NBBH(dL7 Top) x At (8.16)

The first term is the background neutrino rate per steradian for the considered detector, given a
declination bin. The term Ngpy/(dL, Top) is the number of BBH mergers within the observation
time in the distance bin, di, < dp < dp,. Summing over all such bins yields E%Hﬁ(dL), within
a given distance limit of interest.
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Figure 8.15.: The variation of the number of BBH mergers in AGN disks located within 0° <
0 < 10° detected by ET in 1 year of its operation time, with respect to luminosity distance

(dp). It is assumed that PAgn = 0.2. The cumulative number of signal neutrinos (Ngém) coming
from these sources, within 8 x 107 s time window is also shown. All of the BBH mergers are
considered to be independently occurring 10° R, away from the AGN core, and the fluence

compatible with that has been adopted from [117]. More details are tabulated in Tab. 8.1. The

signal is compared with the cumulative number of background neutrinos (va)kg’cum) IceCube
will detect for all the GW sources occurring within 8 x 10° s time window is estimated using
Jeov- The variation is shown up to 20 Gpc.

Although for signal estimation, At = 8 X 10 s, for the background, the relevant integration time
scales with the total number of BBH merger events included in the stacking for each distance
bin. In this case, we assume each stacked event in a distance bin is identical, but independent
and non-overlapping in time. Since the mergers do not occur simultaneously within the 8 x 10° s
time window, but are distributed over the one-year GW observation period, the background in
each 8 x10° s time window contributes altogether while stacking. The total contribution is
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then compared against the signal for the total observation time. The background count is finally
integrated across the energy interval from Ep, = 1 TeV to Epax = 107 GeV.
Using this framework, the variation of Nggji(dL), Ngg"(dL), and N‘t,)]j_gv’cum(dL) are shown in
Fig. 8.15, considering IceCube A¢s. Also, for the declination bin, 6; = 0°, 8, = 10° are consid-
ered, as the background and signal count are maximum near the horizon. However, it could be

implemented for any other declination band and detector configuration.
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Figure 8.16.: The detection significance for stacking analysis, in distances di, > 5 Gpc, which
is heavily background dominated for IceCube, as seen in Fig. 8.15, considering ET operational
time in 1 year. However, with the help of high-energy neutrino detector configurations with
larger A coverage, the detection significance via stacking continues to remain ~ 3¢ till 8 Gpc.

The distance, dp. is restricted to 20 Gpc, which roughly corresponds to z ~ 2, as within that
the BBH merger rate density should be high®. It is visible that Nsci‘ém(dL) is slowly increasing
with distance, and dominates over the background till 2 Gpc. In this case, thus, 2 Gpc could
be considered as the ‘sweet spot’, where the astrophysical stacked signal is dominating over
the background, yielding detection significance > 3¢. This signal-dominance stems from very
well-localised sources detected by ET within that distance, leading to smaller f.,y values, and
minimum background accumulation within the considered time window. N"flig‘-’,cum(dL), how-
ever, increases more rapidly with distance, and overwhelms the signal accumulated by IceCube
in the larger distances. The increment driven by f.oy stops beyond 5 Gpc, as f.oy saturates to 1,
but it continues to increase driven by the increasing number of BBH mergers.

The evolution of N;‘ém and Nslig\-’,cum with distance is obtained for PLEVM-1, IceCube-Gen2,
and PLEVM-2 as well, for 0° < § < 10°. Using those results, the variation of joint-emission

detection significance Og4e for stacking is inferred, modifying Eq. 8.12 accordingly with the

8The LVK O3 rate estimate previously stated in Eq. 8.9 is assumed to be applicable till z < 2.
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cumulative counts for the whole energy range of 103 - 107 GeV. From the results, it can be
inferred that by stacking well-localised sources detected by ET and restricting the analysis to
a signal-dominated regime (< 2 Gpc), a detection with > 30 could be achieved even with Ice-
Cube. If the considered BBH mergers are confined within 0° < § < 10°, IceCube can continue
to efficiently accumulate signal neutrinos from those well-localised sources with a detection
significance of ~ 20 from the population of BBH mergers occurring within 2 - 5 Gpc. To ex-
tend the distance reach of the analysis, larger neutrino detection configurations with enhanced
effective area would be useful. It is shown in Fig. 8.16. At di, > 5 Gpc, with IceCube, Oge;
< 2 0. But PLEVM-1, PLEVM-2, and Gen-2, are capable of claiming evidence of TeV-PeV
neutrino emission from the population of BBH merger sources occurring within 8 Gpc, via
stacking. To further enhance the detection prospect, selecting well-localised sources by setting
a limit on f.oy to perform a distance-triggered stacking would be advantageous [370]. A work
motivated by these results is currently under development.

8.5. Summary and Discussion

To summarise, this prospect study is developed to evaluate the future when an increasing num-
ber of BBH mergers will be detected by 3G GW detectors, like ET. Their occurrence in AGN
disks offers a scenario where high-energy neutrino emission is possible. However, from individ-
ual GW sources, the prospect of identifying high-energy neutrino emission only with IceCube
with high confidence remains no-optimistic. For that, a global network of high-energy neu-
trino detectors would be advantageous, as that offers uniform enhanced effective area coverage
across the whole sky. Even for cases of non-detections, stringent upper limits could be obtained
on the neutrino flux, allowing us to constrain source parameters of individual BBH mergers.
Although the detection prospects from a single source remain limited, stacking serves as an
alternative. Within the distance limit of a high BBH merger rate, accumulating signal neutrinos
from a population of BBH sources would allow us to overcome the background. That is more
likely to be possible with ET, as it will confidently detect numerous well-localised BBH sources,
during its operational time. With good GW event localisation, background neutrino events will
be suppressed, and significant detections can be claimed. Thus, the logical step forward is
identifying a distance limit where the cumulative localisation uncertainty coming from BBH
merger sources is small enough to meet optimal detection criteria. Additionally, larger neutrino
detectors, such as IceCube-Gen2, would be essential in the next decades as they will play a
crucial role by detecting fainter signals coming from distant sources.

Looking ahead in the future, developing stacking analysis for GW sources thus seems to be
timely. However, the study presented here is still limited by simple assumptions. The next step
is to drift away from that and examine results by varying source specifications with redshift.
Another limitation is the available models of high-energy neutrino emission from BBH mergers
in AGN disks, which strongly influence results reported here. For more robust predictions,
updated source modelling, improved population assumptions and precise information about the
high-energy neutrino emission time profile are planned to be incorporated.
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Chapter 9. Conclusion and Outlook

"You cannot hope to build a better world without improving individuals. To that
end, each of us must work for our own improvement."
— Marie Curie

In the course of this thesis, I have explored the possibility of identifying a coincident emission
of gravitational waves (GW) and neutrinos to identify their common sources. Motivated by
the limitations of traditional messengers such as multi-wavelength photons and cosmic rays,
the analysis aims to exploit the multi-messenger potential of GWs and neutrinos, as the two
of them can escape from the innermost, dense regions of compact object mergers serving as
cosmic accelerators.

To carry out the study, archival sub-threshold GW events from the third observing run (O3) of
the LIGO-Virgo-KAGRA (LVK) collaboration and sub-TeV neutrino data from the IceCube
Neutrino Observatory, known as ‘GRECQO’, are used. It is the first analysis employing these
two data sets in a joint framework using an unbinned maximum likelihood (UML) method to
evaluate the statistical significance of potential spatial and temporal coincidences. To do that,
promising GW events were carefully selected from an extensive list of ~2200 GW events, based
on their probability of being a real GW signal, based on individual false alarm rate and pago
values. These shortlisted sub-threshold GWs are not weak signals. Rather, they are comparable
to the credibility of the confident GWs, which were shared in real time in O3. The final 103
shortlisted GW events belonged to the top 4% of events most likely to be of astrophysical
origin. They consist of 74 binary black hole mergers, 16 neutron star-black hole mergers, 10
GW burst-like events with p,gro < 0.5, and the remaining 3 are also burst-like events but with
Pastro > 0.5.

Sensitivity studies were subsequently carried out on this subset to quantify the detection
prospects of the analysis, using the blind GRECO dataset with scrambled right ascension. As
expected, the sensitivity was found to be better for events more confined in the Northern Hemi-
sphere for slightly better effective area (A.fr) coverage there, compared to those in the Southern
Hemisphere, because of IceCube’s location in the geographic South Pole.

Following the sensitivity studies, the GRECO dataset was unblinded. No statistically significant
coincidences between GW events and IceCube sub-TeV neutrinos were observed within the
1000 s search time window. The lowest pre-trial p-value was found to be 0.04% (3.350), which
is < 30 after trial correction. Consequently, upper limits (ULs) on the time-integrated, energy-
scaled, per-flavour neutrino flux (E>F, ) were derived for individual GW events, belonging to
different ‘source classes’. The ULs lie in the range 1 — 10 GeV cm™2, integrated within a 1000 s
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time window, for neutrino energies between &'(10-100) GeV. There was also no prominent
difference observed in the ULs belonging to different source classes. The limits are generally
more constraining for sources located in the Northern Hemisphere compared to those in the
Southern Hemisphere, consistent with the sensitivity results. The ULs were further compared
to the ULs in the sub-TeV energy range, also obtained via UML analysis, but associated with the
79 confidently detected GWs during O3. The two sets of limits were found to be comparable,
supporting the conclusion that sub-threshold GWs are not intrinsically different in their source
properties. But their designation as ‘sub-threshold’ is purely a detection-level effect. Altogether,
with this work, we achieve the most comprehensive constraints in the sub-TeV energy range
currently available for joint GW-neutrino emission scenarios. It is also inferred that although
Doppler de-boosting can shift the neutrino spectral peak to lower energies, IceCube does not
have exceptional sensitivity in this energy range given the current detector configuration, which
is tuned to detect sources emitting neutrinos in the TeV - PeV energy range. With IceCube-
Upgrade, that gap can be filled in. Also, given the current ULs, it seems to be unlikely that the
detected GW emitters are exceptionally matter dense, which can aid in efficient pp interactions,
boosting neutrino flux in the sub-TeV regime.

However, while comparing the GRECO ULs for sub-threshold GWs to the ULs coming from
high-energy tracks (GFU) for confidently detected GWs, it is evident that the GFU results are
more constraining. This is mainly because the high-energy tracks in the TeV-PeV range are the
neutrino events for which IceCube has the maximum sensitivity, which offer superior directional
reconstruction due to a larger number of in-ice hits, compared to lower-energy sub-TeV events.
In addition, GFU achieves more effective background suppression by exploiting the higher
energy of its events, leading to a larger overall A.¢ than GRECO. This difference is especially
pronounced in the Northern Hemisphere, where the rejection of background muons is more
efficient. Motivated by these results, the exact analysis framework discussed as a part of this
thesis has already been adapted to search for high-energy track counterparts in the TeV - PeV
range. Itis now close to unblinding as well, establishing the robustness of the developed analysis
framework.

Overall, these results highlight the challenges of detecting common GW-neutrino sources in
the lower-energy regime with current IceCube instrumentation. Further improvements are ex-
pected with better reconstruction of low-energy events. A new implementation aiming at that,
based on machine learning algorithms, is currently under review in the collaboration. The re-
construction should particularly improve after the full deployment of IceCube-Upgrade, which
will provide significantly increased sensitivity across the 1-10°> GeV energy range [318]. With
its denser string configuration, the Upgrade will register more hits from faint, low-energy
events, enabling more accurate sub-TeV event reconstruction. Additional improvements could
be achieved through improved characterisation of neutrino point spread functions when defining
the signal PDF, which would further strengthen sensitivity.

In the meantime, the developed methodology is robust enough to be readily adaptable and scal-
able for other data samples, such as high-energy tracks (analysis already under development)
and cascades. While no coincident detections have yet been identified, the work presented in
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this thesis underlines the importance of pursuing such multi-messenger searches using the most
comprehensive set of publicly available GW events. Looking forward, several promising direc-
tions exist for future research and discovery. First of all, during the fourth observation run, a
large number of real-time alerts from LVK were received in real-time, for both high- and low-
significance events [127]. With the completion of subsequent observing runs, larger and more
sensitive GW catalogues will become fully available. Together with continuous IceCube opera-
tions and complementary detectors such as KM3NeT, these will allow more inclusive searches,
both in archival analyses and in real-time pipelines. Extending the present framework to incor-
porate additional neutrino data samples, along with machine-learning-based background rejec-
tion and reconstruction, holds further potential to improve sensitivity and advance the search
for common GW-neutrino sources.

Another limitation of the archival follow-up searches is the high trial factor. Even when very
well-localised neutrino events coincide with a GW skymap within the preferred time window,
the pre-trial p-value may appear significant, but the post-trial p-value can still be largely pe-
nalised. To mitigate this problem, performing the analysis in real time is a promising strategy.
This has already been employed for the highly significant GW events, using high-energy tracks
(GFU). Starting with the LVK fourth observation run, the sub-threshold GW alerts are also
shared within the community in real-time, enabling the LLAMA follow-up using GFU. Since
LLAMA incorporates Bayesian posteriors from parameter estimation as priors in its odds ra-
tio, the coincidence outcome is inherently model-dependent. To overcome this, a natural next
step would therefore be to extend the UML follow-up of sub-threshold GWs into real time.
Although could be readily implemented using GFU, a breakthrough will come with achieving
reliable and prompt real-time reconstruction of GRECO as well. Parallel improvements are also
underway in that direction, ensuring that sub-TeV data can be included in such pipelines in the
very near future. This means the story is far from over for sub-TeV neutrino follow-up analyses
of sub-threshold GWs.

With such frameworks, one can not only identify promising GW candidates in real time but
also refine their localisation by combining high- and low-energy neutrino data, and even trig-
ger electromagnetic follow-up campaigns for particularly interesting sources. The realisation
of this vision requires a unified analysis framework capable of receiving, streaming, process-
ing, and managing real-time alerts from different messengers. Sophisticated alert brokers such
as AMPEL [371], originally developed for efficient optical follow-up surveys, already provide
flexible infrastructures adaptable beyond their initial applications. Contributing to the develop-
ment, improvement, and management of such multi-messenger platforms for enabling their use
in neutrino correlation search would be an exciting and timely step forward.

Furthermore, the current non-detection of a common GW-neutrino source motivates assessing
the discovery prospects with next-generation instruments. While IceCube continues to operate,
upcoming facilities such as IceCube-Gen2, KM3NeT, P-ONE, and Baikal-GVD will greatly
enhance sensitivity to TeV — PeV neutrinos, and the Einstein Telescope will be capable of
extending the GW detection horizon out to z ~ 20 [151]. Together, these instruments will
provide unprecedented opportunities to search for coincident GW-neutrino signals. The most
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promising scenarios include either single, nearby, powerful GW sources or stacked populations
of compact binary mergers embedded in dense environments. These prospects were investigated
in the framework of this thesis.

Specifically, the focus is on binary black hole mergers, as they are the most abundant compact
binary coalescences in the Universe and, when embedded in dense environments, may be capa-
ble of launching powerful relativistic jets. Within a catalogue search scenario, predictions ap-
pear promising only for binary black hole mergers occurring very nearby, within the declination
bins of 0° < § < 10° or & > 80°, with jets oriented towards the observer and highly accreting
remnants located in dense, photon-rich regions farther from the core of an active galactic nu-
cleus. For such favourable but realistic cases, the expected signal neutrino rate is of the order
of ~ 10~ events per second. The exact number of detected neutrinos depends on the adopted
search time window, but the time variability of the neutrino fluence is rather unclear. Further-
more, the number of signal neutrinos depends on the chosen detector configuration. Combining
A of operating detectors under a global network of distributed neutrino detectors yields the
most optimistic predictions. Nevertheless, the detection significance for individual GW sources
remains low under realistic assumptions, even with the global network of detectors, due to a
more prominent background of atmospheric and diffuse astrophysical neutrinos in the 103 -
107 GeV, which has been quantified as part of this thesis, in each energy and declination bin to
ensure a robust significance prediction for different detectors and search time windows.

In contrast, stacking GW sources seems more promising, with the potential to provide the first
evidence of a population of joint GW-neutrino emitters, if the GW sources are well-localised.
In the era of Einstein Telescope, with its extended horizon for binary black hole mergers, it will
be possible to detect joint emission of GW and neutrinos by stacking the precisely located GW
events, and consequently reducing the neutrino background. IceCube can contribute signifi-
cantly to detect stacked signals from well-localised binary black hole located within 2 Gpc. To
push the detection capability close to 10 Gpc, IceCube-Gen2 would be crucial in the neutrino
front, to identify faint signals from distant GW emitters. A global network of neutrino detectors
would also be useful in that regard.

This brings us to the fact that, at the moment, no dedicated stacking framework exists for GW-
neutrino searches, either at low or high energies. Developing such an algorithm addressing the
existing LVK alerts, therefore, represents a logical next step forward. The analysis framework
must be easily extended in future with the data from later LVK observation runs, as well as
with future observatories. Specifically, implementing distance-triggered stacking analyses may
not only improve discovery prospects but also provide means to efficiently utilise the enormous
number of GW alerts expected in the coming years. In case of non-detections, stringent upper
limits and population-level constraints will still advance our understanding regarding the source
models and bring us closer to a discovery. To this end, it should be emphasised that the prospect
to detect TeV - PeV neutrinos from single GW source or its population, as reported in this thesis,
strongly depend on the currently available benchmark fluence models [116, 117], which has
been adopted for this work. Predictions will be more precise once updated fluence expectation
are available. Also, below the TeV — PeV regime, combining the A.¢ of IceCube-Upgrade
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and KM3NeT-ORCA to probe lower-energy neutrinos from GW sources is another compelling
direction. Furthermore, broadening the scope to include binary neutron stars and neutron star-
black hole mergers will diversify and strengthen future searches.

Given all these ongoing efforts and future endeavours, overall, we are moving slowly towards
discovering the common sources of GW and neutrinos. Ultimately, the first confirmed detec-
tion of a common GW-neutrino source will be a landmark in astroparticle physics. Such a
discovery will deliver unique insights into CR acceleration, relativistic jet formation, and the
microphysics of compact objects, opening another unprecedented window into the most ex-
treme environments of the Universe. With the important constraints on possible GW-neutrino
sources achieved as a part of this work by performing the most extensive analysis to date, it lays
a solid foundation for future searches. With the advent of more sensitive instruments, the refine-
ment of existing methods, and the development of innovative analysis strategies, the prospects
for discovering the long-sought common sources of GWs and neutrinos are brighter than ever.
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A. Shortlisted Sub-threshold GWs from O3

The sub-threshold GW events from GWTC-2.1 and GWTC-3 were shortlisted based on their
FAR and pagsiro values, as explained in Ch. 6. To begin with, events having 2 yr~! < FAR <
2 day~! are selected, which were not labelled as confident GWs during O3. It is to be noted
that in the catalogues, the FAR values are given in Hz(s™!).

lyr = 3600 x24x365s
=1s! = 3.154%x10" yr! (A.1)

Following Eq. A.1, the FAR values are converted to the unit of yr~!. Finally, GW events with
0.1 < pasro < 0.5 are selected for the follow-up search. It is important to note that a given
sub-threshold GW can be reported by multiple pipelines, potentially with differing pasio values.
In such cases, the version of the candidate associated with the highest pagro 1s retained for
further analysis to ensure that each event is represented by its most astrophysically favourable
characterisation.

After this stage, it is rechecked if any event is double-counted by multiple pipelines. Thus, the
identification of unique sub-threshold GW events is ensured, and we end up with 100 short-
listed GWs, among which there are 90 CBCs and 10 cWBs. An additional 3 cWB events were
identified with pygro > 0.5, as they did not appear in the high-significance event list and were
not recognised by any CBC search pipeline. Most of the CBC candidates are identified by the
PyCBC [162] and PyCBC-Highmass [178] search pipelines, as the have a larger template bank,
performs time-consuming but rigorous archival searches to pick out GW signals. None of these
events has been followed up previously with the sub-TeV neutrinos. The details of all these 103
GWs are tabulated below in Tab. A.1.

The Shortlisted Gravitational Wave Events

Table A.1.: List of 103 short-listed sub-threshold GW events from O3. The FAR and pasiro
values for individual GW events are given, with the detection time, event type, and active
detectors which identified the GW signal.

GW ID Time (UTC) Event-type Detectors FAR[yr_l] Pastro

PyCBC-HM-1238423132 04.04.2019 BBH HIV1 61.34 0.13
PyCBC-HM-1238442602 04.04.2019 BBH L1Vl 3.76 0.43
PyCBC-1238582124 06.04.2019 NSBH HIL1VI1 104.61 0.13

143



A. Shortlisted Sub-threshold GWs from O3

Table A.1 (continued)

GW ID Time (UTC) Event-type Detectors FAR[yr_l] Pastro
PyCBC-HM-1238821531 09.04.2019 BBH HIL1 51.46 0.16
PyCBC-HM-1239092652 12.04.2019 BBH HIL1 18.36 0.38
PyCBC-HM-1239227262 13.04.2019 BBH H1V1 3.98 0.36
PyCBC-HM-1239632437 18.04.2019 BBH HI1L1 68.29 0.12

GstLAL-1240164426 24.04.2019 BBH L1 9.04 0.12
MBTA-1240423628 27.04.2019 BBH HIL1V1 16.80 0.47
GstLAL-1241108686 05.05.2019 BBH HIL1V1 16.96 0.11
MBTA-1241324936 08.05.2019 BBH HIL1V1  630.59 0.12
PyCBC-HM-1241639735 11.05.2019 BBH HI1L1 97.82 0.11
MBTA-1242280001 19.05.2019 BBH HIL1V1  518.17 0.16
PyCBC-HM-1242314274 19.05.2019 BBH HI1L1 45.41 0.19
PyCBC-1243167760 29.05.2019 BBH HIL1 21.24 0.44
PyCBC-HM-1243220837 30.05.2019 BBH HI1L1 63.96 0.15
PyCBC-HM-1243748255 05.06.2019 BBH HIL1 49.93 0.20
PyCBC-HM-1243985990 07.06.2019 BBH HIL1 61.77 0.17
PyCBC-HM-1244202953 10.06.2019 BBH HI1LI 62.08 0.14
PyCBC-HM-1244278698 11.06.2019 BBH HIL1 55.24 0.14
PyCBC-HM-1244848599 11.06.2019 BBH HIL1 70.00 0.12
PyCBC-1244375744 12.06.2019 NSBH HILIVI1 41.93 0.35
PyCBC-HM-1244987689 19.06.2019 BBH HIL1 89.50 0.12
PyCBC-1245459820 25.06.2019 NSBH HIL1V1 86.86 0.21
PyCBC-HM-1245839180 29.06.2019 BBH HIL1 18.76 0.41
PyCBC-HM-1246272532 04.07.2019 NSBH HILIVI1 72.10 0.18
cWB-1246523564 07.07.2019 cWB HIL1 6.84 0.16
GstLAL-1246849694 11.07.2019 BBH HIL1 2.69 0.35
MBTA-1247500937 18.07.2019 BBH HIL1V1 47.43 0.15
PyCBC-1248215122 26.07.2019 BBH HIL1V1 12470 0.12
cWB-1248942961! 04.08.2019 cWB HIL1 0.02 0.98
MBTA-1249050626 05.08.2019 BBH HIL1V1 26.21 0.28
PyCBC-HM-1249097859 06.08.2019 BBH HI1L1 24.45 0.26
PyCBC-1249416363 09.08.2019 NSBH HIL1 56.25 0.21
GstLAL-1249479778 10.08.2019 BBH HIL1V1 6.64 0.28
PyCBC-HM-1249495257 10.08.2019 BBH HIL1 32.67 0.26

leWB with Pastro > 0.5



Table A.1 (continued)

GW ID

Time (UTC) Event-type Detectors FAR[yr_l] Pastro

PyCBC-HM-1250026325
PyCBC-HM-1250205962
cWB-1250939932
PyCBC-1251787804
PyCBC-HM-1251890211
GstLAL-1251926900
PyCBC-1252064527
PyCBC-HM-1252645611
PyCBC-1252672417
GstLAL-1252939489
cWB-1253293503
PyCBC-HM-1253402832
MBTA-1253719269
cWB-1253922430°
MBTA-1257135715
PyCBC-1257260006
PyCBC-1258003304
PyCBC-HM-1258674399
PyCBC-HM-1258872800
PyCBC-HM-1259379760
MBTA-1259591721
cWB-1259959714
MBTA-1260022599
cWB-1260301231
PyCBC-HM-1260305408
PyCBC-1260407000
PyCBC-1261058247
PyCBC-HM-1261146225
PyCBC-HM-1261149025
PyCBC-HM-1261197166
PyCBC-HM-1261273562
PyCBC-1261656171
GstLAL-1261658694

16.08.2019
18.08.2019
27.08.2019
06.09.2019
07.09.2019
07.09.2019
09.09.2019
16.09.2019
16.09.2019
19.09.2019
23.09.2019
24.09.2019
28.09.2019
30.09.2019
07.11.2019
08.11.2019
17.11.2019
24.11.2023
27.11.2019
03.12.2019
05.12.2019
09.12.2019
10.12.2019
13.12.2019
13.12.2019
15.12.2019
22.12.2019
23.12.2019
23.12.2019
24.12.2019
25.12.2019
29.12.2019
29.12.2019

2cWB with pagiro > 0.5

145

BBH
BBH
cWB
NSBH
BBH
BBH
BBH
BBH
BBH
BBH
cWB
BBH
BBH
cWB
BBH
NSBH
BBH
BBH
BBH
BBH
BBH
cWB
BBH
cWB
BBH
NSBH
NSBH
BBH
BBH
BBH
BBH
BBH
BBH

L1Vl
HIL1
HIL1
HILIV1
HIL1
HIL1VI
HIL1
HIL1V1
HIL1V1
HIL1V1
HILI1
L1Vl
HIL1V1
HILI
HILIV1
HIL1
HIL1
HIL1
HIL1
HILI
L1Vl
HIL1
HIL1V1
HIL1
HILI
HIL1
HIL1
HIL1
HIL1
HILI
HIL1
HIL1
HIL1V1

4.30
16.65
7.26
170.11
14.90
10.11
99.64
63.67
119.52
8.97
5.82
21.48
185.78
1.02
113.75
75.74
48.14
49.66
41.92
80.27
19.04
8.10
542.23
3.27
15.95
68.36
46.37
14.36
24.51
23.73
31.47
131.61
7.32

0.38
0.41
0.45
0.105
0.41
0.24
0.15
0.11
0.13
0.25
0.36
0.12
0.13
0.64
0.32
0.18
0.26
0.19
0.19
0.11
0.11
0.28
0.39
0.47
0.39
0.25
0.29
0.45
0.32
0.32
0.27
0.12
0.24



A. Shortlisted Sub-threshold GWs from O3

Table A.1 (continued)

GW ID Time (UTC) Event-type Detectors FAR[yr_l] Pastro
PyCBC-HM-1261717507 30.12.2019 BBH HIL1 56.85 0.16
GstLAL-1261725523 30.12.2019 BBH HIL1V1 3.54 0.12
PyCBC-1262314840 06.01.2020 NSBH HI1L1 199.16  0.11
PyCBC-1262321982 06.01.2020 NSBH HI1L1 122.79 0.14
PyCBC-1262657374 10.01.2020 NSBH HIL1 129.64  0.14
PyCBC-1262800092 11.01.2020 BBH L1Vl 6.23 0.22
PyCBC-HM-1262878298 12.01.2020 BBH VIL1 10.81 0.20
PyCBC-1262924523 13.01.2020 NSBH HIL1 127.74  0.14
PyCBC-1263215647 16.01.2020 NSBH HI1L1 131.77 0.12
PyCBC-HM-1263748131 22.01.2020 BBH HI1L1 39.12 0.16
cWB-1264014232 25.01.2020 cWB HIL1 8.19 0.25
cWB-1264222462 28.01.2020 cWB HIL1 7.38 0.15
PyCBC-HM-1264246793 28.01.2020 BBH HI1L1 44.95 0.16
PyCBC-HM1264333383 29.01.2020 BBH HIL1 72.22 0.12
PyCBC-HM-1264569708 01.02.2020 BBH HI1L1 72.96 0.12
PyCBC-1264663254 02.02.2020 NSBH HIL1 37.88 0.28
PyCBC-HM-1265364040 10.02.2020 BBH HIL1 24.12 0.32
MBTA-1265537921 12.02.2020 BBH HIL1 15196  0.16
PyCBC-1265685461 14.02.2020 BBH HI1L1 55.41 0.20
PyCBC-HM-1265754804 14.02.2020 BBH HIL1 27.38 0.26
cWB-1265755544° 14.02.2020 cWB HIL1 0.13 0.91
GstLAL-1266028677 18.02.2020 BBH HIL1V1 11.70 0.13
cWB-1266055539 18.02.2020 cWB HIL1 2.16 0.49
GstLAL-1266330503 21.02.2020 BBH HIL1V1 8.44 0.29
GstLAL-1266480585 23.02.2020 BBH HI1L1 10.62 0.14
GstLAL-1266516436 23.02.2020 BBH HIL1V1 4.81 0.23
cWB-1266548742 24.02.2020 cWB HIL1 3.29 0.40
PyCBC-HM-1267131516 01.03.2020 BBH HIL1 54.61 0.12
PyCBC-HM-1267132237 01.03.2020 BBH HIL1 20.18 0.24
PyCBC-HM-1267485300 05.02.2020 BBH HIL1 96.39 0.11
PyCBC-HM-1268250455 14.03.2020 BBH HI1L1 72.38 0.14
GstLAL-1268338066 15.03.2020 BBH L1VI 9.08 0.15
PyCBC-1268438406 16.03.2020 NSBH HIL1 129.26  0.14

3cWB with Pastro > 0.5



Table A.1 (continued)

GW ID Time (UTC) Event-type Detectors FAR[yr_l] Pastro

cWB-1269257119 26.03.2020 cWB HIL1 2.37 0.46

Gravitational Wave Skymaps

For these 103 GW events, the overall characteristics are discussed in Ch. 6. Here, their individ-
ual skymaps are included.
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Figure A.1.: GW skymaps for shortlisted events from O3a (continued).

We can interpret the GW skymaps as a probability distribution map for possible source positions
on the sky. It is typically plotted for RA = 0° - 360° and 6 = -90° - 90°. The skymaps (Hier-
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A. Shortlisted Sub-threshold GWs from O3
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Figure A.1.: GW skymaps for shortlisted events from O3a (continued).
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Figure A.1.: GW skymaps for shortlisted events from O3a.

archical Equal Area isoLatitude Pixelization of a sphere) are plotted in the form of a HEALPix
map [372], to demonstrate their localisation. HEALPix divides the whole sky into pixels of

equal area. The number of pixels, Npixel 1S given as,

Npixel = 12 X Nge

where Ng;q. 1s related to the solid angle of the pixel in the following way:

T

2
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Figure A.1.: GW skymaps for shortlisted events from O3b (continued).
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Figure A.1.: GW skymaps for shortlisted events from O3b (continued).
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A. Shortlisted Sub-threshold GWs from O3
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Figure A.2.: GW skymaps for shortlisted events from O3b.

152



The area of each pixel can further be calculated:

180)2 (Ad)

Apixel = -Qpixel X (7

Reducing the Ngjqe, thus reduces the number of pixels on the sky, which further increases the
area per pixel. Overall, it lowers the angular resolution for each pixel.

Typically, the GW skymaps from LVK come with Ngjge = 128 or higher, as the skymaps have
substructures finer than the GRECO angular resolution. Using the skymaps as it is would re-
quire a lot of computation time, especially for signal injection. Because the median angular
uncertainty for GRECO events is not lower than 5° even if the event’s reconstruction energy,
Ereco 2 100 GeV, the skymaps can be converted to lower-resolution maps with Ngge = 64. It
corresponds to an angular resolution of ~ 0.92°. This single step saves almost 3/4" of the
computation time and memory. In addition, a 99% quantile cut is applied to these maps, which
forces the pixels where the GW localisation probability ~ 0 to have zero probability. This fur-
ther reduces Npixe that actually needs to be considered for computation for sensitivity studies,
and thus increases computation speed. It is a standard procedure usually adopted for neutrino
source searches, as previously explained in [215].

However, decreasing the skymap resolution further (for example, Ngige = 8, with angular reso-
lution ~ 7.3°) to match the GRECO angular resolution might over-smooth the GW probability
maps, potentially losing useful spatial information, which we use to calculate the spatial prior.
Thus, for this analysis, the Ngjq. is fixed to 64.

Declination-dependence of Sensitivity

In Sec. 6.22, the declination dependence of sensitivity for the shortlisted sub-threshold GWs
identified by the GstLAL, MBTA, and cWB-all-sky-search pipelines is shown. Here, in
Fig. A.3, the results for the shortlisted sub-threshold GWs from the other two pipelines, which
are PyCBC, and PyCBC-Highmass, are included.
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A. Shortlisted Sub-threshold GWs from O3
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Figure A.3.: Declination dependence of per-flavour sensitivity flux calculated at 1 GeV for the
sub-threshold CBC candidates identified by PyCBC and PyCBC-Highmass pipelines during
03. The declination of the pixel containing the best-fit source location has been identified by
a marker. Different GW candidates have been identified by different coloured markers and the
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B. Unblinded Skymaps

For each of the 103 shortlisted GW events tabulated in Tab. A.1, spatially and temporally cor-
related sub-TeV neutrinos are searched for within a 1000 s time window. The final results are
obtained via unblinding, as described in Ch. 7. The main outcome has been highlighted and
discussed in detail there. For completion, the joint skymaps for GW + neutrinos for all the
events are provided here.

Joint GW and neutrino skymaps for O3

The joint GW + neutrino skymaps for all shortlisted GW events from LVK O3 are provided
here.
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Figure B.1.: Joint GW + neutrino skymap for GWs shortlisted from O3a (continued).
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B. Unblinded Skymaps
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Figure B.1.: Joint GW + neutrino skymap for GWs shortlisted from O3a (continued).

Significance corresponding to pp.

For each of the shortlisted GW, the observed ppr-value is tabulated in Tab. 7.1. The corre-
sponding significance is calculated following Eq. 5.6. The associated distribution for 103 GWs
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Figure B.1.: Joint GW + neutrino skymap for GWs shortlisted from O3a (continued).

is shown in Fig. B.2 for completeness. The one event with significance > 3 ¢ corresponds to
PyCBC-HM-1261717507. After trial-correction, the significance drops to < 20.
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B. Unblinded Skymaps
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Figure B.1.: Joint GW + neutrino skymap for GWs shortlisted from O3b (continued).
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Figure B.1.: Joint GW + neutrino skymap for GWs shortlisted from O3b (continued).

159



B. Unblinded Skymaps
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Figure B.1.: Joint GW + neutrino skymap for GWs shortlisted from O3b.
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Figure B.2.: The one-sided sigma value corresponding to each unblinded pre-trial p-value. The
one with significance > 30 corresponds to PyCBC-HM-1261717507.
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C. Background Event Simulation

This appendix refers to Chapter 8. It contains additional plots and calculations on the back-
ground neutrino flux for different declinations and the effective area for different detectors,
such as IceCube, PLEVM-1, IceCube-Gen2, and PLEVM-2.

Zenith and declination mapping for Northern Hemisphere

As a part of this work, zenith angle (0) values ranging from 90° to 180°, which correspond to
upward-going neutrinos (i.e., originating from the Northern Hemisphere from IceCube’s per-
spective), are considered.

Following Eq. 8.1, for IceCube, 8 = 90° — 8. Due to the spherical symmetry of the Earth and
the atmosphere, the atmospheric neutrino flux (¢3"™) satisfies the mirror symmetry:

dM(cosB) = ¢2™(—cosB)

= ¢3™(cos(180° — 0)). (C.1)
This implies the following mapping between the NH and SH:
Onp = 180° — Osy

So, for corresponding declinations, the atmospheric flux could be obtained in this manner, solv-
ing the MCEq [361]:

o™ (O = 0°) = 5™ (65 = 180°), & =90°
v (One = 10°) = 95" (65 = 170°), & = 80°
v (6nm = 20°) = 5™ (65 = 160°), & =70°

v (On = 80°) = 95" (65 = 100°), & = 10°
At the horizon (8 = 0°), 6 =90°. So, $2™(6 = 90°) for 6 = 0°.

The results for atmospheric muon neutrino background flux at different declination ranges,
across a wide energy range of 103 - 107 GeV is shown in Fig. C.1.
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C. Background Event Simulation
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Figure C.1.: The energy dependence of the atmospheric muon neutrino background is shown
here for nine distinct declination values. Obtained from the solution of MCEgq.

Effective area for different configurations

To simulate the number of background events in the Northern Hemisphere for IceCube,
PLEVM-1, Gen-2, and PLEVM-2, their corresponding effective area information is needed. It
is obtained using the PLEVM code' [358]. The individual plots for each detector configuration
is shown in Fig. C.2.

These effective area values for each energy and declination bin is used to compute the energy-
dependent number of background events across the Northern Hemisphere, in 10° declination
bins. The calculation for that is presented in the next section.

Background estimation

For all the source models considered, the observation time-windows (At) range between 1000 s
to 5 x10°% s. For these values of At, the background counts (Nezfg) per energy and declina-
tion bin are quantified in the following manner, considering the total background neutrino of
atmospheric muon neutrinos and the diffuse astrophysical muon neutrino flux.

IGitHub repository: https://github.com/PleNuM-group/Plenum
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Figure C.2.: The effective area for IceCube, PLEVM-1, IceCube-Gen2, and PLEVM-2, in the
energy range of 103 - 10° GeV, in the Northern Hemisphere, in 10° declination bins.
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Following the relation described above, Neig is quantified for IceCube, PLEVM-1, IceCube-
Gen2, and PLEVM-2. For this step, their corresponding Ag within 103 - 107 GeV energy
range, and At = [1000, 10%, 7 x 10%, 8 x 107, 5 x 10°] s are considered. The choice of time
duration for background estimation is influenced by the fluence estimations provided by the
benchmark neutrino flux models from [116, 117, 373]. The results are included below.

Background estimation for different detectors and time-windows

For IceCube, the results are shown first. The background computed for 1000 s is used for the
signal estimation for BNS merger-like events, as shown in Appendix D. Others are used to
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C. Background Event Simulation

quantify the detection significance of signal neutrinos coming from BBN-merger-like events in
AGN disk, as shown in Sec. 8.3, 8.4.
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Figure C.3.: Background estimation using IceCube effective area, for various time windows,
corresponding to different signal models.

For PLEVM-1, the results are shown next. The background computed for 1000 s is used for
the signal estimation for BNS merger-like events, as shown in Appendix D. Others are used to
quantify the detection significance of signal neutrinos coming from BBN-merger-like events in
AGN disk, as shown in Sec. 8.3, 8.4.

For IceCube-Gen2, the results are shown here. The background computed for 1000 s is used
for the signal estimation for BNS merger-like events, as shown in Appendix D. Others are used
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Figure C.4.: Background estimation using PlevM-1 effective area, for various time windows,
corresponding to different signal models.

to quantify the detection significance of signal neutrinos coming from BBN-merger-like events
in AGN disk, as shown in Sec. 8.3, 8.4.

Finally, for PLEVM-2, the results are shown here. The background computed for 1000 s is used
for the signal estimation for BNS merger-like events, as shown in Appendix D. Others are used
to quantify the detection significance of signal neutrinos coming from BBN-merger-like events
in AGN disk, as shown in Sec. 8.3, 8.4.

For all these detectors, the computed background event numbers for different time windows is
then used to quantify the significance of signal detection within the same time window, consid-
ering different source scenarios. One example is shown in Appendix D.
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C. Background Event Simulation
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Figure C.5.: Background estimation using IceCube-Gen?2 effective area, for various time win-
dows, corresponding to different signal models.
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Astro + atm. v, + b, for 1000 s (Plenum-2) Astro + atm. v, + U, for 10* s (Plenum-2)

107 1071 100
f=4
. 1073 ~ 102 &
10 7 @
P 2 — a
> o > )
8 105 B 8 10 §
Z10° -f $10°+ 81
] s 2 7
w 1077 = wi 1076 *
o Y
X N
104 @ 10%4 9
1079 107
103 10+ ; ; ; .
0 20 40 60 80 0 20 40 60 80
Declination Declination
Astro + atm. v, + b, for 7 x 10% s (Plenum-2) Astro + atm. v, + b, for 8 x 10° s (Plenum-2)
107 10! 102
07 5 100 5§
1064 5 9]
= Q — o
> %) > 0
] 3 £ (] 2 e
ol 1073 § ] 1072 §
5101 8z g
g S = g s =
w 10 +§ S 10 +1
=Y >
104 g 1044 il
1077 @ 10-6 @
103- T T T T 103 3 T T T T
0 20 40 60 80 0 20 40 60 80
Declination Declination

Astro + atm. v, + ¥, for 5 x 10° s (Plenum-2)

107
102
f =
. 5
105 100§
2 b}
o 5
2105+ 102 8
= 3
O =Y
< +
w
10 S
104 g
o
106
103- T T T T
0 20 40 60 80

Declination

Figure C.6.: Background estimation using PlevM-2 effective area, for various time windows,
corresponding to different signal models.
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D. Search Prospect for Compact Binary

Merger-like Sources

This appendix refers to Chapter 8. It contains results for the catalogue search prospects for
individual Binary Neutron Star (BNS) merger sources, considering different neutrino detector
configurations. We consider the BNS merger-like sources simply because they are the most
promising and extensively studied multi-messenger GW sources, accompanied by precise the-
oretical modelling. The study was mainly performed for benchmarking the signal simulation
method, which is later employed for BBH merger-like sources which suitable flux models, as
shown in Sec. 8.3, 8.4.

High-energy neutrino emission from Binary Neutron Star mergers

In [373], for a BNS merger-like source, the authors estimate the HEN fluence for different
phases of sGRBs, including prompt emission, EE, X-ray flares, and plateau emission. In the
sGRB environment, the non-thermal protons, which eventually interact with the ambient pho-
tons, accelerate via diffusive shocks. On the other hand, they lose energy via photo-meson (py)
cooling, adiabatic cooling and synchrotron radiation. The acceleration process continues un-
til the acceleration timescale, #,.. is more than the cooling timescales. In these scenarios, the
protons lose energy through cooling before being accelerated to a specific energy. The relevant
acceleration and cooling timescales are given in Eq. D.2.

€
14
f = — (D.1
acc ceB )
c [~ _ [ _,dn
tyy = — / d€, 6,y Kyy € deye, - —
pY _ Y ¥YpYy “pY _ Y ’
27;27 En /2y 4 dg?’
, B 671:m?c3
yn m%GTBzei’
Idiss
t = D.2
dyn cC ( )

In the above equations, other than the constants bearing their usual meaning, B is the magnetic
field strength. ¥, = % & = 145 MeV is the threshold for photomeson production. &, is
the photon energy in rest frame. 0,y and Ky are respectively, the cross-section and inelasticity
relevant to photomeson production. m; and €; are respectively the mass and energy of particle
species ‘i’, undergoing synchrotron cooling, and m, is the mass of electron. o7 is the Thompson
scattering cross-section. The whole framework is detailed in [373]
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D. Search Prospect for Compact Binary Merger-like Sources

Hence, the proton energy in the fluid rest frame for which 7, < (tsyn,tdyn,tpy), gives us the
maximum proton energy €, max- In the observer’s frame, we can define the maximum proton
energy as

Ep,max = ng,max (D.3)

where I' is the Lorentz factor. These protons then interact with the ambient photons and produce
pions following the photo-meson production process. The pions decay and produce electron
and muon neutrinos. Due to neutrino mixing, the neutrino flux on Earth is (v,:v,:v7) = (1:1:1),
instead of (1:2:0) at the source. The flux values are determined using a tri-bimaximal mixing
matrix, given in [374].

To calculate the neutrino flux during the different GRB phases, such as prompt, plateau, ex-
tended emission, etc., standard values for the useful model parameters are considered. These
values are tabulated in Tab. 1 in [373], and are observationally motivated [375-385]. As a
part of this work, flux values are adopted directly from the paper. Given these flux values, the
expected number of signal v, events can be calculated as the number of up-going tracks for
detectors like IceCube and its future extension, IceCube-Gen2. The number of v, depends on
the effective area of the chosen detector. As a part of this work, IceCube, PLEVM-1, IceCube-
Gen2, and PLEVM-2 are considered, similar to what is done for Ch. 8.

Signal Calculation

Folding the effective area (A¢fr) information, signal neutrino numbers could be calculated using
Eq. D 4.

At Emax
NS, = 2 [ [ aE 68 (E) A6, )

i
Enin

Emax
= 2XAt / dE 9" (Ey) Acit(8,Ev) (D.4)

min

Here, q)flfvs is the flux obtained from a single BNS merger located 300 Mpc away from the
Earth, as provided in [373]. The time-window is chosen to be 1000 s. The results for four
different detector configurations, i.e., IceCube, PLEVM-1, IceCube-Gen2, and PLEVM-2 are
shown in Fig. D.1. The results are relevant for an optimistic case for the extended emission

scenario. For all other cases, the signal count is too low and almost non-significant.

For the optimistic scenario considered for extended emission, the maximum number of signal
events recorded by all detectors in 1000 s comes from near the horizon, where declination is
0° < 8 < 10°. The signal count for IceCube matches lies in the same ballpark as predicted
in [373]. It is further enhanced for PLEVM-1, IceCube-Gen2, and PLEVM-2 due to larger A
coverage all over the sky.
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Neutrinos from BNS merger (extended emission, optimistic), d, = 300 Mpc
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Figure D.1.: Number of signal neutrinos detected by different TeV-PeV neutrino detector con-
figurations in 1000 s during the extended emission of a binary neutron star merger, located dy,
=300 Mpc away from Earth.

Significance Calculation

Using the signal count obtained previously, joint emission detection significance from a single
source of BNS merger, located 300 Mpc away from the Earth is estimated.

To quantify the significance, suppose, the rate of signal neutrinos coming from our astrophysical
sources as recorded by our detectors is Ry;g. For a considered time window, At, the total number
of signal neutrinos would be,

Nsig = Rsig X At D.5)

Similarly, if the background atmospheric neutrino detection rate for a detector is Ry, the total
number of signal neutrinos for the same time-window At is,

kag = Rbkg X At (D.6)

Using Eq. D.5 and Eq. D.6, the total number of neutrinos that any neutrino detector would be
the sum of the signal and background neutrinos detected during At. Hence, the total number of
neutrinos (Ny) detected during At is,

Ny = Nsig +kag
= (Rsig +Rbkg) X At (D.7)
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Now, as per our definition, Ny = Ny - Npg. So, the variance,

6 (Nig) = /Ny (D.8)

Given, (Npkg) =0

The associated significance is defined as —*. It is given as follows:

P

sig

significance =

o
Nsig

3

SR S— (D.9)
AV Nsig +kag

Rsig X At
\/(Rsig +Rbkg) X At
Rsig X VAt

(Rsig + Rbkg)

(D.10)

Thus, significance o« \/Af. As a consequence, for longer observation time-windows, detection
significance would increase, as also seen for the results presented in Sec. 8.3.

Detection significance in 1000 s, on-axis jet, d, = 300 Mpc
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Figure D.2.: The detection significance within a time window of 1000 s, for detecting neutrinos
during the extended emission of a BNS merger occurring 300 Mpc away from Earth.

Using Eq. D.9, we can directly calculate the significance of neutrino detection for At = 1000 s,

. .. . . . . BNS bkg .
for individual BNS mergers, inserting previously obtained va o and Nvu - for signal and
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background counts respectively. The background estimation for 1000 s time window is demon-
strated in Appendix C. The corresponding results are shown in Fig. D.2.

It is observed that with IceCube, the detection prospect is non-significant, given the faint signal
received during the 1000 s time-window in the TeV-PeV energy range, from the BNS merger
source. PLEVM-2 also does not offer a huge advantage in the Northern Hemisphere. However,
with IceCube-Gen2, and PLEVM-2’s much enhanced A coverage in the declination range
considered for this work, the detection significance can reach 30 near the horizon, overcoming
the existing background in that energy range. The detection significance decreases as we go
further away from the preferred declination bin with largest A.¢ coverage, as the signal count
decreases.

Seeing this promising trend for the next generation and larger neutrino detector configurations,
now the framework is applied to estimate the detection prospects of high-energy neutrinos com-
ing from BBH-merger sources, as discussed in Ch. 8. An additional plot on significance calcu-
lation is included here, relevant to the scenario presented in Sec. 8.3, Fig. 8.10.

Significance vs declination (f,.,=10, 400 Mpc)
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Figure D.3.: The detection significance quantified for a source located at 400 Mpc, referring to
the scenario presented in Fig. 8.10, specifically 10° R, away from the AGN core, facc = 10,
and At=15 x10° s, for reverse, internal, and collimated shocks. Different high-energy neutrino
detector configurations are considered.

In this case, for very close source with dy, = 400 Mpc, reaching a detection significance of 3¢ or
higher could only be possible considering an optimistic scenario with high accretion rate (facc
= 10), efficient reverse shock acceleration, and a detector with bigger A.g coverage, such as
PLEVM-1, Gen-2, or PLEVM-2.
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