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When the neutrino was proposed as a particle in 1930, it was
considered impossible to ever observe it. Scientific breakthroughs and
developments in the almost century that followed this have confirmed
their existence, and owing to their unique properties, neutrinos can be
instrumental in the search for sources of high energy cosmic rays in the
universe.
   This PhD thesis contributes to the tremendous efforts of the particle
physics and astrophysics communities to search for sources of high
energy cosmic rays and neutrinos. The work presented in this thesis
focuses on the possibility of Gamma-Ray Bursts as potential sites of
neutrino production. The analysis presented in this thesis builds on
previous IceCube GRB analyses, and explores a wider possibility for
neutrino-GRB correlation beyond the prompt phase of gamma-ray
emission while making use of a larger neutrino dataset. The results
from this analysis are used, for the first time, to constrain neutrino
emissions from the cosmic population of GRBs, and are presented in
this thesis.
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Abstract
Gamma ray bursts (GRBs) are short bursts of high energy γ-radiation and are among some of the most energetic phenomena
in the universe. GRBs have three distinct emission phases: the prompt phase with high-energy γ-rays, the precursor phase
which is the time interval before the prompt phase and is reported to have an additional smaller burst for some GRBs,
and the afterglow phase which is the time interval after the prompt phase with observations for electromagnetic radiation
across a large wavelength range reported for many GRBs. GRBs have long been considered as a possible source of ultra
high energy cosmic rays, which makes them a promising neutrino source candidate. Unlike cosmic rays, neutrinos interact
only weakly, allowing them travel unabsorbed by intervening matter and undeflected by magnetic fields, so their arrival
directions at Earth point straight back to their origins. The work presented in this thesis searches for correlations between
GRBs and some of the high energy neutrinos detected by the IceCube Neutrino Observatory (IceCube), the most sensitive
instrument to date to detect high energy astrophysical neutrinos. 

Previous IceCube searches for neutrino correlations with GRBs focused on the prompt phases of the GRBs and found
no significant correlation between neutrino events and the observed GRBs. This motivates us to extend our search beyond
the prompt phase. A model-independent search using an unbinned maximum likelihood method is performed to investigate
muon neutrino correlations with the precursor and afterglow phases of gamma ray bursts and the results are presented.
The analysis is applied to a selection of 733 GRBs searching for neutrino correlations separately for the precursor and the
prompt+afterglow emission regions and the best-fit results are obtained for individual GRBs for each search. The final
significance for each search is evaluated using binomial tests. Neither of the two searches provides significant evidence
of neutrino emission from GRBs during an extended time period up to two weeks before or after the prompt phase of
γ-ray emission and the top 20 results for each search along with the fitted parameters are presented in this thesis. The
analysis results are used to constrain the contribution of the cosmic GRB population to the diffuse astrophysical neutrino
flux observed by IceCube. The emission on timescales up to 104 s is constrained to 24% of the total diffuse flux, and the
results covering a range of emission timescales is presented.

The performance of Machine Learning based reconstruction methods is also discussed with a focus on the Deep Neural
Network (DNN) algorithms currently being developed in IceCube. The preliminary results highlight the potential of DNNs
to improve upon the existing direction reconstruction methods for high energy track-like neutrino events.  
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Abstract

Gamma ray bursts (GRBs) are short bursts of high energy !-radiation and are
among some of the most energetic phenomena in the universe. GRBs have three
distinct emission phases: the prompt phase with high-energy !-rays, the precursor
phase which is the time interval before the prompt phase and is reported to have
an additional smaller burst for some GRBs, and the afterglow phase which is
the time interval after the prompt phase with observations for electromagnetic
radiation across a large wavelength range reported for many GRBs. GRBs have
long been considered as a possible source of ultra high energy cosmic rays, which
makes them a promising neutrino source candidate. Unlike cosmic rays, neutrinos
interact only weakly, allowing them travel unabsorbed by intervening matter and
undeflected by magnetic fields, so their arrival directions at Earth point straight
back to their origins. The work presented in this thesis searches for correlations
between GRBs and some of the high energy neutrinos detected by the IceCube
Neutrino Observatory (IceCube), the most sensitive instrument to date to detect
high energy astrophysical neutrinos.

Previous IceCube searches for neutrino correlations with GRBs focused on the
prompt phases of the GRBs and found no significant correlation between neutrino
events and the observed GRBs. This motivates us to extend our search beyond
the prompt phase. A model-independent search using an unbinned maximum
likelihood method is performed to investigate muon neutrino correlations with the
precursor and afterglow phases of gamma ray bursts and the results are presented.
The analysis is applied to a selection of 733 GRBs searching for neutrino correla-
tions separately for the precursor and the prompt+afterglow emission regions and
the best-fit results are obtained for individual GRBs for each search. The final
significance for each search is evaluated using binomial tests. Neither of the two
searches provides significant evidence of neutrino emission from GRBs during an
extended time period up to two weeks before or after the prompt phase of !-ray
emission and the top 20 results for each search along with the fitted parameters
are presented in this thesis. The analysis results are used to constrain the con-
tribution of the cosmic GRB population to the diffuse astrophysical neutrino flux
observed by IceCube. The emission on timescales up to 104 s is constrained to 24%
of the total diffuse flux, and the results covering a range of emission timescales is
presented.

The performance of Machine Learning based reconstruction methods is also
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discussed with a focus on the Deep Neural Network (DNN) algorithms currently
being developed in IceCube. The preliminary results highlight the potential of
DNNs to improve upon the existing direction reconstruction methods for high
energy track-like neutrino events.



Sammanfattning på svenska

Gammablixtar (eng. Gamma-ray Bursts, GRBs) är oregelbundna utbrott av in-
tensiv gammastrålning med hög energi. De har länge ansetts vara en möjlig källa
till kosmisk strålning med ultrahög energi, vilket gör dem till lovande kandidater
för att vara neutrinokällor. Eftersom neutriner är elektriskt neutrala och nästan
masslösa elementarpartiklar kan de färdas genom universum utan att deras banor
påverkas av magnetfält. Riktningen en neutrino kommer ifrån pekar därför direkt
ut källan där den bildades. Arbetet som presenteras i denna avhandling är en
undersökning av den möjliga kopplingen mellan gammablixtarna som observerats
av olika rymdbaserade observatorier och neutriner registrerade med neutrinoob-
servatoriet IceCube.

Gammablixtarna har tre distinkta emissionsfaser: den prompta fasen med hö-
genergetisk !-strålning, precursor-fasen som är ett mindre utbrott en tid före
den prompta och afterglow-fasen, med elektromagnetisk strålning i ett stort
våglängdsområde under en tid efter den prompta fasen. Tidigare försök att finna
en korrelation mellan neutriner detekterade med IceCube och den prompta fasen
av gammablixtar gav negativa resultat. Detta motiverar oss att utöka det un-
dersökta tidsfönstret utöver den prompta fasen. Vi utför modelloberoende test,
baserad på en likelihoodkvot, för att detektera ett eventuellt flöde av myonneu-
triner under precursor- eller afterglowfaserna. Testerna görs för 733 gammablixtar,
och utförs separat för precursor-fasen och prompt+afterglowfaserna, motsvarade
två hypoteser om när neutrinoemission sker. Testet resulterar i ett p-värde per
gammablixt och hypotes, vilket är ett mått på signifikansen för det enskilda re-
sultatet. För var och en av de två hypoteserna testar vi 733 gammablixtar, och
när vi bestämmer den slutliga signifikansen korrigerar vi för detta. Analysen gav
inga signifikanta bevis på neutrinoemission från gammablixtarna vare sig under
precursor- eller prompt+afterglowfasen, upp till två veckor före eller efter starten
av en prompt fas av gammastrålningsemission. De 20 mest signifikanta individu-
ella resultaten för de två tidsfönstren presenteras. Analysresultaten används för
att sätta en övre gräns för det bidrag den kosmiska GRB-populationen kan ge till
det diffusa astrofysiska neutrinoflöde som observerats av IceCube. Som exempel
är bidraget begränsat till 24% av det totala diffusa flödet, med 90% konfidensnivå,
för emission på tidsskalor upp till 104 s. Motsvarande resultat för andra tidsfönster
presenteras.

Framtidsutsikter med rekonstrutionsmetoder baserade på maskininlärning
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diskuteras också, med fokus på en algoritm baserad på artificiella neurala nätverk
(Deep Neural Network, DNN) som för närvarande utvecklas i IceCube. De prelim-
inära resultaten belyser potentialen hos DNN-nätverk att förbättra de befintliga
riktningsrekonstruktionsmetoderna för högenergineutrinohändelser.
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Preface

When the neutrino was proposed as a particle in 1930, it was considered impossible
to ever observe it. Scientific breakthroughs and developments in the almost cen-
tury that followed this have confirmed their existence, and owing to their unique
properties, neutrinos can be instrumental in the search for sources of high energy
cosmic rays in the universe. This PhD thesis contributes to the tremendous efforts
of the particle physics and astrophysics communities to search for sources of high
energy cosmic rays and neutrinos. The work presented in this thesis focuses on the
possibility of Gamma-Ray Bursts as potential sites of neutrino production. The
analysis presented in this thesis builds on previous IceCube GRB analyses, and ex-
plores a wider possibility for neutrino-GRB correlation beyond the prompt phase
of gamma-ray emission while making use of a larger neutrino dataset. The results
from this analysis are used, for the first time, to constrain neutrino emissions from
the cosmic population of GRBs, and are presented in this thesis.

About this thesis
The thesis is divided into two parts and contains eleven chapters written in mono-
graph form. One publication supporting the work presented in the thesis is in-
cluded at the end of the thesis.

Part I of the thesis contains four chapters and presents a theoretical overview of
the relevant topics. An introduction to the field of particle astrophysics is provided
in chapter 1 and a brief theoretical background of Gamma-ray bursts and their
observations is discussed in chapter 2. The principles of neutrino detection are
described in chapter 3 including a description of the IceCube neutrino observatory.
Part I ends with chapter 4 describing the simulations, data processing and data
filtering techniques used in IceCube. Part II contains the analysis chapters, where
an overview of the analysis is presented in chapter 5. Chapter 6 presents results for
the performance study of the analysis method on a per-GRB basis, and chapter
7 outlines the statistical concepts used to interpret the final result. Chapter 8
presents the results from the analysis. These results are used to constrain the
neutrino emission from the cosmic population of GRBs as discussed in chapter 9.
Chapter 10 presents results from a study exploring track-like event reconstructions
using machine learning based algorithms for IceCube datasets. Finally, chapter 11
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xvi

summarises the work presented in the thesis and provides an outlook to improve
future analyses.

This thesis makes use of natural units i.e. h̄ = c = 1 where h̄ is the reduced
Planck constant and c is the speed of light in vacuum. The values of physical
quantities such as mass, energy and momentum in the natural unit system are
conveniently expressed in units of eV. The analysis presented in this thesis was
performed in Stockholm using the computing facilities at the University of Wiscon-
sin, Madison, USA, and the Sunrise computing cluster at Stockholm University,
Stockholm.

This PhD thesis builds partly upon the author’s Licentiate thesis (defended on
November 10, 2020). The literature review of GRBs and the technical description
of IceCube have been updated, and a description of the event reconstruction al-
gorithms (chapter 4), the results for population analysis (chapter 9), studies for
Deep Neural Network algorithms (chapter 10) and publication I have been added.
By chapters, the contribution from the Licentiate thesis is as follows:

Chapter 1: This chapter was included in the Licentiate; for this thesis it has
been reviewed and updated, and about 30% of the text and references are new.

Chapter 2: The sections 2.1 and 2.2 were present in the Licentiate. The text
in sections 2.3 - 2.5 is new.

Chapter 3: This chapter builds upon chapters 3 and 4 in the Licentiate, but
about 70% of the text is new.

Chapter 4: This is a completely new chapter.
Chapters 5-8: These chapters are taken verbatim from the Licentiate.
Chapters 9-11: These are entirely new chapters.

Author’s contribution

Contribution to publication included in the thesis:

Publication I is accepted for publication in the Astrophysical Journal. The
paper summarizes the results from the Precursor/Afterglow analysis performed
by me, combined with the results from three complementary GRB analyses per-
formed by IceCube colleagues: Extended TW analysis by Elizabeth Friedman at
University of Maryland, College Park, and GBM Precursor and Stacked Precur-
sor analyses by Paul Coppin at VUB Brussels. The results for the precursor and
the prompt+afterglow analysis described in chapter 8 as well as the constraints
on GRB contribution to the diffuse flux described in chapter 9 in this thesis are
included in this paper. I led the writing of this paper, with sections 1, 2, 5.2, 6.2
and 7 of the paper written primarily by me. I also led the submission and the jour-
nal review process for this publication, which included managing correspondences
with the Fermi collaborators, in addition to the journal reviewer.
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Contributions to publications not included in the thesis:

The following papers are not included in the thesis but I significantly contributed
to them and they were published over the course of my PhD project:

Publication II is a conference proceeding following the 37th International
Cosmic Ray Conference (ICRC) 2021, which included an oral presentation by
myself on behalf of the IceCube Collaboration. In this conference proceeding, we
summarise the results from four IceCube analyses searching for neutrinos from
GRBs. I had led the writing of this conference proceeding, and the results for the
precursor and the prompt+afterglow analysis described in Chapter 8 are included
in this publication. The results in this publication are wholly incorporated in
Publication I, hence the conference proceeding is not included as part of the thesis,
but is published as follows:

Searches for Neutrinos from Precursors and Afterglows of Gamma-Ray Bursts
using the IceCube Neutrino Observatory - Kunal Deoskar, Paul Coppin,
Elizabeth Friedman (for the IceCube Collaboration). Conference Proceedings,
ICRC2021, Berlin, Germany, paper 1118, in arXiv:2107.08870 [astro-ph.HE].

Publication III presents the results from an analysis searching for possible
correlations of high energy neutrino observations with blazars (a class of Active
Galactic Nuclei). I had worked on this analysis prior to the start of my PhD but
the results were published during the course of my PhD project. My part of the
analysis was done at Dr. Karl Remeis Observatory, Bamberg, Germany during the
summer of 2015. My responsibilities included performing the model fitting for the
broadband Spectral Energy Distribution in the high energy region for 179 sources
from the 3rd Catalog of AGN Detected by the Fermi LAT (3LAC) and to obtain
the neutrino energy flux from the resultant electromagnetic energy flux based on
the fit. This publication is not part of the analysis presented in this thesis, but is
published as follows:

Fermi-LAT counterparts of IceCube neutrinos above 100 TeV - F. Krauß,
K. Deoskar, C. Baxter, M. Kadler, M. Kreter, M. Langejahn, K. Mannheim,
P. Polko, B. Wang and J. Wilms. Astronomy&Astrophysics 2018, 620,
A174

ABSTRACT: The IceCube Collaboration has published four years of data
and the observed neutrino flux is significantly in excess of the expected atmospheric
background. Due to the steeply falling atmospheric background spectrum, events
at the highest energies are most likely extraterrestrial. In our previous approach
we have studied blazars as the possible origin of the High-Energy Starting Events
(HESE) neutrino events at PeV energies. In this work we extend our study to
include all HESE neutrinos (which does not include IC 170922A) at or above
a reconstructed energy of 100 TeV, but below 1 PeV. We study the X-ray and
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!-ray data of all (~200) 3LAC blazars that are positionally consistent with the
neutrino events above 100 TeV to determine the maximum neutrino flux from
these sources. This larger sample allows us to better constrain the scaling factor
between the observed and maximum number of neutrino events. We find that
when we consider a realistic neutrino spectrum and other factors, the number of
neutrinos is in good agreement with the detected number of IceCube HESE events.
We also show that there is no direct correlation between Fermi/LAT !-ray flux and
the IceCube neutrino flux and that the expected number of neutrinos is consistent
with the non-detection of individual bright blazars.

Contribution to IceCube
Any scientific achievement by a large scale collaboration such as IceCube is made
possible by the effective team work by numerous individuals, where many peo-
ple make small but important contributions. The key software used to perform
analyses using IceCube data are one such example, where the efficiency and perfor-
mance of the software is continuously improved upon by contributions by a variety
of individuals. The main software tool used for the analysis, csky, was developed
by members of the IceCube Collaboration and I contributed to developing the
box_mode feature which enabled the use of the existing software to perform the
analysis presented in this thesis. This feature is not limited to GRB analyses and
can be used to performed time-dependent searches using flat time PDF in general.

The neutrino emission simulation software package, FIRESONG, used for the
population analysis in Chapter 9, was also developed by the members of the Ice-
Cube Collaboration and I contributed to the addition of the SwiftGRBs(Evolution)
feature intended to model the redshift evolution of GRBs in the software.

All the figures from the performance studies presented in Chapter 6, the statis-
tical analysis studies in Chapter 7, the unblinding results presented in Chapter 8
and the population limits result (final three figures in Chapter 9) are obtained by
me with valuable inputs particularly from the ‘Neutrino Sources’ working group
within the IceCube collaboration. In addition to the analysis, I also performed four
weeks of remote monitoring of the IceCube detector as described in Chapter 3.

In addition to this, I also represented the IceCube Collaboration through the
following contributed talks:

• 37th International Cosmic Ray Conference (ICRC), Berlin, Germany, July
2021. “Searches for Neutrinos from Precursors and Afterglows of Gamma-
Ray Bursts using the IceCube Neutrino Observatory” I presented a summary
of the results from four IceCube GRB analyses as described in Publication
II.

• Oskar Klein Centre Extreme Objects group, Stockholm, Sweden, October
2021. Seminar talk on: “Searches for Neutrinos from Precursors and After-
glows of Gamma-Ray Bursts using the IceCube Neutrino Observatory”
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Chapter 1
Introduction to particle astrophysics

“Not only is the Universe stranger than we think, it is stranger than we can
think.”

- Werner Heisenberg

Astronomy is perhaps the most romantic of all sciences. Unsurprisingly, the his-
tory of cosmic ray astronomy is riddled with passionate stories of scientific ad-
ventures. Physicists have crossed oceans, climbed mountains and explored great
depths and heights in their quest to study the true nature of the mysterious cosmic
particles. It started with the discovery in the late 19th century that electroscopes,
which detect the presence of charged bodies, could be spontaneously discharged
apparently due to an omnipresent agent. At the time, it was believed that the
radioactivity from certain minerals present in the Earth’s crust was responsible
for this behaviour. To test this claim, a Jesuit monk named Theodor Wulf made
measurements of electroscope discharges at various locations such as the foot of
Mt. Matterhorn, deep mines near Valkenburg, inside Belgium caves and on top of
the Eiffel tower, to investigate if the radioactivity changed with distance from the
surface of the Earth. His experiments, although rich with variability in the mea-
surements, showed the intensity to reduce slightly with altitude (although higher
than expected) and supported the terrestrial origins of the radioactivity while sug-
gesting an extra-terrestrial contribution [1]. The definitive conclusion to the sci-
entific speculations surrounding the source of this omnipresent radioactivity came
when Victor Hess in 1912 realized in his series of balloon flight experiments that
this ionization definitely increased with the altitude [2]. This behaviour pointed
to an extraterrestrial origin for the radiation causing the discharge and the agent
was aptly named cosmic rays (CR). The cosmic rays are presently known to be
composed of subatomic particles and atomic nuclei with a near isotropic flux rang-
ing over many decades of high energy [3, 4].

The discoveries following the balloon experiment by Hess have transformed the
original question of unexplained electroscope discharges to that which seeks the
origins of these particles, opening up an extensive inquiry into the working of some
of the most energetic phenomenons in the universe. The exact sources responsible

3
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for producing these cosmic particles are yet to be confirmed while determining the
exact chemical composition of the cosmic rays across their entire energy range also
remains a challenge. Although many questions regarding the cosmic rays are far
from being solved, the 110 years following their discovery have been accompanied
with a refinement in our understanding of some of their properties. Most high
energy cosmic rays are relativistic protons and nuclei hypothesized to originate
from extreme astrophysical environments [3]. They are also composed of the par-
ticles resulting from the interactions of the primaries with the interstellar gases.
As they possess a net electric charge, they get deflected when subjected to mag-
netic fields in the Universe and hence reach the Earth in an isotropic manner. For
the cosmic rays in the energy region from 1 GeV1 to about 100 TeV2, about 79%
are protons while about 70% of the rest are helium nuclei [5]. The composition
however changes for higher energies and the intensity of the cosmic rays generally
decreases with energy, which further makes direct detection of the composition
problematic due to the low statistics at higher energies. For example, the inten-
sity for particles with energies ~1016 eV is typically around 1/m2/year, while for
particles with energies above 1019 eV is only 1/km2/year. Indirect methods such as
the atmospheric [6] or extensive air shower measurements [7] employed by various
cosmic-ray observatories allow for measurements of the cosmic ray spectrum at the
high energies, but prove inefficient in determining the composition. No details are
observable from the steeply falling all-particle spectrum of charged primary cosmic
rays, so the intensity of the cosmic rays is multiplied with the primary energies
to reveal the structures in the spectrum. Figure 1.1 shows the distribution of the
energy flux for cosmic ray air showers vs the energy of the observed flux based on
the measurements done by various observatories.

The boundary at lower energies for cosmic ray observations depends on the
ionisation energy losses due to the interaction of cosmic ray nuclei with the atoms
and molecules in the intergalactic and interstellar matter, which decreases rapidly
with an increasing particle energy [9]. Since this depends on the amount of photons
and matter that the cosmic ray particles have to penetrate through over the course
of their travel, the exact boundary however is not sharply defined but exists around
the energy region up to few GeVs. For the energy region below 1 GeV, the cosmic
ray flux is dominated by the charged particles from the Sun [10]. Moreover, the
magnetic fields produced due to solar activities perturb galactic cosmic rays and
prevents them from reaching the Earth. This influence is limited to particles with
primary energies lower than 10 GeV however and this effect is known as Solar
modulation [11]. The observed flux of cosmic rays with low primary energies is
therefore anti-correlated to the solar activity over the course of the 11 year solar
cycle. The flux of cosmic rays observed above this energy can be well described
by a power law spectrum where the differential flux dN/dE can be expressed as a
falling power-law with spectral index ! as:

dN

dE
! E!! (1.1)

11 GeV = 109electron-volts(eV), 1eV ! 1.6" 10!19J
21 TeV = 1012eV
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Figure 1.1: Energy Flux vs Energy for cosmic ray air showers based on measurements
from various observations. The figure is obtained from Ref. [8].

For energies higher than 1 GeV, the source is expected to be either galactic or
extra-galactic in nature [12]. The charged cosmic ray particles produced within
our galaxy interact with the galactic magnetic field to travel in curved trajectories
to reach us. However, for particles of extremely high energies, this curvature is
not enough and the galactic magnetic field cannot contain them. This happens
near energy ranges of 1015.5 eV which forms the knee in Figure 1.1. Some recent
results such as Ref. [13] suggest supernova remnants to be a significant galactic
contributor to the cosmic ray flux, since 1015 eV is close to the maximal energy to
which supernovae are thought to be able to accelerate cosmic rays [14]. Up to the
knee, the cosmic radiation flux is understood to be due to galactic sources. The
flattening of the curve near the ankle translates to a harder spectrum3 and the
sources for these so called Ultra-High Energy Cosmic Rays (UHECRs) are widely
considered to be extra-galactic in nature [15]. Cosmic rays at high energies lose
energy due to inverse Compton scattering with the CMB photons during their

3Hardness and softness of energy spectrum describes the slope of the spectral shape. Hard
spectrum is associated with presence of relatively more higher energy particles and typically has
value of spectral index ! ! 2.
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propagation, but this loss is negligible even up to primary energies of the order
of 1021 eV. Cosmic rays at the highest energies can interact with the Cosmic
Microwave Background (CMB) photons via the following process [16, 17]:

!CMB + p " !+ "

!
"#

"$

p+ "0,

n+ "+,

p+ x", x # N.

(1.2)

This process occurs above the threshold energy of 6$1019 eV, known as the
Greisen–Zatsepin–Kuzmin (GZK) cutoff [14, 17], which explains the sharp cutoff
in observations (see Figure 1.1) above these energies.

Acceleration mechanisms

When Pierre Auger and colleagues discovered extensive cosmic air showers in 1938
in excess of 1015 eV [18], they concluded that such high energy observations were
unlikely due to particles produced at these energies due to a single process, but
instead due to acceleration mechanisms that power up particles to these energies
during the course of their propagation. Enrico Fermi provided one of the first
basic frameworks for such acceleration mechanisms in which charged particles can
get accelerated due to repeated elastic collisions in the moving clouds of plasma
with irregular magnetic fields [19], called second order Fermi acceleration. Al-
though this mechanism led to production of particles with a power law spectra
that closely matched the observations, the efficiency of this process was low due
to small velocities of the interstellar clouds and low probabilities of cosmic ray
scattering by the clouds [20]. This theory was developed to obtain a similar but
more efficient acceleration mechanism called diffusive shock acceleration or first
order Fermi acceleration [21, 22]. In this process, the acceleration takes place
instead at hydro-dynamical plasma shock fronts. For non-relativistic shocks, the
first order Fermi accelerated particles result in a power-law spectrum (see Eq. 1.1)
with spectral index ! % 2. For relativistic shocks, numerical simulations predict a
spectrum with a slightly softer spectral index ! % 2.2&2.4 [23–25]. In either case,
the observed spectrum on Earth is expected to be softer than that at the source
due to the interactions of the charged particles during their propagation resulting
in a loss of particle energies. Other ways in which particles can get accelerated are
magnetic reconnection [20, 26–28] and shear acceleration [29].

Cosmic ray - neutrino connection

The high energy requirements for sites of cosmic ray production make them prime
candidates for neutrino production as well. Cosmic rays are thought to interact
with ambient matter or radiation fields at sites of particle acceleration to produce
high energy neutrinos [30]. This interaction can take place either at the CR source
or with the interstellar or intergalactic medium during the course of propagation
of the cosmic rays through the following channels:
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p+ ! " !+ "
%
p+ "0,

n+ "+.
(1.3)

%
"0 " ! + !,

"+ " µ+ + #µ.
(1.4)

µ+ " e+ + #̄µ + #e (1.5)

As the neutrinos are electrically neutral and almost mass-less, they are not de-
flected by the magnetic fields over the course of their propagation to Earth. The
neutrinos therefore point straight back to their place of origin and are therefore
extremely useful messengers in understanding origins of cosmic rays. In light of
this, the IceCube Neutrino Observatory (commonly referred to simply as IceCube)
was constructed with the scientific goal of observing high energy neutrinos and
identifying the astrophysical sources which can produce them [31]. Within a few
years of its full operation, IceCube reported detection of high-energy neutrinos in
2013 [32, 33]. This was followed by a highly statistically significant (5-$) result
rejecting a purely atmospheric explanation for the neutrino detections made by
IceCube [34]. In addition to this, the subsequent detections of high-energy as-
trophysical neutrinos were found to be consistent with an isotropic distribution
thus pointing to extra-galactic origins for them (see Figure 1.2). In September
2017, IceCube along with its multi-messenger partners provided the first and most
compelling evidence to date for an extra-galactic neutrino source with the detec-
tion of the neutrino event IC-170922A in temporal and spatial coincidence with
an enhanced !-ray emission state of the blazar TXS 0506+056 [35, 36].

Hillas-criteria (maximal acceleration energy)

Although the results for TXS 0506+056 provides evidence for blazars to be con-
sidered as sites of astrophysical neutrino production, the observed coincidences
between blazars and neutrinos are not enough to explain the majority of the as-
trophysical neutrino observations made by IceCube [35, 43]. This motivates us to
investigate other potential sites of astrophysical neutrino production as well as CR
production. The main theme of the work presented in this thesis is to investigate
sources which might contribute to the UHECR flux. Based on the energy of the
CRs, it can be inferred that these particles can be produced only in the most en-
ergetic of astrophysical processes in the universe. Once produced, the cosmic ray
particles can be further accelerated in the presence of magnetic fields due to Fermi
acceleration [44] to reach higher energies. In order to accelerate charged particles
so that they can reach these high energies, the astrophysical accelerators will re-
quire suitable strengths of magnetic fields depending on their sizes to effectively
confine the particles. For an ultra-relativistic particle with energy E and charge
Ze, the size of the Larmor radius, also called the gyro-radius, rL is given by:
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Figure 1.2: A sky map of high-energy neutrinos detected by IceCube. The various
markers represent the best-fit reconstruction for the up-going track events ! [37, 38],
the high-energy starting events (HESE) (cascades " and tracks #) [34, 39, 40] and track
events published as alerts ! [41]. After accounting for the Earth absorption effects and
the detector acceptance, the distribution is consistent with isotropy. The location of
blazar TXS 0506+056, the first neutrino candidate source, is marked with a star. The
related Fermi Large Area Telescope (Fermi/LAT) measurements for the region centered
at the location of TXS 0506+056 around the time of IceCube detection of the high energy
neutrino IC-170922A are shown in the inserted image. The associated uncertainties for
the arrival direction of IC-170922A are also shown for comparison. The image is from
Ref. [42].

rL =
E

(ZeB")
, (1.6)

where B" represents the magnetic field strength perpendicular to the motion
of the charged particle in the region. The cosmic rays can be repeatedly accel-
erated in shocks as long as they are bound by the magnetic fields in the source
region, hence any such confining region needs to have a size R > rL or else the
particles will escape. In practice, the actual physical acceleration mechanism in-
volves the particle scattering off many small field irregularities, which leads to the
size requirement : R > 2rL/% where %c represents the velocity of the magnetic
scattering sites. This is used to obtain the conditions required for the magnetic
field strength and the size of the accelerator region in order to accelerate a particle
to a maximum energy Emax. This relation is called the “Hillas condition” [45] ac-
cording to which, to accelerate a particle to an energy Emax, the following relation
must hold for the confining region:

Emax % %ZBR (1.7)
This relation can be used to determine the ultra high energy cosmic ray accel-

erating potential of different astrophysical source candidates. This can be done by
constructing a plot for combined values of B and R required to accelerate a proton
to energies of 1020 eV, and locating the source candidates fulfilling this criteria on
such a plot. The cosmic ray acceleration potential of various astrophysical objects
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is illustrated in Figure 1.3, and is called a ‘Hillas plot’, named after A. M. Hillas
who introduced this concept [46]. As can be inferred from the figure, the pres-
ence of high magnetic field strengths and compact sizes make Gamma-ray Bursts
(GRBs) very promising candidates for sites of UHECR production.

Figure 1.3: Hillas plot. The figure shows the different source classes as a function
of their characteristic size, R, and the magnetic field strength, B, assuming an ideal
efficiency of acceleration. The product B$R above which the confinement of iron (blue)
nuclei and protons (red) is possible with the nuclei energy 1020 eV is represented for
outflows with velocity !sh = 1 (solid lines) and !sh = 0.01 (dashed lines). The figure is
obtained from Ref. [47].

Motivation

Establishing that cosmic rays come from GRBs is challenging since the charged
cosmic rays get deflected due to presence of galactic and extra-galactic magnetic
fields which change their trajectories. However, these cosmic rays can interact
to produce pions, which subsequently decay to produce neutrinos through the
channels described in Eq. 1.3, Eq. 1.4 and Eq. 1.5. Since the neutrinos are not
affected by the magnetic fields and can travel vast cosmic distances without their
trajectories being deflected, the cosmic neutrinos can be used as a more reliable
signal to establish such an association between GRBs and UHECR production.
In the work presented in this thesis, we examine if an observational association
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between neutrinos and GRBs exists. In the presence of such an association, we may
find correlations in the neutrino detections made by detectors such as the IceCube
Neutrino Observatory and the GRB observations made by instruments such as
Fermi and Swift which is the approach followed for our analysis. The search for
such a correlation is aided by the short duration and the spatial compactness of
the subtended angle of a GRB.

In this thesis, we first discuss GRBs and the observatories which provide us
with GRB data in chapter 2. In chapter 3, we discuss neutrinos and the IceCube
Neutrino Observatory and in chapter 4 we discuss the data processing and selection
steps employed in IceCube. In the absence of a concrete model predicting the exact
time of neutrino emissions from GRBs, we follow a model-independent approach
for our analysis which is outlined in chapter 5. We test the performance of the
analysis in chapter 6 and chapter 7. We discuss the results in chapter 8 and
constrain the contribution of cosmic population of GRBs to the observed diffuse
neutrino flux in chapter 9. Finally, the performance for Machine Learning-based
track reconstruction methods in IceCube is discussed in chapter 10, and an outlook
to future analyses is provided in chapter 11.



Chapter 2
Gamma-ray Bursts

Figure 2.1: An artist’s rendition of a gamma-ray burst. Image credits: ESA/Hubble,
M. Kornmesser

ŰŗŰŦ ũŲŠȁũŪʒȭŠ ŞŦŸɿŲňśŗŲȥșŖŕů ƕ
ŠŰŗ ŞůĴ ũŗŲŧű ũů ȭŠůȢŗůũȭŠ şŪůșşřĴ Ɩ�

- Bhagavad Gita, Chapter 11, Verse 12
Translation:

If a thousand suns were to blaze forth together in the sky, they would not match
the splendor of that great form.

Commentary:

Sanjay now describes the effulgence of the universal form. To give an idea of its
dazzling radiance, he compares it to thousands of suns blazing simultaneously in
the midday sky. Actually, God’s effulgence is unlimited; it cannot be quantified
in terms of the effulgence of the sun. The simile of a thousand suns expressed
Sanjay’s perception that the splendor of the cosmic form had no parallels1.

1https://www.holy-bhagavad-gita.org/chapter/11/verse/12

11
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Gamma-ray Bursts (GRBs) are transient blasts of gamma radiation observed
in the universe. They have a non-thermal spectrum and typically last for less
than 100 s. In their short span of existence, GRBs outshine any other source in
the universe in all wavelengths [48]. These high energy cosmic phenomena are
one of the most extreme environments in the universe. In addition to potentially
being host to sites of particle accelerations which result in high-energy !-rays,
they may also produce ultra high energy cosmic rays (UHECRs) and neutrinos.
In this chapter we explore how GRBs were historically discovered and how our
theories regarding their physical processes have been shaped by the observations
made since their discovery. We then discuss the theoretical models which describe
GRBs and predict neutrinos from them.

2.1 History of GRB observations
GRBs were first discovered by the US Vela satellite network during the height of
the Cold War in 1967. Vela was a military operation searching for violations of the
Nuclear Test Ban treat of 1963 by seeking for signatures of nuclear tests in space by
the Soviet Union. However, Vela instead found gamma radiation signatures unlike
those of a nuclear test which are significantly shorter in duration. These signals
were observed as part of a military operation and therefore this discovery was kept
confidential for 7 years until the results were eventually published in 1973 [49] (see
Figure 2.2). Although the Vela satellite network did not have good directional
resolution, the timing delays between the four different Vela spacecraft provided a
preliminary source direction. Using that, it was possible to rule out the Sun, the
Earth and the Moon as possible sources for the bursts. In addition to this, there
was no correlation found between the observations and any reported supernovae
in the vicinity of these observations and hence the sources for the signals remained
unknown. This discovery of high energy radiation coming possibly from outside
the solar system encouraged a great interest in high energy astrophysics and even
after more than half a century of this discovery, the true nature of these spectacular
cosmic phenomena is yet to be fully understood.

Although the GRBs were first detected in the 1960s, there was not much de-
velopment regarding their understanding for 30 more years, until the launch of
the Compton Gamma-ray Observatory (CGRO) [50] in 1991. CGRO had 4 dif-
ferent instruments which could collectively observe photons in the energy range
from 20 keV to 30 GeV. CGRO was launched with the objective of studying the
high energy universe and the sensitivities of its instruments were better than that
of any !-ray observatory until that point. Among the four instruments on-board
this observatory, the Burst and Transient Spectrometer Experiment (BATSE) [51]
provided the first all sky map of !-ray bright transient sources in our universe (see
Figure 2.3). The eight BATSE detectors used NaI scintillator crystals which pro-
duced a burst of visible light upon interaction with !-rays in the energy range
20 keV & 1 MeV. This allowed a measurement of the arrival times as well as the
energies of the !-rays with high precision. Over the course of the next decade,
BATSE detected thousands of GRBs providing valuable information about these
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Figure 2.2: The first detection of a Gamma-ray Burst by the US Vela satellites[49].

transient events.
Based on the observations, GRBs have three distinct phases of emissions: pre-

cursor, prompt and afterglow. Observationally, the prompt phase is defined as the
time interval during which excessive sub-MeV emission is detected by the detector
above the background emission level of the respective instrument [52]. This is
the main, signature emission phase of the burst. The afterglow emission is the
emission observed after the end of the prompt phase. Some GRBs have reported
an emission component prior to the main burst separated by a range of durations
from few seconds up to hundreds of seconds, called the precursor emission. The
temporal regions encompassing the afterglow emissions and the precursor emis-
sions are called the afterglow phases and precursor phases respectively.

GRBs are classified based on their burst duration. It has historically been
difficult to measure the exact duration of a transient event as it can vary between
the definitions used by the observing instruments. BATSE introduced T90 to
represent the burst duration of a GRB, where T90 is the time duration during
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Figure 2.3: The all sky map of "-ray bright transient events provided by BATSE
in the year 2000 with the colors denoting the observed fluence. The plot is in galactic
coordinates. As the observed distribution of the BATSE GRBs does not show a clustering
along the galactic plane and is instead consistent with an isotropic distribution, it can
be inferred that the GRBs originate outside our galaxy. Source: NASA website.

which 90% of the total fluence is measured starting at 5% and ending at 95% for
the measurements. The BATSE histogram of GRB burst durations (see Figure 2.4)
shows two distinct peaks: one around 0.3 s and the other at around 30&40 s. There
is a trough between these peaks at 2 s. Based on this, the bursts with T90 less
than 2 s are called short GRBs and the bursts with T90 longer than 2 s are called
long GRBs. Short GRBs have been observed to have a hard spectrum and long
GRBs have a softer spectrum. The two classes of GRBs have long been considered
to have different progenitors. Recent observations support the theory that long
GRBs are one possible outcome of the core collapses of massive stars with Mass
(M) ' 15M#. The gravitational wave observations made by the LIGO-VIRGO
collaboration [53] and its association with the !-ray burst GRB170817A provides
us with a direct evidence of a link between short GRBs and compact mergers of
binary neutron star systems or the merging of a neutron star and a black hole [48].
The progenitor models are discussed in detail in Section 2.4.

The GRB observations made by Vela lacked positional information and while
BATSE could localize the bursts with an angular resolution of a few degrees, this
was still not good enough to perform quick follow up optical observations for dis-
tance estimation of the GRBs to determine their origins. Nonetheless, even in the
absence of a direct distance measurement for the GRBs, valuable information can
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Figure 2.4: Histogram of burst duration of the GRBs observed in the BATSE 4B cata-
log[54]. The two distinct peaks observed have been the basis for the current classification
of GRBs.

be inferred about the possible origins of GRBs based on their distribution in the
sky. If the GRBs had originated within our galaxy, a clustering of the observed po-
sitions should be expected on the galactic plane. The isotropic distribution of the
BATSE data, however, hinted that the GRBs originated outside our galaxy. This
was the first indirect evidence of the cosmological origins of the GRBs. The first
direct measurement of the distances to GRBs was only possible with the detections
made by the X-ray astronomy satellite, BeppoSAX in 1997 [55] (see Figure 2.5).
BeppoSAX had a much better angular resolution of 4 arc minutes which provided
a well localized search direction. This enabled astronomers to perform follow up
observations of the sources to search for optical and radio counterparts. A follow
up observation of GRB970228 resulted in detection of a rapidly falling X-ray spec-
trum [56] and an optical transient afterglow [57]. Based on these observations, the
redshift was calculated to be z = 0.695 [58, 59]. This roughly translates to a dis-
tance of ~3 gigaparsec (Gpc), where a parsec is a unit to measure large distances
in astronomy2. Since the diameter of the Milky Way galaxy (called the ‘edge’ of
the galactic halo) is estimated to be about 300 kiloparsecs (kpc) [60], the redshift
obtained for GRB970228 corresponds to distance scales much larger than that for
our galaxy. This was the first conclusive evidence of the extra-galactic origins for
GRBs.

The possibility of fast follow up observations ushered in a revolution for the
field of high energy astrophysics. The first observatory dedicated to the multi-
wavelength observations of GRBs was the High Energy Transient Explorer-2
(HETE-2) mission which was launched in the year 2000. Designed specifically
to detect and localize GRBs, HETE-2 had two X-ray cameras and one gamma-
ray camera on a satellite which allowed it to make simultaneous observations in

21 pc ! 31" 1012 km or 3.26 light-years
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Figure 2.5: The follow up X-ray observation of GRB970228 by BeppoSAX [56].

the soft to hard X-ray energies and the !-ray energies. It could also share the
coordinates of detected bursts within seconds with the ground based observatories
for follow-up observations in other wavelengths. As a result, throughout the early
2000s, astronomers were provided with a wealth of GRB data from these obser-
vatories which led to analyses revealing features about the structure of the GRBs
such as the existence of highly beamed relativistic jets [61].

The flux measurements and the redshift calculations of the GRBs support
the argument that they are the most energetic explosions in the universe across
all wavelengths [62]. Over the course of the three decades since the launch of
CGRO, the scientific community has greatly benefited from a variety of space-
based observatories such as ROSAT, Suzaku, INTEGRAL, Swift and Fermi [63–
68]. In addition to these satellites, the Interplanetary Network (IPN) [69] has
also made efficient use of the collective power of all satellites with GRB observing
capabilities. Dating as far back as late 1970s, IPN uses the time delays between the
!-ray signals received at different space-based observatories and the triangulation
technique to constrain the locations of the GRBs.

2.2 Current GRB observation facilities
So far we have discussed the historical contributions of some early GRB observa-
tions. Present day research employs an advanced network of high tech instruments
and continual observations to scan the universe for transient events. In this sec-
tion, we will discuss the technical details of some of the present day observatories,
primarily Swift and Fermi, as we make use of their observations for the analysis
presented in this thesis. We will also discuss the Gamma-ray Coordinates Network
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(GCN) and GRBWeb: IceCube’s own catalog of GRB information combining data
from a wide range of detectors.

2.2.1 Swift
The Neil Gehrels Swift observatory, formerly called the Swift Gamma-Ray Burst
Mission, is a multi-wavelength observatory dedicated to the study of GRBs [66].
The mission planning requirements of previous satellite mission typically led to a
delay of about 6–24 hours between the burst and the afterglow detection. Over
the course of this time, the afterglow emission fades by many orders of magnitude.
Hence the Neil Gehrels Swift observatory mission was launched to bridge the
gap in this data taking period and improve our capability of observing afterglow
emissions beginning only approximately a minute after the discovery of a GRB.
It was launched in the year 2004 and is composed of three instruments on-board
a low-Earth orbit satellite: the Burst Alert Telescope (BAT), the X-ray Telescope
(XRT) and the UV/Optical Telescope (UVOT). These instruments collectively
observe a GRB burst and its afterglow in a multi-band energy region ranging from
optical to gamma ray energies.

The Burst Alert Telescope (BAT) is a wide field telescope which detects a
gamma ray burst or other transient event in the energy range 15& 150 keV. BAT
is a highly sensitive instrument with a positional uncertainty of about 4 arc minutes
and a field of view of about 2 steradians. The X-ray Telescope (XRT) is a narrow
field telescope which is capable of performing follow-up observations of a GRB and
its afterglow within 60&80 s of the burst discovery to search for X-ray counterparts.
XRT operates in the energy region 0.2&10 keV and has a superior resolving power
of 5 arc seconds. The UV/Optical Telescope (UVOT) observes photons in the
wavelength region 1600 & 6000 Å and has observing capabilities comparable to a
4 m ground based telescope.

When a burst detected by BAT crosses a certain threshold, Swift quickly re-
aligns itself such that the fields of view of BAT, XRT and UVOT all overlap with
the GRB direction to produce a simultaneous multi-wavelength observation of the
source across many orders of flux magnitude. This swift maneuver (hence the
name) thus allows a finer resolution of the source direction as well as detailed
multi-band energy spectra. The burst information is also quickly distributed pub-
licly for follow-up observations by other instruments. Swift/BAT observes about
100 bursts a year and Swift has greatly contributed towards the multi-wavelength
study of GRBs.

2.2.2 Fermi
The observations made by the Energetic Gamma Ray Experiment Telescope
(EGRET) and BATSE instruments on the CGRO unveiled a beautiful, rich uni-
verse teeming with high energy !-ray sources. Owing to the success of these
missions and realizing the potential of a more advanced space based gamma ray
observatory, the Fermi Gamma-ray Space Telescope (FGST) mission, formerly
called the Gamma-ray Large Area Space Telescope (GLAST) mission was launched
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in 2008 to explore the high energy !-ray universe in more detail. Fermi is sensitive
to the energy region 10 keV & 300 GeV and mainly consists of two instruments:
the Large Area Telescope (LAT) which is an imaging !-ray telescope [67] and the
Gamma-ray Burst Monitor (GBM) [68] which searches for transient !-ray sources
across the entire sky.

Figure 2.6: A schematic of the Fermi/LAT instrument. The detection principle makes
use of the fact that high energy "-rays interact with atoms to produce a pair of e! and e+.
The various parts of the main detector such as the anti-coincidence detector, the particle
tracker and the calorimeter are shown in the illustration. Image source: Fermi/LAT
website [70].

The Fermi/LAT observes high energy !-ray photons in the energy region
20 MeV % 300 GeV. Radiation in this energy range can be produced only in
extreme environments. The telescope covers almost 20% of the sky at any given
instant and scans the entire sky in about 3 hours providing a constant monitoring
of gamma radiation over its entire period of operation. The detection principle
makes use of the fact that high energy !-rays cannot be refracted or reflected
as they instead interact with the atoms in the material and convert into a pair
of e! and e+. To make use of this, the instrument mainly consists of a pre-
cision converter-tracker to determine the direction of an incoming !-ray and a
calorimeter to measure the deposited energy of the e!e+ pair (see Figure 2.6). An
anti-coincidence detector (ACD) covers the converter-tracker and the calorimeter
to help with the background rejection. Most of the background for Fermi/LAT
is composed of cosmic rays and Earth albedo !-rays3. An incoming !-ray will
freely pass through the plastic ACD but charged particles will interact and create
a burst of light, which the ACD is optimized to reject efficiently. Once through the
ACD, the !-rays will enter the converter-tracker which has layers of a high Z ma-
terial (tungsten) interleaved with position sensitive detectors. An incident !-ray

3Earth albedo generally refers to the diffuse reflection of solar radiation by Earth but here it
refers to the !-rays from the CR interactions in the Earth’s atmosphere.
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will interact to produce an e+e! pair and the passage of these charged particles
will be detected by the converter-tracker to eventually reconstruct the direction
of the incoming !-ray. These charged particles proceed on in the detector until
they are eventually absorbed by the calorimeter, which is composed of Caesium
Iodide (Tl) crystals. The calorimeter measures the deposited energies due to the
electromagnetic particle showers subsequently produced by these e+e! pairs. This
makes Fermi/LAT capable of resolving source direction with a precision of 0.5 arc
minutes.

The Gamma-ray Burst Monitor is a second instrument on Fermi. It is com-
posed of twelve Sodium Iodide (NaI) scintillation detectors mounted in bunches
of three on the four corners of the Fermi spacecraft and two Bismuth Germanate
(BGO) scintillation detectors on the opposite ends of the satellite. Collectively,
these detectors observe bursts bright in the hard X-ray and !-ray region between
8 keV & 40 MeV and report this information immediately to an international net-
work of observatories for a fast follow up observation. Making use of the same
detection principle as used in BATSE, the NaI scintillators are sensitive to the
energy region 8 keV & 1 MeV and BGO scintillators are sensitive to the energy
region 0.2 MeV & 40 MeV. These detectors are carefully distributed on the Fermi
satellite to ensure that they collectively cover the entire sky at every instant. The
difference in the count rates between the different detectors is used to determine
the burst direction and if the counts are above a preset threshold, the positional
information is communicated to LAT to ensure that the GRB is within LAT’s
field of view for the next 5 hours to allow an optimal observation for high energy
gamma radiation from the burst direction. In this way, when the LAT does ob-
serve a GRB, a good localization and a detailed multi-band lightcurve is obtained.
The alert GBM location has an on-board uncertainty of about ~15° and a final
GRB positional uncertainty of ~3° [71]. The Fermi/GBM is triggered more than
500 times per year with ~200 triggers being classified as caused by GRBs. The
Fermi/GBM with its wide energy spectral coverage and its constant monitoring
across the entire sky (except the region blocked by the earth) makes it the best
instrument yet to search for GRBs.

2.2.3 The Gamma-ray burst Coordinates Network
The GRB Coordinates Network (GCN, transitioning into TAN: Transient Astron-
omy Network) is a set of notices, circulars and reports to share positional infor-
mation about GRBs and other transients detected by various instruments with
other space-based or ground-based observatories in real time for quick follow up
observation. It is run and maintained by NASA’s Goddard Space Flight Centre.

The GCN/TAN notices contain the sky coordinates (Right Ascension (RA) and
Declination (&) information) and time of the transient events and are distributed as
emails or internet socket packets in an automated manner based on the information
received by GCN/TAN. The socket-based binary format is the fastest way to
distribute information to the computer-operated telescopes and has a delay of
about 1 s to reach the recipient. The GCN/TAN circulars and reports contain
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results or calls of co-ordinations to be distributed among the GRB community
regarding the follow-up observations made based on the GCN/TAN notices.

2.2.4 GRBWeb
In order to efficiently acquire the data collectively from all the observations made
for GRBs, IceCube has maintained its own repository, ‘GRBWeb’ [72], which com-
bines data from a variety of ground-based and space-based detectors to provide a
reliable source of GRB information. In its present version GRBWeb is updated on
an automated weekly basis collecting data from the data repositories of BATSE,
BeppoSAX, IPN, Swift, Fermi/LAT, Fermi/GBM and the GCN-circulars to pro-
vide the most accurate GRB localizations whenever possible.

The analysis presented in this thesis makes use of the GRB data obtained from
GRBWeb during the period of full operation of the IceCube detector for a selection
of neutrino dataset with some selection cuts made on the declination of the sources
as well as angular errors in their positional resolution. The neutrino dataset and
the selection cuts will be discussed in detail in chapters 4 and 5.

2.3 GRB Emission models
The gamma-ray bursts detected by Vela promoted an investigation into the theo-
retical framework of the universe which could explain these peculiar extraterrestrial
signals. The subsequent observations made in the past few decades have greatly
shaped the theories explaining GRB production. The rapid rise time (~ms) and
the rapid fluctuations in the signal (< 10 ms) observed for the bursts suggested
a compact source [73] that drives the acceleration of particles in the GRB (called
a GRB central engine). Also, the distance measurements made based on the ab-
sorption lines in the afterglow spectrum or the optical emission lines from the
observations of the host galaxy for some GRBs place these burst at cosmological
distances with typical redshift z % 0.3 & 3 [74, 75]. GRB emission spectra are
non-thermal4, which requires electrons to accelerate in non-equilibrium environ-
ments such as shocks, magnetic reconnection sites etc. If an isotropic emission is
assumed at the source of the bursts, the flux measured at Earth and the measured
distances of the bursts require extremely high isotropic luminosities equivalent to
( 1052 erg s!1. The physical requirements for these conditions imply an initially
optically thick plasma of photons, electrons and positrons [76, 77]. Complying
with these inferences, some theoretical frameworks are outlined in this section
which can describe the properties of the jets and the emitted signals from GRBs.
For a more comprehensive understanding, we refer the reader to Ref. [52].

4A thermal energy spectrum shows an exponential decrease of photon fluxes at higher energies
and is characterized by a gas in thermal equilibrium defined by a temperature. A non-thermal
energy spectrum on the other hand is characterized by a power-law distribution in flux extending
to higher energies as well.
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Internal Shock Fireball model

The Internal Shock Fireball model (also known as Hot Fireball model) [76, 78]
outlines how a compact source can release energy of the order 1052 erg within a
very short duration. The erratic nature of GRB light curves implies a high degree
of variability in ejecta emission from the compact source which can be explained
by a central engine such as accretion on a black hole. The accretion of matter
produces relativistic jets which are powered by the conversion of gravitational
potential energy to kinetic energy and then to thermal energy [79]. This creates
an opaque plasma composed of a quasi thermal equilibrium between radiation
and e!e+ pairs, a fireball or wind which is propagated from the central engine
outwards to the interstellar medium with a varying Lorentz factor [76, 77]. The
thermal emission observed in certain bursts can be attributed to the emission
during this phase when the fireball is optically thick to radiation, i.e. photon
optical depth5 ' ) 1, and can explain the emissions during the precursor phase.
The varying Lorentz factor results in the plasma moving as a series of shells with
different velocities. The collisions between these shells due to this difference leads
to Internal Shocks (IS) between the different plasma layers, which can act as sites
for Fermi acceleration of charged particles [73, 80]. This is the phase of the main
burst, the prompt phase. The observed GRB spectra has been attributed to the
synchroton radiation of non-thermal electrons being accelerated at the boundaries
of these plasma layers. The fireball gradually expands and cools down to become
optically thin and the escaping photons are blue shifted to much higher energies
relative to the observer frame. This jet-like structure explains the high fluence
observed for the bursts and also reduces the energy requirement at the source to
produce them, as compared to the case with isotropic emission. The relativistic
outflow eventually interacts with the interstellar medium to create external shocks
which are observed as afterglow emissions across a wide range of wavelengths.
Figure 2.7 shows a schematic diagram highlighting the different phases of emissions
for the Hot Fireball model.

Photospheric emission

Any plasma ejected in the process of accretion into a black hole will initially be
optically thick to radiation until it expands out to a transparent medium. The
photosphere radius Rph can be used to describe the region where this transition
occurs and is defined as the radius above which the comoving photon optical depth
for Thomson scattering (') along the jet is below 1 [52]:

& $

Rph

d' =

& $

Rph

ne$Tds = 1 (2.1)

5The optical depth (") is a quantity used to reflect the amount of interaction/absorption
experienced by light passing through a medium. A region is considered optically thick for " # 1,
which denotes high degree of absorption of light as it passes through, and a region is considered
optically thin for " $ 1 in which case the light passes through easily.
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Figure 2.7: A schematic showing the different emission phases of the Internal Shock
Fireball model.

Here ne is the electron number density in the lab frame, $T the Thompson scat-
tering cross-section and ds is the distance travelled by the photon in the plasma
wind. A thermal emission can be expected at this region from the radiation escap-
ing the plasma wind peaking in the hard X-ray or !-ray bands [81]. This radiation
can be further boosted to higher energies due to inverse Compton interactions
with the shock-accelerated electrons to result in a quasi-thermal or non-thermal
spectrum with a power-law component that extends to higher photon energies.
Photospheric emission was proposed to be the source for GRB prompt emission in
the past by models such as [76, 82], however the photospheric signal is generally
weak and therefore difficult to resolve and the observations by Fermi and Swift
show that only a small fraction of GRBs (~10%) provide evidence for a thermal
component at X-ray energies [52, 83, 84].

ICMART

In the Fireball model, the bulk of the energy is carried in the form of the kinetic
energy of the particles while the magnetic fields are assumed to be negligible. If
the magnetic fields are present, the dissipation of the magnetic field energy can
contribute to powering up the GRB [85–87]. To distinguish between these two sce-
narios, the generalised magnetisation parameter $0 is defined as the ratio between
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the magnetic and matter energy density [52]. Mathematically it is expressed as:

$0 * B2

4""(c2
(2.2)

Here B and ( are the magnetic field strength and matter density in the lab
frame respectively, and " is the bulk Lorentz factor. Ejecta for which $0 + 1
suggests a non-dominant magnetic field component in the ejecta and thus leads
to a fireball outflow of energy, while ejecta for which $0 ) 1 suggests a dominant
magnetic field component in the ejecta and is characterised as a Poynting-flux-
dominated outflow. The Internal-Collision-Induced MAgnetic Reconnection and
Turbulence (ICMART) model is proposed in the Poynting-flux dominated regime
with $0 % 100 but builds on the assumptions for the internal shock (IS) fireball
model [88]. The magnetic field lines along the jets at the poles will initially occupy
a globally ordered, helical structure due to axisymmetry of the magnetic field axis
and the spin axis of the system (see Figure 2.8). It is hypothesized that the
central engine emits intermittent magnetically-dominated winds which, similar
to the IS model, lead to internal collisions between these mini shells. Although
these collisions have little energy dissipation, they disturb the ordered nature
of the magnetic field lines in the ejecta. Multiple collisions over time add up
to distort the configuration beyond the critical condition required for a single
reconnection of magnetic field lines to occur, which then acts as a seed leading to
a cascade of magnetic reconnection events thereby releasing tremendous amounts
of stored magnetic field energy (an ICMART event). Particles in the ejecta can get
accelerated in these reconnection regions or in the turbulent zones, converting the
magnetic field energy into kinetic energy until $0 % 1. The turbulent nature of the
individual ICMART event can explain the fast variability (!t % 10!2 s) observed
in the GRB light-curves. Each GRB is composed of many ICMART events, which
collectively can explain the variability on longer timescales as well (!t % 1 s) [88].
The ICMART model addresses many unexplained features of GRB characteristics
such as weak photospheres, high degrees of polarisation and the energy spectra of
the prompt !-rays.

2.4 GRB Progenitor models
The progenitor of a GRB is the astrophysical system that precedes the GRB.
These systems are on a trajectory of self destruction, which eventually lead to
the bursts. Since the systems are destroyed after the event, it is very difficult
to directly observe the progenitor system of a GRB. Similar circumstances are
present in the case of a supernovae (SNe), but they have a higher event rate than
a GRB, and therefore it has been possible to observe SNe progenitor systems
before and after the explosion. Due to the rarity and distant nature of GRBs, an
indirect inference method based on direct observations for the progenitor models is
used. These models are based on our theoretical understanding for observational
constraints set on the energy, variability of time scales and collimation of the jets
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Figure 2.8: Left: Illustration of the helical structure of the poloidal component of the
magnetic field in GRB jets, caused due to the rotation of the central engine. Right:
Shape of the magnetic field lines for a central engine with lifetime # long after the engine
has turned off. Image from reference : [52].

of the GRBs. The observational data collected so far suggests two categories of
progenitor systems: compact objects responsible for short GRBs and death of
massive stars responsible for long GRBs. Each of these broad categories have sub-
categories of progenitor systems, and we discuss some of them in this section.

Long bursts

The observational evidence for long GRBs to be associated with core-collapse of
massive stars has been overwhelming. Some long GRBs have been detected in
coincidence with supernova observations [89–92]. Most long GRBs are located
in active star-forming regions and the location of the afterglow often tracks the
brightest spots in the host galaxy [93–95], thereby supporting their association
with star formation. The redshift distribution of long GRBs typically traces the
star formation rate (SFR) of the universe, which can be mapped using various
SFR indicators [96, 97]. All these reasons have led to the collapsar model to be
the widely accepted mechanism for long GRBs. In addition to this, the theoretical
calculation of the free-fall timescales6 of massive stars also matches the typical
burst duration for long GRBs. Assuming the star to be a spherical non-rotating
object with mean density (̄, every infinitesimal mass element at R in-falling to

6The free-fall timescale is the hypothetical time it will require for a star to collapse entirely
under its gravitational pull into a single point.
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r due to the gravitational collapse will have its gravitational potential energy
converted to kinetic energy with the following relation:
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Here M(R) represents the mass of the star contained in radius R at the start
of the collapse. This equation can be solved analytically to obtain the total time
tff it will take for a massive star with radius R and mass M to collapse to a single
point as:
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Here G represents the gravitational constant. The free-fall time scale for typical
core density of 100 g cm!3 is ~180 s [52], comparable to the data for burst durations
for long GRBs.

Wolf-Rayet stars Several long GRBs are associated with type Ic Supernovae,
which show an absence of Helium (He) and Hydrogen (H) lines in the absorp-
tion spectrum. This suggests that either H and He are depleted in the progenitor
atmosphere, or simply that the outermost layers7 composed of Helium and Hy-
drogen are shed away by stellar winds [52]. Wolf-Rayet (WR) stars are a class
of massive stars [98] which fulfil this progenitor requirement and are thus the top
candidates for the collapsar model [99, 100]. WR stars have mass at birth of at
least 20 M# but lose mass rapidly due to strong stellar winds. The WR stars
observed in the Milky Way galaxy have masses above 10 M# and radius typically
around 1R# & 20R#. Using Eq. 2.4, this results in free-fall times for WR stars
tff, WR % 680 s [52].

A second constraint to launch a jet is a high angular momentum requirement
at the stellar core [100]. If the specific angular momentum

,
i()r ! )p)i/

,
k mk <

3! 1016cm2s!1, material would fall into the black hole created by the explosion
freely without the need of creating an accretion disk. The strong stellar wind
requirement for a WR star apparently contradicts this criterion as the winds will
carry off some of the angular momentum resulting in high demands for angular
momentum at the core. A solution to this is proposed by rapid rotation of the
progenitor stars at birth [101–103]. This will lead to mixing of the different shells
resulting in a quasi-chemically homogeneous evolution of the star, due to which
all the Hydrogen and Helium is burnt during the main sequence of the star. Since
the Hydrogen and Helium shells are never formed in this scenario, this reduces the
requirement for the stellar winds. Another solution to attain a rapidly rotating
core at the end of the star’s life is by angular momentum transfer in a binary
system [104, 105].

7Prior to explosion, stars attain a layered structure of shells with increasingly heavier fusion
products occupying shells closer to the core. This results in H and He forming the outermost
shells respectively while more massive elements are at the core of the star.
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Low Luminosity GRBs Low Luminosity GRBs (LL-GRBs) are a sub-class of
GRBs which have bursts with isotropic equivalent luminosity less than 1049 erg s!1.
They also have relatively lower energies, longer durations, smoother lightcurves
and lower degrees of collimation in the jets [106] compared to High Luminosity
GRBs (HL-GRBs). Since LL-GRBs and HL-GRBs both have associations with
type Ic SNe [107, 108], the progenitors for LL-GRBs are expected to be no different
than those for HL-GRBs and it has been proposed that the main difference in the
two categories might simply be the successful emergence of a jet from the stellar
envelope [109, 110]. In such a scenario, the observed emission from LL-GRBs can
be attributed to shock breakout instead of the jet however observationally there
is no clear distinction between the emission from a successful jet and the emission
from a shock breakout. Mildly relativistic successful jets have also been proposed
to explain observations such as GRB060218 [111].

Ultra-long GRBs Ultra-long GRBs (UL-GRBs) are generally classified as
GRBs with T90 > 1000 s and have been shown to have properties statistically
different than those of regular long GRBs [112]. Under the WR star progeni-
tor model of long GRBs, sustaining the central engine over these timescales is
extremely challenging and therefore blue supergiants have been proposed as alter-
native progenitors for this sub-class of GRBs [113, 114]. It is not clear however
if UL-GRBs have a distinct progenitor model. Discovery of the super luminous
supernova SN2011k1 in association with the ultra long GRB GRB111209A [115]
may support the blue super giant model but the supernova event was ruled out by
the authors of Ref. [115] to be more likely due to a magnetar instead. The collap-
sar model is unable to explain the features of certain cases such as ultra-long GRB
GRB101225A [116] so more exotic progenitor scenarios such as mergers between
a neutron star and a helium star may be required.

Short bursts

Historically, compared to massive star GRBs, the observational evidence for com-
pact star GRBs has been difficult to find. In comparison to massive stars, compact
stars have a higher mass density ((̄ ~ 106 g cm!3 for white dwarfs, (̄ ~ 1014 g cm!3

for neutron stars). Hence, the free-fall time scales for these systems from Eq. 2.4
is:

tff % 2s
'
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As can be seen, the free-fall timescales tff are much smaller than that for the
collapsar models and is much closer to the typical timescales for short GRBs.
All the indirect observational evidence points to compact stars merger progeni-
tor model for short GRBs with the leading models being a Neutron star-Neutron
Star (NS-NS) merger or a Neutron Star-Black Hole (NS-BH) merger. Definitive
evidence was obtained on the 17th August 2017 when the NS-NS merger gravi-
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tational wave GW170817 was observed to be in close association with the short
GRB170817A [53, 117, 118].

NS-NS The NS-NS system leads to creation of a Black Hole (BH) surrounded
by a torus. Under certain circumstances, the NS-NS system can first lead to a
differential-rotation-supported hyper-massive NS which can survive for % 0.1 s
before collapsing into a Black Hole [119]. The accretion of in-falling matter into
the Black Hole from the material in the torus can lead to jets powering the short
GRBs. However, if the masses of the two NSs are small enough, the system can
result in the formation of a stable NS or a NS which is rotationally supported
against gravitational collapse (called a supra-massive NS) [52, 120–122] which will
not lead to the production of a jet.

NS-BH All NS-BH systems will lead to a larger black hole. The formation of
an accretion disk and consequent production of the jet however depends on the
relative mass ratios of the NS and BH: q = MNS/MBH . Prior to the merger
event, the NS (in the system) gets tidally disrupted. If q < 0.1, then the tidal
disruption radius of the NS is within the event horizon of the BH and thus the NS
is completely swallowed without the formation of an accretion disk [52]. For higher
mass ratios, an accretion disk is formed, which can lead to jets powering a short
GRB. Unlike the NS-NS system, no NS-BH merger gravitational wave signals have
been observed in coincidence with short gamma ray bursts at the time of writing.

2.5 Neutrinos from GRBs
The physical conditions described in the GRB fireball model imply that similarly
to electrons, protons can also be accelerated at the sites of internal shocks. In
some models, the protons can even be accelerated to energies in excess of 1020 eV
which corresponds to the energies of the Ultra High Energy Cosmic Rays (UHE-
CRs) [123]. In addition to this, these accelerated protons can interact with the
!-rays produced in the fireball and lead to the production of pions which can cre-
ate an accompanying burst of neutrinos [124]. These interactions can take place
through channels described in Eq. 1.3, Eq. 1.4 and Eq. 1.5 in chapter 1. It has
been hypothesized that a significant fraction of the fireball energy will be chan-
neled into the production of neutrinos [124]. Assuming sufficient pion production,
it has been suggested that GRBs can produce a diffuse neutrino flux observable
at Earth above 100 TeV [124]. Based on these hypotheses, it was predicted that
a 1 km3 underground neutrino detector should be able to observe neutrino coinci-
dences with 10-100 GRBs annually [125]. Hence, after the construction of IceCube,
analyses searching for neutrino coincidences with the prompt phase of GRBs were
performed but found no correlation [126]. The most recent results [127] also did
not find any such coincidences and have put constraints on different models of
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GRB neutrino and UHECR production in terms of baryonic loading8 and bulk
Lorentz factor (see Figure 2.9). IceCube did later observe the existence of an
astrophysical diffuse neutrino component above 100 TeV [130] and perhaps some
of it might be produced in GRBs after all. In addition to this, there have been
recent long observations of very high energy (VHE) !-rays in the TeV energy range
during the afterglow phase of a GRB [131] as well as VHE !-ray observations al-
most 10 hours after the end of the prompt phase deep into the afterglow phase
of a GRB [132]. The existence of an astrophysical diffuse neutrino flux above 100
TeV and high energy GRB afterglow observations are motivations to expand the
GRB-neutrino coincidence searches to incorporate wider emission windows which
will be sensitive to neutrino emission outside the prompt phase as well.

Figure 2.9: Exclusion limits for different neutrino production models in terms of bary-
onic loading fb and bulk Lorentz factor !. The percentages denote the different confidence
levels (CL). Results are shown from left to right for the standard Internal Shock Fireball
model, the Photospheric model and for the ICMART model respectively. Image from
reference [127].

Some theoretical models also predict time delays between the observations of
high-energy neutrinos (HEN) with energies above 100 GeV and the !-ray photons
from GRBs. Consequentially, a more comprehensive IceCube search covering pos-
sible precursor regions as well as a model independent search using a wider search
time window of [&1h, 3h] in the vicinity of each GRB were performed with unsuc-
cessful results [133]. This was however done on a smaller 22-string configuration
of IceCube and hence was less sensitive. With IceCube now completing almost
10 years of successful neutrino observations and with the availability of a wider
catalog of GRBs observed by highly sensitive GRB detectors, we make use of a
model independent approach to search for neutrino coincidences not limited to the
prompt phase of the GRBs.

8Baryonic loading fb is defined as the ratio of total burst energy contributing to proton
acceleration to that of electron acceleration [128, 129].



Chapter 3
Neutrino Astronomy with IceCube

“I have done a terrible thing, I have postulated a particle that cannot be detected!”

- Wolfgang Pauli, after postulating the existence of neutrinos in 1930

Brief history of neutrino astronomy

Neutrinos are weakly interacting elementary particles with no electrical charge
and extremely small mass. They are fermions and belong to the family of leptons
since they do not participate in the strong interactions. The neutrino was first
postulated in 1930 by Wolfgang Pauli to explain the continuous kinetic energy
spectrum of the beta particles observed during beta decay. This idea was later
developed by Enrico Fermi in 1934 into a theory explaining the beta decay process
with neutrinos [134], which laid the foundation for theory of weak interactions.
The first neutrino detection was however only possible in 1956 in the neutrino
experiment by Clyde L. Cowan and Frederick Reines [135]. This experiment used
a nuclear reactor as the neutrino source and observed the end products from the
interaction between neutrinos and protons in an arrangement of two water tanks.
The neutrinos interacted with the protons to produce neutrons and positrons. The
positrons subsequently annihilated with nearby electrons to produce coincident !-
rays which could be detected with an arrangement of liquid scintillators and photo-
multiplier tubes around the water tanks. Cadmium chloride was further dissolved
in the water tanks to absorb the neutrons produced in these interactions and give
off !-rays in the absorption process. This provided a second layer of neutrino
detection certainty for the experiment. Until that time, it was assumed that the
neutrino existed as a single entity along with muons and electrons to constitute
the leptons. Further discoveries from experiments at the Brookhaven National
Laboratory [136] and the Stanford Linear Accelerator Centre [137] suggested that
neutrinos exist in three different flavours: the electron neutrino (#e), the muon
neutrino (#µ) and the tauon neutrino (#" ).

After the first astrophysical neutrinos coming from the Sun were observed in
1968 [138] by the Homestake experiment, it was realized that the detected flux
of electron neutrinos was significantly lower than the theoretical prediction. It

29
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was postulated that either the neutrinos have mass and they can oscillate between
the three mass states of the three different neutrino flavours, or that they are
massless and the nuclear physics of the Sun is not understood correctly. This
so called ‘solar neutrino problem’ was resolved with an improved understanding
of neutrino physics, particularly after the confirmation of neutrino oscillation be-
tween the three states was provided by Super-Kamiokande (Super-K) [139] and
Sudbury Neutrino Observatory (SNO) [140]. Super-K was observing the muon
neutrinos produced by the interactions of the cosmic rays with the Earth’s at-
mosphere. It was discovered that there were fewer detections made for muon
neutrino coming through the Earth than the ones coming directly from the sky
above the detector. Since the mechanism to produce these muon neutrinos was
the same for either direction, the observations supported the idea that the muon
neutrinos were changing into tau neutrinos during their propagation through the
Earth. The experiment at SNO detected high energy (~10 MeV) electron neutrinos
in particular as well as the total number of neutrinos of all flavours in the same
energy range coming from the Sun, and therefore could estimate the fraction of
electron-neutrinos. The experiment reported the fraction to be about 34% which
was consistent with the predictions from neutrino oscillations and the Mikheyev–
Smirnov–Wolfenstein effect (an effect which explains the dependence of neutrino
oscillation parameters on the density of the medium). These results finally ex-
plained the deficit in the solar neutrino measurements and also confirmed that
neutrinos have masses.

Even though neutrinos are abundant in nature, their minimal interaction with
matter allows them to travel through vast cosmic distances without their tra-
jectories being affected. This makes them one of the most trustworthy cosmic
messengers to study the physical processes which can produce them in the uni-
verse. These properties however also makes them difficult to detect, which has
led us to the creation of highly sensitive detectors to study these elusive particles.
Although we cannot directly observe neutrinos, we can indirectly detect them by
observing the relativistic secondary particles that can be produced by their inter-
actions with matter. In this chapter, we explore the theory of neutrino interactions
in section 3.1 and discuss the factors that play a key role in neutrino astronomy
particularly relevant at the energies sensitive to the IceCube Neutrino Observa-
tory (or simply IceCube). Then we discuss the principal source of background
in detecting neutrinos in section 3.2, before describing the details of the IceCube
detector in section 3.3.

3.1 Neutrino detection principle
3.1.1 Neutrino interactions
According to our present understanding of the Standard Model, neutrinos interact
only through the weak interactions, mediated by the weak force bosons W± and
Z. Owing to the different unit charges on the mediators involved, if a neutrino
interacts with a nucleon via the exchange of a W± boson the interaction is classified
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as a Charged Current (CC) interaction whereas if the mediator is a Z boson the
interaction is classified as a Neutral Current (NC) interaction. Due to the law
of charge conservation, a CC interaction results in the production of a charged
lepton while NC interaction results in neutrino scattering. In addition to these, #̄e
can undergo a resonant interaction with e! to produce W!, which decays almost
instantly into quarks or leptons. This resonant interaction #̄e + e! " W! is
called the Glashow resonance [141]. Figure 3.1 shows the Feynman diagrams for
these three types of neutrino interactions. The probability of a given interaction
is experimentally and theoretically investigated using a quantity called the cross-
section for the respective interaction. Cross-sections have the dimensions of area,
with a higher value denoting a higher probability of occurrence and has the unit
barn, b, where 1 b = 10!28 m2. Figure 3.2 shows the cross sections for the
Charged Current, Neutral Current and Glashow resonance interactions. As can
be see from the figure, CC interactions are more probable than NC interactions
by a factor of ~2 across all energies and the Glashow resonance becomes dominant
at energies around 6.3 PeV where the cross-section for this process exceeds that
of the rest by many orders of magnitude. IceCube recently reported the first
observational evidence of the Glashow resonance by observing particle showers
around this energy region [142].

Figure 3.1: The Feynman diagrams for interactions between a neutrino with the lepton
flavour l (l = e, µ or #) and quarks. The CC interactions (left) are mediated by charged
weak force bosons W±. The NC interactions (centre) mediated by the neutral weak
force boson Z. Glashow resonance (right) is the resonant interaction: $̄e + e! % W!.

The neutrino interactions can also be classified based on the final state of the
target nucleon, which depends on the energy of the incident neutrino and mo-
mentum transfer between them [144]. If the neutrino scatters off elastically with
the nucleon after interaction leading to freeing the nucleon from the target, the
interaction is termed as Elastic Scattering in the case of NC interaction and Quasi-
Elastic Scattering (QE) in the case of CC interaction. If the neutrino interaction
with the target nucleon leads to excitation of the nucleon to a baryonic resonance
state which results in further decays, this process is termed as Resonance Produc-
tion (RES). For the incident neutrino energies relevant to IceCube (' 10 GeV),
neutrinos mainly interact with matter via Deep Inelastic Scattering (DIS) which
breaks up the interacting nucleon and results in a hadronic cascade. Figure 3.3
shows a comparison of the theoretical cross-sections for QE, RES and DIS pro-
cesses with measurements for neutrino interactions from several experiments.

The physical processes and the corresponding measurable signal in IceCube
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Figure 3.2: Cross-sections for the different types of neutrino interactions with matter
(nucleons N and electrons e!). Charged Current (CC) interactions are shown in blue,
Neutral Current (NC) interactions in green while Glashow resonance is represented in
red. The solid lines show the calculations for neutrino interactions while dashed lines
show for antineutrino interactions. Data for CC and NC cross section calculation taken
from [143] while data for Glashow resonance calculation taken from [144]. Image from
reference : [145].

that follows an interaction depends on the type of the interaction. In DIS, all
neutrino interactions lead to hadronic cascades. Depending on the flavour of the
neutrino, a CC interactions will result in the production of the respective charged
lepton. An electron produced by a CC interaction results in an electromagnetic
cascade. A CC generated tauon decays almost instantaneously due to its short
lifetime and can create an electromagnetic or a hadronic cascade with the decay
product resulting in a second shower in the vicinity. A muon produced either in
the CC interaction or as a decay product from the tauon travels for a considerable
distance (>1 km at TeV energies) before decaying owing to its relativistic speed
and its relatively longer lifetime. At the relativistic energies relevant in IceCube,
all charged particles emit Cherenkov light during their propagation and can be
detected by IceCube. Figure 3.4 shows the different types of neutrino interactions
that can take place in the detector, along with the different types of signals that
can accompany them.

The work presented in this thesis concerns with CC interactions resulting in
outgoing muons. The directions of outgoing muons produced by the interactions of
incoming neutrinos have a kinematic angular offset (#) between the two directions
called opening angle which depends on the neutrino energy (E#) [147]. Figure 3.5
shows the average opening angle for neutrinos and anti-neutrinos as a function
of energy based on simulations studies [148]. For the neutrino energies relevant
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Figure 3.3: Total neutrino (top) and antineutrino (bottom) per nucleon CC cross-
section divided by energy as a function of energy in GeV. Measurement data from sev-
eral experiments shown in markers are compared with the theoretical predictions for
quasi-electron scattering (QE, dashed marker), Resonance production (RES, dot-dashed
marker) and Deep Inelastic scattering (DIS, dotted marker). Image from reference: [144].
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Figure 3.4: Different types of neutrino interactions and accompanying processes.
Hadronic cascades accompany all neutrino interactions at these energies as shown by
the purple markers. The flavour of the neutrino dictates the subsequent particle pro-
duction and the corresponding additional signal, which gives rise to two types of event
topologies in IceCube: cascade-like and track-like (discussed in section 3.1.3). The figure
is modified from an illustration by René Reimann [146].

to IceCube, this deviation is relatively small and therefore the muon directions
are almost coincident with the incoming neutrino directions. For E#> 1 TeV, the
median opening angle has the following approximation:

# ( 0.7
!
'

E#

1 TeV

(!0.7

(3.1)

3.1.2 Neutrino propagation
Before we proceed to discuss the mechanisms through which astrophysical neutri-
nos are detected, it is worthwhile to discuss the effects of neutrino propagation
and how it can alter the characteristics of the observed signals. In this section, we
discuss how neutrino properties such as its flavour might be affected due to effects
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Figure 3.5: Average scattering angles % between the directions of incoming neutrinos
(anti-neutrinos) and the outgoing muons in CC interactions a function of the neutrino
energy based on simulations. Image from reference [148].

such as neutrino oscillations. We also discuss the time delay (if any) between ob-
servation times for simultaneously emitted multi-messenger signals from the same
source GRB as well the effect of the expansion of the universe on properties such
as neutrino energy, which are relevant in order to investigate signal correlation
between neutrinos and Gamma-ray bursts.

Neutrino oscillations

Neutrino flavours can change during their propagation due to their masses by the
process called neutrino oscillations [149]. This can have a significant impact on
the expected flavour ratios of neutrinos from astrophysical sources, and therefore
the measurable value of flux. As discussed in chapter 2, the expected flavour
ratios due to the p!-interactions at the GRBs is (1 : 2 : 0)(#e : #µ : #" ), however
more exotic physics can lead to a different initial flavour ratio. Due to the vast
cosmic distances that the neutrinos need to travel before they reach Earth, any
neutrino flux in any flavour ratio at source would average out and yield a ratio
(1 : 1 : 1)(#e : #µ : #" ) at the detector. The work presented in the thesis considers
only muon neutrinos as they provide the best directional information and expects
significant muon neutrino flux regardless of the initial flavour ratio.

The oscillations can play a role for the atmospheric neutrino background how-
ever. IceCube has measured the oscillation parameters from atmospheric muon
neutrino disappearance using the DeepCore data [150] (see Figure 3.6) with results
compatible and comparable to that of dedicated neutrino oscillation experiments.
The atmospheric neutrino oscillations however do not impact the work presented
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Figure 3.6: Measurement of atmospheric neutrino oscillation by IceCube. The figure
shows an agreement of data with simulations assuming neutrino oscillations as a function
of reconstructed baseline over energy (Lreco/Ereco). Image from reference [150].

in the thesis as they have negligible effects in the energy range considered for this
work1.

Time delay

Establishing that GRBs can produce neutrinos depends on observing high energy
gamma-ray photons in close spatial and temporal associations with neutrinos ob-
served by IceCube, hence the difference between time of observations of the !-ray
signal and neutrinos will affect the results. Neutrinos being neutral particles stay
undeflected during propagation and thus follow the same rectilinear path as fol-
lowed by the gamma-ray photons. Since GRBs are at cosmological distances, the
multi messenger signals originating simultaneously from them travels vast dis-
tances and any difference in signal speed can lead to an observable time delay
between the signals at Earth. Any time delay !t observed at Earth due to a neu-
trino with speed %c and a gamma-ray photon emitted simultaneously traveling a
distance D can be expressed as :

!t =
D

c
& D

%c
=

D

c
(1& 1

%
) (3.2)

1The atmospheric neutrino oscillation effects peak at ~25 GeV while the neutrinos considered
for the analysis presented in this thesis are above 100 GeV in energy.
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t! = D/c can be substituted as the propagation time for the photons from
the source. The neutrinos detected by IceCube have energies from few order of
GeV up to several PeVs and are therefore highly relativistic traveling nearly at the
speed of light. For highly relativistic neutrino with mass m# = 1eV and energy
E# = 100GeV and for a conservative estimate of t! equalling the age of the universe
(~13.8 billion years), we get:

!t % 2.2$ 10!5
- m#

1 eV
.2

'
100 GeV

E#

(2

s. (3.3)

For multi-messenger signals emitted with a time difference of !ta at a source
at redshift z, the expansion of Universe will correspond to !ta · (1 + z) differ-
ence between times of observations for the messenger signals at Earth. Astro-
physical complexities such as choked GRBs can also result in delays between the
signals [151], however these theoretical models are not well constrained and need
more investigation. For practical purposes assuming standard-model physics, the
neutrino signal and the high energy gamma-rays from GRBs can be expected to
be observed without a time delay.

Effects due to redshift

The expansion of the Universe can affect the energy of the neutrino as it propagates
through the Universe. Since the neutrinos travel through the same path as the
!-ray photons, they would undergo the same relative change in energies. Hence,
a neutrino emitted with energy E# at a source at redshift z will arrive at Earth
with energy E#/(1+ z). Since all the neutrinos from the same source will undergo
the same relative change in their energies, the entire distribution will have a lower
energy but this will not change the spectral index of the energy distribution.

3.1.3 Cherenkov effect
When a charged particle travels through a dielectric medium with speed greater
than the speed of light in that medium, it emits Cherenkov radiation [152, 153].
This Cherenkov radiation is observed as a cone of optical light with its axis aligned
with the direction of propagation of the charged particle. Figure 3.7 (right) illus-
trates a Cherenkov cone produced by a particle. The Cherenkov angle represented
by *C in the figure is given by:

cos *C =
1

%n
(3.4)

Here n is the refractive index of the dielectric medium and % = cm/c with cm
the speed of light in the respective medium. The photons travel in a direction
perpendicular to the wavefront of the Cherenkov cone. The resultant number of
photons emitted by a particle with charge ze per unit distance and wavelength is
given by the Frank-Tamm formula [154]:
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Figure 3.7: Illustration of a Cherenkov cone produced due to a relativistic particle trav-
eling with velocity !c in a medium with refractive index n (right figure). The Cherenkov
angle is represented by %C . The left figure represents a scenario where ! < 1/n, in which
case no Cherenkov cone will be produced. Image from reference : [145].
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Here , is the fine structure constant, + the wavelength of light and n(+) the
wavelength dependent refractive index of the medium. The glacial ice at the South
Pole has a refractive index n ( 1.33 [155] at 300 nm and it varies slightly with the
density of ice. Cherenkov emission in the glacial ice occurs for particles traveling
above the threshold velocity of % = 1/n = 0.76. For highly relativistic particles
(% % 1) traveling through ice, the Cherenkov cone has an opening angle *C ( 41%.
The photo sensors used in IceCube (discussed in Section 3.3.1) are most sensitive
to wavelengths of light between 300 nm and 500 nm, and the photon yield corre-
sponding to this wavelength region obtained by integrating Eq. 3.5 corresponds to
N0 ( 250cm!1 [156]. As the particle undergoes energy losses, it leads to hadronic
or electromagnetic cascades which contribute to the photon yield as well. In prac-
tice, the contribution to the Cherenkov light yield from these secondary particles
produced in the cascades dominates the contribution from the leading muon in the
CC muon-neutrino interaction2. The light yield is proportional to the initial par-
ticle energy for electromagnetic cascades but suppressed for hadronic cascades by
an energy dependent factor due to production of neutrinos by pion decays which
carry away an undetectable fraction of the energy.

Neutrino event signatures in IceCube

IceCube is designed to efficiently detect the Cherenkov radiation emitted in the
dielectric South Pole glacial ice. The pattern of light deposited in the detector
depends on the type of neutrino interaction, and leads to two standard signature

2For a 1 TeV muon, the light yield from the secondaries correspond to 60% of the total
Cherenkov light yield [156].
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event topologies observed in IceCube: tracks and cascades. Track-like event signa-
tures are produced by muon neutrino interactions producing muon that lead to a
Cherenkov light cone along the track of the muons’ path. Muons at high energies
can traverse through the entire detector depositing energy throughout their path.
The long track of light allows reconstruction of the muon’s incoming direction
with a median angular resolution ~1%. Estimating the energy for such track-like
events is difficult however since only a fraction of the muon energy loss can be ob-
served and the muon can leave the detector with an unknown amount of energy.
Track-like events therefore typically have a poor energy resolution. Cascade-like
event signatures have a spherical hit pattern with energy depositions in the form
of hadronic and electromagnetic particle showers produced through a variety of
mechanisms. The light deposition due to such showers is over a small region (~10
m) which is much smaller compared to the inter-string spacing in IceCube. In
addition to this, the scattering of photon in the ice results in a significant loss
of directional feature in the cherenkov emission profile so the direction is recon-
structed using the timing information from the photon arrival times in the photo
sensors. The energy depositions therefore appear to be spherical with a point-
like origin with poor directional feature (>10%). Since all the available energy is
deposited over a small region, cascade-like events have better energy resolution
compared to track-like events. Figure 3.8 show how the different topologies look
in the detector. The pattern of light deposition is carefully interpreted to infer
the properties of the parent neutrino such as its flavour, energy and direction, and
these methods will be discussed in chapter 4.

Figure 3.8: A schematic of the two different event topologies detected in IceCube. Long
track-like signatures are obtained due to a muon possibly resulting from the interaction
of a $µ (left). Hadronic and electromagnetic showers lead to a more spherical event
signature (right). The figure is from Ref. [157].
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Figure 3.9: Schematic of a primary cosmic ray interaction with the particles in Earth’s
atmosphere to result in secondary cascades of neutrinos, muons and photons. Image
refernce [158].

3.2 Expected background
The neutrinos detected by the IceCube detector are either atmospheric or astro-
physical in nature. In addition to the elusive nature of neutrinos, their detection
in IceCube is further complicated by the interactions of other particles in the de-
tector which contribute to a background in our data. A high background can make
it increasingly difficult to distinguish the signals from neutrino interactions among
the other types. We need to understand in detail the sources for background in
IceCube so that we can make use of appropriate filtering techniques and selection
cuts to remove the background from our data for the analysis.

IceCube detects the photons produced in the interactions of relativistic charged
particles inside the detector. These relativistic particles are linked directly or
indirectly to the vast influx of cosmic radiation entering Earth from the depths of
the Universe. The cosmic rays interact with the particles in the Earth’s atmosphere
to create hadrons which can decay to produce particle showers as well as neutrinos
(see Figure 3.9). For the high-energy cosmic rays, the decay products can penetrate
beneath the surface of the Earth and be detected by IceCube.

The muons created as decay products of cosmic ray induced showers can travel
a large distance and produce Cherenkov light if they pass through the detector.
This Cherenkov radiation can be detected by IceCube and therefore contributes to
the background in the detector. The range of cosmic ray primary energies leading
to production of atmospheric muons in IceCube is limited by the cosmic ray flux
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Figure 3.10: Predicted atmospheric muon event yield in IceCube depending on the
type of primary cosmic ray particles based on simulations using the air shower simulation
program CORSIKA [159]. The figure is obtained from Ref. [160].

rate at the high energy end, and the minimum energy required by the muon to
penetrate the glacial ice at south pole at the low energy end [160]. The predicted
event yields are shown in Figure 3.10. The atmospheric neutrinos produced in
the decays of the cosmic rays-induced secondaries have a steeply falling energy
spectrum and the astrophysical neutrino flux tends to dominate above neutrino
energies corresponding to % 30 & 60 TeV [160]. Both the atmospheric and astro-
physical neutrinos can interact with the particles in the ice leading to cascades and
showers which can be detected by IceCube. Depending on the analysis considered,
the background for IceCube has contributions from the atmospheric muons, at-
mospheric neutrinos and in certain circumstances, astrophysical neutrinos.

3.2.1 Atmospheric muons
Atmospheric muons are the most significant source of background for IceCube
detections [37]. These muons are produced as decay products in the cosmic ray
interactions high in the Earth’s atmosphere. When a cosmic ray particle CR
interacts with a nucleon N in the atmosphere, it produces high energy kaons and
pions through the following process:

CR+N " "±(K±) +X (3.6)
These charged mesons decay to produce muons and neutrinos, among other

decay products such as electrons and positrons through different channels such as
:
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"+("!) " µ+(µ!) + #µ(#̄µ) (3.7)

K+(K!) "
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µ+(µ!) + #µ(#̄µ),

µ+(µ!) + #µ(#̄µ) + "0,

e+(e!) + #e(#̄e) + "0.

(3.8)

µ!(µ+) " e!(e+) + #µ(#̄µ) + #̄e(#e) (3.9)

Figure 3.11 illustrates the estimated vertical fluxes of the different major com-
ponents of the cosmic ray interactions in the atmosphere. The decay products
can successively decay or interact with atoms in the atmosphere before reaching
the surface of the Earth. Below the surface of the Earth however, only neutrinos
and muons are able to penetrate to appreciable depths as the others get quickly
absorbed.

Figure 3.11 demonstrates that muons are the most abundant charged particles
at the surface of the Earth. Produced generally at an altitude of 15 km, they
lose about 2GeV due to ionization losses before reaching the surface of the Earth,
typically with energies of the order ( 4GeV [5]. As they propagate they continue
to lose energy mainly through ionization and radiative processes which depend
on the density of the propagation medium as well. The typical vertical flux for
muons from the southern sky in IceCube (~2 km water equivalent) is about 2 $
10!3m!2s!1sr!1 [5]. The muon flux from the northern sky is non existent since the
muons coming from the atmosphere in the north need to travel through the Earth
before reaching the detector at the south pole and hence get absorbed before they
can reach the detector. As a result the muon background in IceCube exists only
for the signals from the southern sky. However, there can be mis-reconstruction of
a down-going muon (muon with true direction from the southern sky) as an up-
going muon (muon with true direction from the northern sky) thus contributing
to a muon background even in the northern sky. When the muons reach the
glacial ice near IceCube, they can interact with the particles in the ice to produce
tertiary fluxes of relativistic particles which emit Cherenkov light and can trigger
the IceCube DOMs. IceCube records about 1011 triggers due to atmospheric
muons each year. There are special muon filters which are implemented to reject
these events in the data sample. For the reconstruction of signals pointing from
the southern sky, dedicated muon vetoes and high energy cuts on the data sample
are used to effectively reduce the muon background.

3.2.2 Atmospheric neutrinos
Atmospheric neutrinos are the second largest background in our data, with ~105
annual triggers. Atmospheric neutrinos in the energy region below 100 TeV are
produced by the decay modes of cosmic ray induced kaons and pions and the
subsequent decay of muons via channels such as Eq. 3.7, Eq. 3.8 and Eq. 3.9. This
flux is referred to as the conventional flux [161]. At higher energies, the charged
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Figure 3.11: Estimated vertical flux of major cosmic ray components in Earth’s atmo-
sphere shown with solid lines. The measurements of negative muons are shown as well in
color markers. The axis on the top represents the altitude from the surface of the Earth
for vertically down going showers. It can be seen that the flux sharply decreases with
passage through the atmosphere for cosmic ray components except muons and neutrinos.
Most of the background for IceCube is composed of inclined showers where the fraction
of muons is even higher. The figure is obtained from Ref. [5].

pions produced in the interactions of cosmic rays have longer lifetimes and the
probability that they will interact is greater than for them to decay to neutrinos.
Because of the interaction of charged mesons before their decay, neutrinos are
produced from the charged mesons in only a fraction of the cases where the energies
are typically not high. This results in fewer neutrinos in the higher energies than
there are cosmic ray particles in the higher energies for the respective distributions.
This behaviour is represented by the physical quantity called the spectral index
(!) and the energy spectrum is described using the power law: dN/dE ! E!! .
When comparing the energy spectrum for cosmic rays and atmospheric neutrinos,
the spectral index of the atmospheric neutrinos (!atm

µ ) is deemed to be softer than
that for cosmic rays (!CR), which means that the numerical value of !atm

µ will
be higher than that of !CR. These two spectral indices are related approximately
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as !atm
µ = !CR +1 [162]. Since cosmic ray fluxes have a spectral index of ~2.7,

atmospheric neutrino fluxes typically have a spectral index of ~3.7.

Figure 3.12: Atmospheric neutrino flux measurement vs energy of the neutrino as
measured by IceCube. The solid lines are the theoretical predictions and the markers
represent the measurements made by IceCube. The ERS prediction for the prompt
flux [163] is also shown in magenta band. This figure is obtained from Ref. [164].

At energies above 100 TeV, the greater contribution to the neutrino spectrum
comes from the decay of charmed mesons [162]. The charmed mesons have a
short lifetime so they decay fast to produce neutrinos. The resultant neutrino
flux due to these rapid decay modes is therefore called the prompt flux. Since
the probability that charm mesons will decay to produce neutrinos is more than
the probability for them to interact with atmospheric particles to result in other
products, the neutrinos produced from charmed decay have spectral index similar
to that of the cosmic rays whereas the neutrino flux from pion and kaon decay
starts to steepen much earlier (~1 TeV). IceCube has made measurements of the
atmospheric neutrino fluxes [164]. For the energy range relevant to our analysis
(TeV - PeV), the conventional flux will be the dominant atmospheric neutrino flux
contribution (see Figure 3.12).



Sec. 3.2. Expected background 45

3.2.3 Astrophysical sources

Mixed in with the atmospheric neutrinos, there are estimated to be several hun-
dred astrophysical neutrinos recorded by IceCube per year [165]. Very high energy
neutrinos of the order of PeV get absorbed in the Earth, however, so such neu-
trinos will not exist in our data from the northern sky. Also, due to the high
energy selection cuts made on the data from the southern sky, we do not have
any low energy astrophysical neutrinos in our data for the Southern sky. The null
hypothesis in the analysis in this thesis will be that all neutrinos are “background”
and that no neutrino originated from a GRB. For this analysis, the background
includes the astrophysical neutrinos, which appear to be isotropically distributed.
This requires no special treatment, because background estimation is done using
the data, which includes the atmospheric and astrophysical neutrinos. The goal of
the analysis will be to identify whether an excess of neutrinos appear correlated in
space and time with GRBs, above the number of chance coincidences expected due
to the background neutrinos. Figure 3.13 summarizes the flux of atmospheric and
astrophysical neutrino events observed by IceCube vs the energies of the neutrino
events.

Figure 3.13: All-flavour best-fit neutrino spectra for the single power law model for
68% C.L allowed regions for the astrophysical (orange shaded area) and atmospheric
neutrino flux (blue) for IceCube data. An upper limit for the prompt atmospheric flux
is also shown in green. The figure is obtained from Ref. [166].
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3.3 The IceCube Neutrino Observatory
The IceCube Neutrino Observatory is presently the largest water-Cherenkov de-
tector in the world. Recently completing one decade of full detector operation, it
was constructed with the goal of observing astrophysical neutrinos at the highest
energies. The IceCube Neutrino Observatory collaboration consists of more than
400 scientists from 57 institutions in 14 countries3. In this section, we discuss the
configuration of the detector and the data acquisition techniques currently in use.

3.3.1 Detector instrumentation
Detector configuration

Figure 3.14: A pictorial description of the IceCube Neutrino Observatory at the geo-
graphic South Pole highlighting the important components of the detector. Image credits:
The IceCube Collaboration.

The IceCube Neutrino Observatory is a cubic-kilometre sized neutrino detec-
tion facility at the Amundsen-Scott South Pole station in Antarctica. It was
constructed between 2005 and 2010 and began full operations in May 2011. It is a
Cherenkov detector which uses the South Pole ice as the dielectric medium to ob-
serve optical Cherenkov light from relativistic charged particles. The main in-ice

3A full list of the participating institutions can be obtained at:
https://icecube.wisc.edu/collaboration/institutions/.



Sec. 3.3. The IceCube Neutrino Observatory 47

detector is composed of an array of 86 strings between the depths of 1450 m and
2450 m below the ice surface (see Figure 3.14). Except for 8 so-called ‘DeepCore’
strings at the centre, the strings are arranged in a hexagonal grid with a spacing
of 125 m between adjacent strings, with each string containing 60 Digital Optical
Modules (DOMs) spaced 17 m apart on the string. The DeepCore is a denser
arrangement of DOMs in the centre of the detector to improve the sensitivity to
low energy neutrinos for dark matter and neutrino oscillations study. Every DOM
unit contains a 10-inch photo-multiplier tube and a single board data acquisition
computer along with its associated electronics to transmit the data from the re-
spective DOM to the data centre at the surface. As a result, the main detector
unit amounts to 5,160 DOMs in total. A pictorial description of how a neutrino
is detected in the IceCube detector is shown in Figure 3.15.

In addition to the in-ice array, IceCube has an additional component called
IceTop. IceTop is a surface array used primarily to study high energy cosmic
rays and also to calibrate IceCube. It measures the energy, direction of arrival
and composition of cosmic ray air showers from the southern hemisphere. IceTop
is composed of one station each on top of 81 strings at the surface. Each station
contains two ice-filled tanks placed 10 m apart. The tanks each contain two DOMs
to detect the cosmic ray air showers with primary energy in the range 300 TeV
to 1 EeV. IceTop is also used as an IceCube veto to detect neutrinos from the
southern sky.

Figure 3.15: Examples of neutrino events detected in the IceCube detector. The left
figure shows the light deposition pattern for a $µ-induced muon track whereas the right
figure shows the pattern for a $e or $! charged-current interaction (or a neutral-current
interaction from any flavour). The colours denote the arrival times and the size of the
sphere represents the energy deposited at each DOM. The pattern and amount of energy
deposited at the DOMs is used to reconstruct the details of the neutrino event. Image
from reference [167].

Optical properties of the South Pole Ice

IceCube makes use of 1 km3 instrumented volume of ice to detect the Cherenkov
emission from neutrino interaction products, which makes it crucial for us to un-
derstand the properties of the glacial south pole ice. These factors dictate photon
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propagation and light scattering effects inside the detector, which are the funda-
mental blocks in event reconstruction algorithms as we will see in Chapter 4.

The glacial ice at the South Pole was formed by the continuous accumulation
of snow over thousands of years, with the age of ice at the bottom of the glacier
(bedrock, ~2900m deep) roughly 165,000 years old [168]. The age vs depth studies
of the ice have revealed the difference in age of the ice between the top of the
detector (~1450 m) and the bottom of the detector (~2450 m) to be around 40,000
years [168]. Since the snow deposition rate was not uniform over the years, the
glacial ice has a layered structure with varying properties based on the amount
of impurities present with the snow. These variations are attributed to changing
climate conditions over the years as well as rare events such as intense volcanic
activities [169] which can lead to presence of dust and ash in the snow. The tech-
nique of ice-core dating using current understanding of the age-depth relation-
ship [168] allows for the determination of the optical properties vs depth relation
for the ice at South Pole with the measurements from different locations across
the Antarctic continent [170, 171]. Calibration studies have been performed first
by AMANDA [172] and then by IceCube [155] to precisely map the scattering and
the absorption coefficients of the ice at various depths using LEDs attached to the
DOMs (see Figure 3.16). These studies reveal the presence of air bubbles in the
ice at depths up to ~1350m. The intense pressure at greater depths compresses
out these air bubbles to result in pure ice with the clearest part in the detector ap-
proaching absorption lengths ~250 m. The studies have also revealed the presence
of prominent dust deposition around the centre of the detector referred to as dust
layer where there is an increased presence of contamination in the ice resulting in
reduced absorption lengths as low as 20 m.

In addition to the depth dependent factors, the optical properties are also
affected by other effects such as tilt [155] of the ice layers which lead to different
depth dependencies at different strings, and glacial movements4 which can lead
to anisotropic optical properties [173]. The calibration studies have allowed the
development of complex ice models that allow a comprehensive consideration of
all these different effects for accurate reconstruction of signals based on the light
detection. For the work presented in this thesis,the simulation datasets used relied
on the SPICE-Lea model [173] to determine the optical absorption, scattering and
attenuation effects due to the ice.

Digital optical modules

The fundamental unit used to detect the faint Cherenkov light in the IceCube
detector is the Digital Optical Module (DOM). It is composed of a spherical glass
housing a 10” - diameter Photo-Multiplier Tube (PMT) facing downwards, and its
associated electronics. A schematic of the DOM structure is shown in Figure 3.17.

The PMT is capable of detecting single photons [174] and is powered by a 2 kV
power supply. The PMTs operate with a gain of 107. The DOM also contains
a flasher board which contains 12 LEDs which can be used to emit flashes of

4The horizontal flow rate at the surface at the South Pole station is ~9m/yr [168].
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Figure 3.16: Optical properties of ice at the South Pole. The scattering (left) and
absorption (right) coefficients for different wavelengths of light are shown for ice between
the depths of 1100m - 2300 m. Image from reference : [172].

light to perform a variety of in situ calibration tests such as verifying the timing
responses of the DOMs, configuring the baseline geometric positions of the DOMs,
determining the optical properties of the ice, verifying reconstruction algorithms
etc [175].

All the electronics for the data acquisition, calibration and data transmission
are integrated on a Main board (MB) which is arranged as an annular disk around
the neck of the PMT connected to customized cables. The cables are used for
signal transmission and also to provide the power supply to the DOMs. All this
circuitry allows the DOM to have a near-autonomous functioning. The PMT
and the electronic components within a DOM are surrounded by a 13 mm thick
glass sphere to provide protection from the long-term high applied pressure of
~250 bar (corresponding to 2.6 km of water equivalent mass) [175] as well as
a temporary high applied pressure of 690 bar during in-freezing. The glass is
transparent for photons in the wavelength range 400 nm & 600 nm. The PMT
bulb is tightly secured to the glass hemisphere with a 1 cm thick silicon gel which
provides an optical coupling for photons between the glass and the PMT while
providing mechanical strength to the entire assembly.

The PMT waveforms have amplitudes in the range 1 mV & 2 V and widths of
size 12 & 1500 ns. The digitization of a PMT waveform is performed using two
sets of systems. A fast Analog-to-Digital Converter (fADC) continuously samples
the PMT waveform at a rate of 40 Mega samples per second (Msps). During this,
the PMT voltage is compared to a threshold voltage corresponding to 0.25 photon
electrons pulse (PE)5 [175]. If the signal from the PMTs crosses the threshold
value of the discriminator, the DOM is said to be triggered which activates one of

5A photon electron (PE) is defined as the peak voltage amplitude in a single photon pulse
distribution.
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the two Analog Transient Waveform Digitizer (ATWD) chips [176]. The ATWD
samples at a rate of 300 Msps and covers the first 427 ns of the waveform. Before
the trigger decision is made, the signal is passed through a delay line which delays
the signal by 75 ns [175] to ensure enough time to completely digitize the waveform
of the event. As it takes 29 µs for the AWTD to digitize a waveform during which
it cannot be triggered again, the second ATWD chip acts as a stand-by option
available to read out a new trigger during this period and reduce the dead-time of
the DOM. Each of the ATWD chips is connected to three different amplifiers with
different values of gains through three channels to ensure a complete coverage of
the dynamic range of the PMT. The digitized waveform after this step is ready to
be sent to the Data Acquisition (DAQ) system in the IceCube Lab (ICL) at the
surface.

The majority of the DOM triggers are due to dark noise hits resulting from
the radioactive decays and subsequent scintillation in the glass spheres [174], so
a system of local coincidences is used to optimize the read-out availability of the
DAQ system. Whenever a DOM and its nearest neighbours detect a signal within
a time window of 1 µs, the signal coincidence is termed as a Local Coincidence
(LC). Hits that satisfy this LC condition are flagged as Hard Local Coincidence
(HLC hits) and denote the detection of multiple photons. The DOM hits which
do not satisfy the LC condition are termed as Soft Local Coincidence (SLC hits)
which are more likely to be due to background noise. In case of HLC hits, the
full ATWD digitized waveform data is sent to the ICL while in the case of SLC
hits only the basic minimal information such as the DOM ID, timestamp of hit,
trigger and LC flag are sent.

3.3.2 Data acquisition and filtering
The data from each DOM after being classified as HLC or SLC get transmitted
to the IceCube Lab at the surface. The Data Acquisition (DAQ) system is a set
of software components which processes the data sent from the DOMs using a
set of custom computers, called DOMHubs, and other dedicated servers in the
ICL. The main task of the DAQ is to detect patterns between the DOM signals
to distinguish the hits which are likely to be caused by particle interactions and
bundle them together as events.

The DAQ has three main layers of operation. The first part is composed of
the StringHub which organises the hit data from the DOMs according to time and
sends the condensed HLC information to the next layer of operation, the trigger.
The trigger contains sets of algorithms which impose selections of temporal and
spatial coincidences on the HLC hits. A fundamental example for a trigger is the
Simple Multiplicity Trigger (SMT) which selects N or more HLC hits within a
certain x µs window. The values of N and x depend on the energy threshold of
the sub detector. For example, the SMT-8 trigger selects 8 HLC hits in a 5 µs
window for the in-ice DOMs. For the DeepCore DOMs, the SMT-3 trigger is
employed which selects 3 HLC hits in a 2.5 µs window [175]. The trigger data
from the multiple triggers get merged in the Global trigger which then passes the
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Figure 3.17: A schematic of the various components of a DOM. The figure is from
Ref. [176].

triggered time windows to the next stage of operation, the Event Builder. The
Event builder uses the individual readout windows from the Trigger data and
selects the appropriate datasets from the StringHubs to get a list of all the hits
within the respective window. The Event Builder then combines the hits data
with the trigger data to create a list of events, which get written into a file and get
sent to the next stage of the data flow: the online Processing and Filtering (PnF)
system.

The median DAQ data rate is about 2.7 kHz, which corresponds to a data
volume of ~1 TB/day. This vast amount of data needs to be filtered and processed
to a size more compatible for satellite transfer (( 100 GB/day) from the IceCube
Lab. This is done by the online PnF system which passes the raw DAQ data
through a series of selection and calibration cuts as well as event reconstructions
to generate a filtered data stream of reduced volume. There exist about 25 filters
in operation to select events of potential interest for a variety of physics analyses.
For astrophysical point source analyses, the most basic filter is the muon filter
which is used to identify track-like signals produced by muons in the data, after
which the data are processed by filters based on the use of the dataset. We will
explore the online filtering techniques in detail in Section 4.3. The data which pass
all the imposed PnF filtering are transmitted via satellites while the data which do
not pass the filtering is stored on tapes and shipped annually from Antarctica. The
filtered data archive corresponds to ~90 GB/day and is fit for satellite transmission.
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Figure 3.18: A schematic of data flow in IceCube highlighting the different stages and
components of operation such as DAQ, PnF, data monitoring, experiment control and
data movement. The figure is obtained from Ref. [175].

Data control and monitoring
IceCube data are bundled in runs lasting 8 hours each. All the detector run
information is stored in IceCube Live, which also monitors IceCube operations.
It has two major parts: LiveControl which controls the operations and collects
the monitoring data, and the IceCube Live website which processes and stores the
monitoring data while presenting the data on a web-interface neatly illustrating
the status of the various components of the detector. IceCube Live provides maps
of per-DOM performance for each run to identify issues with the DOMs and to
evaluate the operational performance of the detector as a whole.

Online monitoring allows issues to be addressed quickly. Most of the daily op-
erations are handled by trained on-site personnel temporarily stationed for one full
year at the IceCube Lab, the winter-overs, who respond to the various operational
issues at the station. They are periodically assisted with the online monitoring by
members from the IceCube Collaboration. As part of the IceCube group based
at Stockholm, I have performed four weeks of remote monitoring of the IceCube
detector. All the steps of data acquisition, processing and transmission in IceCube
are summarized in the Figure 3.18.



Chapter 4
Data selection and processing in IceCube

“In God we trust. All others must bring data.”
– W. Edwards Deming, Statistician.

After the data is acquired by the DOMs in the IceCube detector, it needs to be
processed and filtered to result in datasets that can be used for analyses. This
is done using series of steps that reconstruct neutrino information based on the
pattern of hits in the DOMs, filter out noises and apply selection cuts based on
the type of target analyses the dataset is being processed for. In order to test and
develop these data pipelines, simulations studies are used which are based on the
physical understanding of the processes resulting in the data procured by IceCube.
In this chapter, we first discuss the simulation studies used in IceCube, followed by
the techniques used for event reconstruction and the data filtering steps employed
to result in the neutrino dataset used for the analyses presented in this thesis.

4.1 Monte Carlo Simulations
Simulations play a key role in data analysis of neutrino telescopes. They are in-
strumental in designing, developing and implementing data filtering techniques,
reconstruction algorithms as well as interpreting the results of analyses. In the
absence of real world examples for data produced with known parameter values
called truths, we rely on Monte Carlo simulations in IceCube to map the expected
end-to-end behaviour for datasets with known truths to help characterize the algo-
rithms used for the different stages of data analysis. These simulations have been
built over many years of testing and have been developed to fully incorporate the
relevant factors involved in producing the experimental data observed by IceCube.
These mainly pertain to the following:

• Production of signal neutrinos and atmospheric neutrinos and muons by
cosmic ray interactions with Earth’s atmosphere

• Propagation of neutrinos and muons through the atmosphere, Earth and the
glacial ice to the detector

53



54 CHAPTER 4. DATA SELECTION AND PROCESSING IN ICECUBE

• Production of Cherenkov light and its propagation in the glacial ice

• Simulation of detector response to the photons

The first stage of the simulation begins with generation of the primary source
and background particles. Neutrinos of all flavours across a wide range of energies
are are simulated using the code Neutrino generator (NuGen), based on the Monte
Carlo event generator program “All Neutrino Interaction Simulation” ANIS [148].
Using this, neutrinos with a defined power-law energy spectrum are generated
at the surface of the Earth and propagated all the way to the detector. The
neutrino propagation is assumed to be in straight lines. All the propagation effects
such as neutrino absorption, tau regeneration, neutral current regeneration as
well as resonant scattering of electrons are considered in this simulation and the
density profile of the Earth is modeled using Preliminary Reference Earth Model
(PREM) [177]. Appropriate per-event weighting can be applied to the simulated
events at this stage to account for propagation and interaction and generate the
desired neutrino or anti-neutrino flux at the detector. These neutrino events are
then forced to interact inside or near the detector volume to produce muons.
The background of atmospheric neutrinos is also simulated using NuGen but with
atmospheric neutrino energy spectrum and relevant per-event weights instead of
astrophysical signal parameters. The dominant background of atmospheric muons
is simulated using the software package called “ COsmic Ray SImulations for
KAscade” CORSIKA [159]. Using this, cosmic ray particles based on the composition
and energy spectrum from Ref. [10, 178] are simulated to interact with Earth’s
atmosphere to produce the full particle shower.

The muons produced from the interactions of the simulated neutrinos or from
CORSIKA are propagated through the bedrock and the glacial ice using the Monte
Carlo code PROPOSAL [179, 180] which is based on the code “Muon Monte Carlo”
MMC [181]. This simulates the Cherenkov light yield by the muon as it travels
thought the instrumented ice. Stochastic losses due to other effects are also ran-
domly sampled and added to the energy loss due to ionization. The resulting
photons from the Cherenkov emission and the stochastic losses are then propa-
gated through the ice until they reach the PMT in a DOM. For low-energy muons,
this is done by tracking individual photons (as the number of photons is low)
which provides higher precision and better incorporation of the latest ice mod-
els. The propagation is performed using “Photon Propagation Code” PPC [155]
or CLSim [182] with GPUs as they are computationally expensive [183]. For high-
energy muons, this process is very slow so lookup tables for light propagation
based on pre-computed light distribution patterns are used instead to speed up
the simulations.

When the photon finally reaches the PMT, the response of the DOM elec-
tronics to this light yield is simulated using internal IceCube software such as
DomLauncher, TopSimulator and TriggerSim. This includes conversion of pho-
ton counts to electronic signal in the DOM, simulations of noise in PMTs as well
as simulations of electronic trigger conditions. The final event data at this step
closely resembles the characteristics of the real data collected by IceCube. They
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are treated exactly like the real data, and are processed using the same filtering,
reconstruction and event selection steps to ensure that both the real data and
simulated events go through the same data processing steps. The final simulated
events therefore have exactly the same format as the real IceCube data which al-
lows a seamless transition for algorithm testing.

4.2 Event reconstruction
The search for neutrinos from GRBs is highly dependent on the directional and
energy information of the neutrino events. This information is reconstructed from
the pattern of pulses detected by the DOMs in IceCube. There are various re-
construction algorithms employed in IceCube to reconstruct energy, direction and
angular resolution for every event. These methods differ in accuracy, computation
time and complexity, as well as performance. Also, the data filtering that accom-
panies the reconstructions particularly at lower data levels need to be effective
enough to result in datasets with volume fit for transmission over the satellites.
In this section, we discuss the reconstruction algorithms for direction (Sec. 4.2.1),
angular resolution (Sec. 4.2.2) and energy (Sec. 4.2.3) currently in use in IceCube
for track-like event reconstructions.

4.2.1 Direction Reconstruction
The IceCube observatory observes two common but distinct event topologies:
Cascade-like and Track-like1. Track-like event signatures in the IceCube detec-
tor are the characteristic energy deposition patterns due to muons from muon
neutrinos while Cascade-like event signatures are due to electron neutrino events
(see Sec. 3.1.3). Track-like events have better angular resolution while cascade-like
events typically have better energy resolutions. The physical processes leading to
the two topologies differ vastly in their energy deposition mechanisms hence dif-
ferent classes of event reconstruction methods are used to reconstruct them. For
our analysis, we desire a good pointing accuracy in the dataset hence we are only
concerned with the data for muon neutrino candidate events. We will thus focus
on the reconstruction methods used to create muon neutrino datasets. The direc-
tion of the incoming neutrino is inferred by constructing the muon track, which
is done by mapping the deposition of the energy in the DOMs by the secondary
muon created due to the interaction of the neutrino. This deduction is challenging
due to the background noise and scattering of photons in the ice and is further
complicated by the possibility of coincidence of a cosmic ray-induced muon with
that of a neutrino-induced muon. The overall track reconstruction is therefore
done in stages to ensure an effective and efficient approach. After the initial data
are collected, a fast algorithm is applied (Linefit) to obtain a crude estimate of
the muon track and the results from this step are used as a seed into a series of

1More exotic scenarios such as the Double-bang topology attributed to taon-neutrino exist
but are extremely rare and difficult to resolve.
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more complex algorithms: SPE and MPE and SplineMPE. We discuss all these
algorithms as follows:

Linefit
Linefit is a basic, first guess reconstruction algorithm which is applied to the
initial data after they are passed through some basic filters to remove obvious
outliers [184, 185]. This algorithm disregards the Cherenkov cone and simply
searches for the best track that minimizes the sum of squares of distances between
the PMT hits and the track. In this model, a muon traversing the detector with
velocity )v is evaluated for the best-fit muon progression path. This path is based
on the PMT hits and calculated using the least square distance of all the hits to
the track given by:

min
$x0,$v

N/

i=1

((i()x0,)v))
2 (4.1)

where

(i()x0,)v) = ||()x0 + )vti)& )xi|| (4.2)
represents the distance between the ith hit with the DOM position )xi and time

of hit ti to the track hypothesis, iterated over N number of hits. The results for
)x0 and )v can be obtained analytically. Linefit is an approximate model and is not
robust to noise, as outliers that pass the basic filters possess a quadratic weight,
and therefore influence the best-fit drastically. In order to account for these short-
comings in the algorithm, an improved Linefit algorithm is employed [185] which
involves an additional filter that identifies scattered hits to improve the model,
and replaces the least-square model with a Huber fit [186]. More specifically, the
following changes are made to Eq. 4.1:

min
$x0,$v

N/

i=1

-((i()x0,)v)) (4.3)

where -(() is called the Huber penalty function:

-(() =

%
(2 if ( < µ

µ(2(& µ) if ( ' µ
(4.4)

Here µ is a constant calibrated to the data with an optimal value of 153 m
based on simulated muon events with E!2 power law spectrum. In the near-hit
regime (( < µ), the Huber fit considers the hits to be strongly correlated to the
muon track and therefore gives them quadratic weights, while in the far-hit regime
the hits are considered more likely to be noise and given linear weights. These
far-hit regime hits can also be labeled as outliers, so after the initial Huber fit
is computed, these labeled outliers are removed and the fit is computed again for
improved accuracy. Although the entire algorithm takes 6 times longer to compute
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than the original Linefit’s mean runtime, the results are vastly improved and the
reconstruction is still fast enough to be run on-site and is therefore employed as
the first level reconstruction step for all IceCube analyses.

SPE and MPE

Linefit is a simple and fast algorithm which is used to provide a seed for more so-
phisticated algorithms for reconstructions, such as Single-Photo-Electron-Fit (SPE
fit) [184]. In SPE, the direction is reconstructed using a maximum likelihood pro-
cedure . This method assumes the Cherenkov radiation to be generated by an
infinitely long muon track (% = 1). For a muon with energy E0 traveling through
a point )r0 at time t0 with direction )̂p(*,-), the geometrically expected arrival
time of photons tgeo from the Cherenkov cone at a DOM with position )ri (see
Figure 4.1) can be described as:

tgeo = t0 +
)̂p · ()ri & )r0) + dtan*c

cvacuum
(4.5)

Here cvacuum represents the speed of light in vacuum. For this track, the
experimentally observed data will be the time of observation of the hits ti and the
charge deposited in the DOM qi. The difference between the observed time and
the geometrically expected time can be defined as the residual time tres,i = ti -
tgeo. The simplest likelihood function constructed for the residual time based on
the parameters described above can be expressed as the SPE likelihood:

LSPE =
Nhits0

i=1

p1(tres,i|)r0, )̂p, t0)) (4.6)

Here p1(t) represents the probability density function (PDF) for a single photon
to produce the ith hit with the residual time tres,i. The likelihood iterates over all
the hits, so one DOM can contribute multiple times to this product. Ideally, p1(t)
would be a delta function. In reality however this distribution is broadened due to
effects such as PMT jitters, dark noise of PMTs and secondary cascades, which can
result in negative tres values [184]. In addition to these, the arrival times are most
affected by the scattering of photons in ice [172], which changes the probability
of a hit. Based on a calibration analysis by the BAIKAL experiment [187, 188],
a simplified analytical form for p1(t) can be expressed using a modification to the
Pandel function as [189]:

p1(tres) =
1

N(d)
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(
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where the normalization factor N(d) is expressed as :

N(d) = e!d/%a

'
1 +

'cmedium
+a

(
(4.8)
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Here cmedium is the speed of light in ice, +a is the absorption length and "(d/+)
is the Gamma function. The values for the free parameters + and ' , which depend
on the distance d and other geometrical parameters, are empirically determined
using Monte Carlo simulations of photon propagation through the south pole ice.
This model however has simplistic considerations for bulk ice properties such as
constant scattering and absorption effects. Also, SPE considers only the first
photon, which in reality can be followed by a series of photons. A likelihood can
be constructed which accommodates for this where the distribution of arrival times
for the first of N photons is described by:

pN (tres) = Np1(tres)(1& P1(tres))
(N!1) (4.9)

Here P1(t) stands for the cumulative distribution function (CDF) of the sin-
gle photon PDF while pN (t) represents the Multi-Photo-Electron (MPE) PDF.
The resultant likelihood created using pN is the MPE likelihood [184]. Both the
SPE and MPE reconstruction methods are evaluated by obtaining the parame-
ter values that yield the maximum value for the respective likelihood expressions.
Computationally, it is executed by minimizing & lnL. In order to obtain im-
proved reconstructions, the result from SPE is used as a seed into MPE, which
subsequently provides a seed to the final reconstruction algorithm in the sequence:
SplineMPE.

Figure 4.1: Schematic for the variables used to calculate the geometrically expected
arrival time of the photons (tgeo) described in Eq. 4.5. The Cherenokov light front
produced by the propagating muon is shown in dashed lines. Image from reference [184].
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SplineMPE
The PDF p1(t) is evaluated using the Pandel function with assumptions such as
homogeneous ice properties. However, a deeper understanding of the antarctic ice
has revealed a layered structure to the ice, existence of dust in the ice, as well
as anisotropy in photon scattering (see Sec 3.3.1). Hence, in order to better ac-
count for these ice properties in the reconstructions, simulations using the IceCube
framework for muon propagation in improved ice models [155] were performed and
the their light emission was recorded in detail with respect to information such as
muon declination, depth, PMT-track orientation etc. [190]. The results from this
study were used to create look-up tables for the different properties, which were
then fitted with multidimensional spline surfaces to allow a quick numerical evalu-
ation of the probability in the likelihood function. The use of spline interpolation
also reduces the memory footprint resulting in fast processing thereby allowing
an online use of this algorithm. This Monte Carlo based likelihood evaluation
method for reconstruction is called SplineMPE and is the most accurate direction
reconstruction method available for the dataset used in the analysis presented in
this thesis. A comparative study of the four directional reconstruction algorithms
is presented in Figure 4.2.

Figure 4.2: Comparison of the Median angular error (in degrees) as obtained by the
different reconstruction algorithms for muons at the final selection level. Left: Angular
resolution as a function of the true muon energy at the detector averaged over all sky.
Right: Angular resolution as a function of the declination of the track, averaged over the
entire energy range. Image from reference [191].

4.2.2 Angular Resolution Estimation
The directions of neutrino events based on the reconstructed muons will be used to
investigate a spatial correlation with GRBs as will be discussed in Chapter 5. As
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we will see, this correlation also depends strongly on the angular errors associated
with the reconstructed directions as this directly influences the likelihood of the
signal event to be associated with a GRB direction. In IceCube, these angular
error estimates depend heavily on event information such as the zenith angle of
track reconstruction, track length of the muon propagation, depth in the detector,
ice etc, hence these errors are evaluated on a per-event basis. There are differ-
ent methods used in IceCube for this and similar to the methods for direction
reconstruction, these vary in complexity, accuracy and computation time and we
discuss them in detail in this section.

Cramér-Rao

The Cramér-Rao inequality [192, 193] can be used to obtain a lower bound on the
uncertainty estimate of the fit parameters: )a : )r0, )̂p(*,-). The inequality states
that the lower bound on the variance of an unbiased estimator is bounded by the
reciprocal of the Fisher information. It can be expressed as follows:

Cov()ai,)ak) '
1

I()a)ik
(4.10)

Here I represents the Fisher information matrix:

I()a)ik = &
1

.2

.ai.ak
lnL(tres|)a)

2
(4.11)

The lower bounds for the variances for the zenith angle $2
& and the azimuth $2

'
can be obtained using the diagonal terms in the covariance matrix. These lower
bounds can then be used to calculate the circularized error $ defined as [194]:

$ =

3
$2
& + $2

'sin2*

2
(4.12)

The analytical expressions for the * and - diagonal components of the covari-
ance matrix were computed using the SPE and MPE fisher information matrices,
and can be accessed at Ref. [195]. The lack of numerical minimization and avail-
ability of closed-form expressions allows a stable and fast evaluation of the errors
using this method, with computing times of the order of ~1 µs per event. This
technique is applied to all events in the online filter.

Paraboloid

An alternative approach is to use a likelihood fit where the angular error can
be interpreted from the shape of the likelihood landscape. The measurement
errors for tres in the SplineMPE reconstruction approximately follow a Gaussian
distribution [184], hence the likelihood function in the (*,-)-plane can be assumed
to converge to a 2-D Gaussian shape [194], called a paraboloid, centered around
the global minimum: (*̂, -̂) denoting the best-fit angular reconstruction. Assuming
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Figure 4.3: Illustration for paraboloid method of angular error estimation. Left:
Paraboloid construction around the minimum for the likelihood fit. Image from ref-
erence [199]. Right: Error ellipse constructed from the paraboloid sliced at the region
shaded in red. The semi-major axis &1 and the semi-minor axis &2 serve as the recon-
struction uncertainty estimates. Image from reference [197].

that Wilks’ theorem [196] is valid, the standard deviations ($&,$') can be obtained
by evaluating the points where the likelihood changes by a factor e

1
2 [197]:

& lnL(*̂ ± $&, -̂± $') = & lnL(*̂, -̂) + 1

2
(4.13)

Figure 4.3 (Left) illustrates this, with & lnL(*̂, -̂) representing the minimum
of the paraboloid & lnLbest and & lnL(*̂±$&, -̂±$') represented by & lnLEllipse.
The resulting error ellipse can be obtained from this paraboloid by slicing it at
region described by Eq. 4.13 marked as red shaded region in Figure 4.3 (Left) and
can be used to define an angular error [194]:

$ =

+
$2
1 + $2

2

2
(4.14)

Here $1 and $2 are the major and minor axis of the error ellipse as shown in
Figure 4.3(Right). Although this numerical minimization makes this angular error
estimation computationally expensive and therefore slower, studies have shown
that this approach is more accurate than the Cramér-Rao error estimate [198].

Pull correction
The angular error estimates obtained using the paraboloid method depends on the
results from the likelihood based directional reconstructions, which are seeded with
the results from Linefit. Since this depends on the precision of knowledge about
detector effects, there are unmodelled uncertainties which can affect the results.
Also, due to the energy dependent kinematic angle between the muon and the
parent neutrino, the uncertainties tend to be underestimated. Hence to account
for this, an energy dependent scaling factor called pull correction is calculated
based on Monte Carlo events with true directions. The pull correction is then
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applied to the estimates such that 39.34% (1-$ region for two-dimensional spaces)
of an ensemble of events have final angular error estimate equal to or less than the
size of the 1-$ region. Studies of the cosmic-ray moon shadow using IceCube [200]
have limited the systematic effects on IceCube pointing to less than 0.2%. Hence
an angular floor of 0.2% is applied after applying the pull correction, which is the
minimum angular error that can be associated with any event reconstruction in
IceCube (at the time of writing). Any potential source of neutrinos in the sky
with an angular size less than 0.2%is effectively a point-like source for any IceCube
analysis.

4.2.3 Energy reconstruction
The energy of the muon neutrino also plays a key role in determining association
with a GRB. It allows an easier separation of astrophysical neutrinos from the
background atmospheric neutrinos because of the expected harder energy spectrum
for astrophysical events. It is desired to have a direct estimate for the energy of
the parent neutrino creating the muon, but the muon carries only a fraction of the
neutrino energy as well as undergoes energy losses as it propagates through the
ice (see Section 3.1). The energy losses are particularly difficult to estimate for
muons produced from interactions outside the detector. Similar to the direction
reconstruction methods, the energy of the through going muon can be estimated
from the photon-induced pulses recorded by the PMTs in the detector. This energy
information provides a lower bound for the energy of the parent neutrino, and is
used in the likelihood construction as discussed in Chapter 5.

MuE

The number of Cherenkov photons emitted depends on the track length of the
muon which depends on its energy [201]. In my analysis we focus on muons with
energies above ~1 TeV. At these energies the light production is dominated by the
stochastic energy losses [202]. These stochastic losses are due to bremsstrahlung,
photo-nuclear interactions and pair-production processes which lead to hadronic
and electromagnetic showers in the ice. The typical length of the particle showers
is smaller than the shortest distance between the DOMs in IceCube, and hence-
forth their precise structure cannot be resolved. Nonetheless, these losses are
approximated to have a linear relationship with the energy of the muon and can
be used to scale the expected number of photon hits based on simulated events at
a reference energy to that of the observed photon hits. These expected light yields
from simulated events are called templates and take into account the absorption of
light in ice, depth dependent scattering and expected detector response [203]. This
information can be used to determine the energy deposited in a shower E by com-
paring the observed photon hits in a DOM k to the expectation from a template
$. For computational efficiency in the case of muon tracks, these templates are
approximated using analytical parameterisation. The number of observed photon
hits is expected to follow a Poisson distribution and the likelihood for a muon with
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energy E leading to k observed photons from an event generating $ photons per
unit energy can be described as:

L =
+k

k!
e!% (4.15)

Here + = E.$ + (, where ( accounts for background effects such as detector
noise [203]. This likelihood is iterated over for contributions from each DOM and
maximized to obtain the best-fit value for the only free parameter: E (energy of
the muon). This method of energy estimation is called MuE.

MuEx

The energy estimates using MuE rely on accurate computation of the template
$ from the Monte-Carlo simulations. The inhomogeneous optical ice properties
together with the complex wavelength dependence of light propagation makes it
very difficult to determine a precise analytic form for $ [203]. The stochastic
energy losses can thus lead to an under-prediction of the number of hits at the
DOMs by the template function, which can result in a large over-fluctuation in
observed photons hits. The likelihood, however, can be modified to incorporate
a kernel function which accounts for these over-fluctuations thereby reducing the
uncertainty of the estimator, and the resultant method to reconstruct energy using
this is called MuEX. Comparative studies have shown that the MuEX method gives
an improvement of 30% for energy resolution compared to the MuE method [204].

4.3 Event selection
The reconstruction algorithms mentioned in previous sections allow us to recon-
struct the muon track based on the light detected by the DOMs in IceCube.
However, as discussed in Chapter 3, the vast majority of the events that are ob-
served by IceCube are not produced by astrophysical neutrinos but instead due
to atmospheric muons and atmospheric neutrinos. For events from the Southern
sky (&85% < & < &5%), the data are dominated by atmospheric muons with a
typical trigger rate of ~106 muon events for every neutrino-induced event. For
events from the Northern Sky (&5% < & < 85%), all the atmospheric muons get
absorbed during their propagation through the Earth so only neutrinos can reach
and interact in the detector. The atmospheric neutrinos however outnumber the
astrophysical neutrinos by the order of ~1000, and form the dominant background
for events from Northern sky. In order to allow an easy identification of astro-
physical neutrino induced events over the background in our data, our analysis
will benefit from a high purity neutrino dataset which is made possible with a
series of event selection techniques. The dataset obtained after passing the filters
used at each stage is assigned a level. For the analysis presented in this thesis, we
make use of level 3 data, and the event selections that are used to obtain it are
discussed in this section.
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Muon filter (Level 1)

The raw data collected by IceCube which comprises all events that pass the SMT-
8 trigger (see chapter 3) can be referred to as the level 0 data. The dataset at
this stage is mostly composed of atmospheric muons and at the trigger rate of the
order of ~2.5 kHz the data volume is too large to be transported via satellites.
Hence a selection called Muon Filter is applied to this dataset directly at the pole
to reduce the event rate [205]. This selection is applied to events coming from
any direction (referred to as ‘from full sky’) and aims to select well-reconstructed
track-events due to muons passing through the detector. The algorithm for Muon
Filter is based on the variables calculated from the SPE fit described earlier and
divides the sky into two regions with different selection techniques applied. For
the first region defined by zenith angle * ' 78.5%, the principal background events
are down-going muons2 which are mis-reconstructed as up-going muons3 and are
filtered using parameters that characterize the reconstruction quality of the event
to retain only well-reconstructed events [205]. For the second region defined by
zenith angle * < 78.5%, the signal as well as background are high energy muon
tracks. However, since the background atmospheric muons have a softer energy
spectrum (dN/dE ! E!3.7) compared to the energy spectrum of the astrophysical
neutrino induced muons (typically assumed to have dN/dE ! E!2), there is a
greater proportion of events at the higher energies that is astrophysical neutrino-
induced. Hence a selection on energy is used to keep only high energy events. The
energy distribution of the data after this level is therefore different based on the
region of the sky. Using these selections, the Muon Filter provides us with level 1
data with an event rate of the order of ~45 Hz [205].

Online L2 filter (Level 2)

The sample of neutrino-candidate events obtained after level 1 filtering is still
dominated by atmospheric muons, which is not sufficient especially for real-time
online analysis. More complex methods therefore need to be applied which help
separate the signal from the background, without compromising on the processing
speed of the filter. The Online L2 filter was introduced to provide a purer neutrino-
candidate sample than the fast level 1 filter which processes data in real-time at the
South Pole. It uses a series of additional SPE reconstructions and event-selection
cuts based on the variables derived from MPE fits, as discussed in the previous
section, instead of SPE fits as an input [205, 206]. This provides the filtering step
with events with more refined directional reconstructions, thereby improving the
fit quality. This improves the identification of previously mis-reconstructed down-
going events which can be removed to suppress the background for the up-going
part of the sky.

In addition to using improved directional reconstructions, this method also uses
2Down-going muons are muons with true direction from the southern sky, therefore traversing

in a direction downwards compared to the orientation of the detector.
3Up-going muons are muons with true direction from the northern sky, therefore traversing

in a direction upwards compared to the orientation of the detector
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additional parameters called number of direct hits Ndir and direct length Ldir. Ndir
is defined as the number of hits which have residual time tres4 # [&15 ns, 75 ns] and
only considers the first registered photon in each DOM. An orthogonal projection
of the direct hits on the muon track can be used to calculate the distance Ldir.
Figure 4.4 shows the calculation of Ldir based on DOMs included in Ndir. A high
Ndir represents more photons undergoing less scattering in ice, and therefore more
availability of information for directional reconstruction. A short Ldir suggests
that the muon passed through a short region in the detector such as a corner-
clipping muon and hence can lead to unreliable reconstruction. The direct hits
and direct length variables are combined to define the direct ellipse pre-selection
cut, which requires for events reconstructed as up-going (zenith angle *SPE > 82%)
to fulfill the criteria:

'
Ldir[m2]

160

(2

+

'
Ndir
9

(2

' 1 (4.16)

This allows to greatly reduce the background of mis-reconstructed atmospheric
muon events as they typically have small number of direct hits and short direct
lengths resulting in rejection by this selection cut. The direct ellipse allows to
retain events relevant to point source searches, with a rejection rate ~93% for
atmospheric muons, and a passing rate of ~74% for atmospheric neutrinos and
~76% for astrophysical neutrinos [205].

Figure 4.4: Calculation of ‘direct length’ Ldir from orthogonal projection of ‘direct hits’
on the muon track (red dots). The image is obtained from [199].

The event rate for the data sample passing the Online L2 filter is reduced
to ~5 & 6 Hz (~2 Hz for up-going events) [205, 206]. For signal events assuming
an E!2 spectrum, this filter retains 99% of well-reconstructed events passing the
Muon Filter. A more detailed overview about the specifics of the cuts used in this
filtering level can be accessed at [206].

4see Section 4.2.1 for description of tres.
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GFU filter (Level 3)

The Online L2 filter reduces the data rate to a level where more computation-
ally demanding and analysis specific neutrino selection cuts can be applied. The
Gamma-ray follow up (GFU) filter [191] was developed to provide a high purity
data sample optimised for analyses related to short transients, and the level 3
dataset obtained after applying this selection cut has been used for several analy-
ses in IceCube [207–209], including the work presented in this thesis. In order to
identify signal from background, this filtering technique uses a series of pre-cuts
followed by a Boosted Decision Tree (BDT) classifier.

BDTs are a supervised machine learning technique comprising a set of binary
decisions called nodes which each split the input data based on the value of one
of its features. An event sample with known characteristics is divided into two
datasets: training sample and test sample. The algorithm is developed using the
training sample and its performance is evaluated using the test sample. Events
from the training sample are passed through a series of these nodes and the ter-
minal node (called leaf ) eventually classifies the event as either background-like
or signal-like. Each such tree can thus have many layers of nodes. The purity p of
each leaf is defined as:

p =
ws

ws + wb
(4.17)

Here ws and wb denote the sum of weights for signal and background respec-
tively in the leaf. The output from each node is fed to other nodes which divide
the content of the leaf again based on the selection cut defined at the respective
node. Each such classification thus results in sub-samples of the input data with
purities pL and pR with summed event weights wL and wR for the sub-samples on
the left(L) and right(R) of the cut value respectively. Training is performed for
choices of observable variable and the threshold for the cuts in order to obtain the
best option that maximizes the separation gain !S defined as:

!S = w · S(p)& wL · S(pL)& wR · S(pR), (4.18)

where S represents the Gini separation index:

S(p) = p · (1& p), (4.19)

This process is repeated until a maximal depth of tree is reached. After a tree
is constructed, samples of training events are fed and compared for the accuracy
of classification for given set of weights. The event weights for wrongly-classified
events are slightly adjusted at this stage (increased by a factor of 0.1). At this stage
another tree is constructed and the procedure repeated. This iterative process
allows to combine the weak learners (trees) into a strong classifier and is called
boosting, and the resultant set of trees are called Boosted decision trees (hence the
name). The training at this stage however is prone to over-fitting, in which the
algorithm resolves the finer peculiarities of the training sample instead of obtaining
the broader pattern of underlying structure of the data and therefore performing
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poorly when applied to a different dataset. This is mitigated in the GFU algorithm
by limiting each tree to 5 layers, limiting the number of trees as well as specifying
minimum conditions on number of events in the final leaves. In addition to this,
the variable selection to maximize Eq. 4.18 at each node is also randomized. The
ensemble of trees at the end of this stage is called Random forest [210]. For events
passing through a forest, a BDT score is calculated that reflects if the event is
signal-like or background-like. All the events which result in a BDT score above a
certain score threshold pass the filtering for this algorithm. The BDT scores are
evaluated for both the training samples and test samples and compared to verify
that the training did not over-fit.

The dominant backgrounds for up-going events and down-going events are
different hence separate classes of BDTs with respective threshold BDT scores
were developed to address the differences. Although this filter uses the output from
Online L2 filter, the precise boundary separating the up-going events from down-
going events is defined slightly differently. The GFU filter defines up-going events
as muon tracks with reconstructed zenith * > 82%. For the up-going events, the
background at level 2 data is dominated by mis-reconstructed down-going muons
and atmospheric neutrino-induced muons. Features which provide information
on quality of event reconstructions are relevant in the training of the BDT for
this class and it helps to address the former contribution. Separating neutrino-
induced muons from the signal is highly challenging however and the GFU filter
is less effective in separating them. Figure 4.5 shows the performance of the trees
to classify the event. As can be seen from the figure, the background of mis-
reconstructed down-going atmospheric muons (blue) can be distinguished from
the signal (orange), however atmospheric neutrinos (green) largely remain in the
sample. The BDT for GFU filter for up-going events uses 300 trees and the score
threshold is set at &0.12 [191].

For the down-going event sample, the background is largely dominated by
atmospheric muons. High energy cuts help to suppress this background as the
astrophysical signal starts to dominate at higher energies. Background however
starts to get dominated by muon bundles which are sets of atmospheric muons
from the same shower entering the detector almost in parallel. Even though the
muons in the muon bundle individually have low energies, the detector is not
able to resolve the light deposition due to these events as being due to a muon
bundle, and instead reconstructs the light pattern as a single high energy track.
Veto techniques help in reducing some of this background but is not always useful.
Nevertheless, the light deposition profile is different for a muon bundle compared
to that of a high energy muon track due to a difference in the stochastic energy
losses between these two processes. Additional variables are introduced which
quantize these effects and the BDT is trained on the dataset with these additional
features. Figure 4.6 shows the performance of the trees to classify down-going
events. Compared to the results for up-going events, it can be seen that the GFU
filter is less effective in separating signal from the background. Nevertheless, the
filter is effective at selecting track-like events and suppressing muon bundles in
the final data which gives a cleaner dataset than the previous level. The BDT for
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down-going events makes use of 400 trees and the score threshold is set at &7 [191].
A detailed description of the GFU filter can be found in Ref. [191].

Figure 4.5: BDT scores for up-going events for the GFU filter. The filter is effective in
identifying background of mis-reconstructed muons (blue) from neutrino-induced muons
(green and orange). The lower panel shows the agreement between data and simulations,
which starts to improves after BDT score of ~0. Image from reference [191].

Other automated approaches to classify signal from background are being de-
veloped in IceCube [212] with promising results which will be discussed in detail
in chapter 10.

Final selection and characteristics of the data

The final data sample used for the analysis presented in the thesis was offline GFU
level 3 data taken between 2011-05-13 and 2018-10-14. The IceCube detector
reported an uptime of 96.5% during this period which corresponds to a total
livetime of 2,615.97 days. The data sample has altogether ~1.5 million events.

Figure 4.8 shows the selection efficiency for the GFU filter for up-going and
down-going events as a function of the neutrino energy. As can be seen from the
figure, the selection efficiency for down-going events starts to improve at higher
energies. The performance of the event selection is better assessed by examining
the neutrino effective area of the selection defined as the ratio of the observed
event rate to the true astrophysical neutrino flux at Earth. Neutrino effective
area represents the cross section exhibited by an ideal detector to an astrophysical
neutrino flux and depends on the neutrino flavour, energy and the declination of
the source (since the Earth absorption effects vary with the declination of incom-
ing neutrino). Figure 4.9 presents the neutrino effective area for the GFU filter



Sec. 4.3. Event selection 69

Figure 4.6: Same as Figure 4.5 but for down-going events for the GFU filter. Although a
precise distinction between the atmospheric muons and neutrino-induced muons cannot
be established, the algorithm helps suppress the background a provides a purer data
sample. Image from reference [191].

Figure 4.7: Schematic of data flow for neutrino data selection in IceCube. The events
passed by the HLC hits at DOMs are passed to the IceCube Lab (ICL) for additional
filtering to obtain a data sample appropriate for neutrino analysis and fit for transport
over the satellites. Reference for the figure: [211].

averaged over specific declination bands as a function of the neutrino energy. As
can be inferred from the plot, the effective area is negligible for low energy events
from the southern sky (blue curve, * # [&90%,&30%]) due to the high energy cuts,
and starts to drop for higher energies for events from the northern sky (purple
curve, * # [30%, 90%]) since the Earth absorption for the neutrinos becomes signif-
icant. The region near the horizon (green curve, * # [&5%, 0%]) has the best best
balance of atmospheric muon shielding by ice and minimal attenuation of neutrino
flux due to Earth absorption, and therefore the detector is the most sensitive to
signal events around this region. Figure 4.10 shows the median angular error of
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the neutrino (solid) and the muon (dashed) as a function of true neutrino energy.

Figure 4.8: Efficiency of the GFU filter to keep neutrino signal for up-going events
(blue) and down-going events (orange) based on the true neutrino energy. The dashed
lines show the efficiency from the pre-cuts while the solid lines show the efficiency for the
BDTs. Image from reference [191].

Figure 4.9: Effective area for the GFU filter for different declination bands as a function
of energy. Image from reference [191].



Sec. 4.3. Event selection 71

Figure 4.10: Angular resolution for neutrino (solid lines) and muon (dashed lines) as a
function of energy for different declination bands for the GFU filter. Image from reference
[191].
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Chapter 5
Analysis overview

“In all chaos there is a cosmos, in all disorder a secret order.”

– Carl Jung, Psychiatrist.

The search for neutrinos from precursors and afterglows of gamma-ray bursts is
based on the spatial and temporal correlation between the neutrino events and
the GRB observations and the distinction of such a correlation from a background
distribution. In this chapter, we outline how we evaluate the significance of an
observed signal relative to the background expectation.

5.1 Statistical Tests
We use statistical tests to evaluate the strength of compliance of the observed data
with a hypothesis that predicts it. The main task is to use such tests to distinguish
between the events in the data which are of interest (called signal) from the other
events (called background). For our analysis, we investigate if there exist neutrinos
detected by IceCube which are possibly produced in GRBs. We search for neutrino
coincidences with the direction of each observed GRB within a period of ±14 days
from the first moment of detection of the respective GRB (T0). Such a clustering of
neutrino events correlated with the temporal and spatial information of GRBs will
support the hypothesis that the neutrinos are produced due to the GRBs (Signal
hypothesis, H1). However, since such a correlation might occur simply due to the
chance alignment of background neutrinos with GRBs as well (Null hypothesis,
H0), we would like to compare these two hypotheses H0 and H1. This can be done
quantitatively using a measure of agreement between the data and the hypotheses
called a test statistic (TS).

An elementary approach to perform this analysis would be a simple counting
experiment in which we count the number of events detected in the signal bin
composed of the spatial and temporal window for each GRB. This count can be
then compared to a Poisson distribution mimicking the background expectation to
establish the significance of this counting observation. However, a more powerful
approach than a binned analysis would be to use the method of unbinned likelihood

75
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testing [213]. In this method we evaluate the probability density of each event
under the signal or background hypothesis respectively.

5.2 The method of Unbinned Likelihood testing
In the following we briefly review the principles of unbinned likelihood testing.
For more complete review see Ref. [214]. We use the method of unbinned maxi-
mum likelihood to tackle the inverse problem of inferring the optimal distribution
to explain our observed data. Suppose that we expect the observational data
x1, x2, ..xN to be distributed with the probability distribution function (PDF):
f(x|*), where * represents the set of parameters for the model f predicting the
data. The probability of obtaining the observation x1 in the interval [x1, x1+dx1]
if the hypothesis f(x|*) is true is f(x1|*)dx1. Since the observations are all inde-
pendent of each other, the joint probability P of observing the entire data to be
due to the hypothesis is calculated as:

P =
N0

i=1

f(xi|*)dxi (5.1)

This expression purely depends on the choice of * for the hypothesis as
x1, x2, ..xN are not variables as they are observed quantities and are therefore
fixed. Since dxi also does not depend on the value of parameters *, the joint PDF
for all the data points also acts solely as a function of *. This joint PDF can be
evaluated to test the significance of the observed data to follow the hypothesized
PDF at the value of a certain *c and to some extent, it gives us an idea of how
likely is it that the observations might be explained by the assumed model at *c.
Consequently, the likelihood is defined as the probability of observing the data for
the given values of the model parameters. The likelihood function L(*) is thus
expressed as:

L(*) =
N0

i=1

f(xi|*) (5.2)

For model parameter values which are close to the true values, we will obtain
a high probability and thus a higher value for L(*). Although the true value of
the parameters may remain forever unknown, we can obtain the best estimate of
parameter values *̂ which gives us the maximum value for the likelihood function.
We express the likelihood function as a mixture of the signal PDF (Si) and the
background PDF (Bi) along with their associated weights ns

N and 1 & ns
N respec-

tively. Here, ns represents the subset of events attributed to the signal PDF out
of the total sample of N events. Using this, the final likelihood function is thus
described as:

L(ns, *) =
N0

i=1

[(
ns

N
)Si(*) + (1& ns

N
)Bi] (5.3)
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We make use of this likelihood function to compare different signal hypotheses.
For our analysis, we define the null hypothesis H0 as the case for the events to be
due to the background only (ns = 0) and the signal hypothesis H1 as the case for
some of the events to be due to the GRB. We estimate the significance of the signal
hypothesis by evaluating the ratio of the signal and the background likelihoods. We
can evaluate the logarithm of this ratio instead as it is computationally favourable.
Using this, we evaluate the log likelihood ratio $ as a function of the model
parameters * expressed as::

$(ns, *) = 2$ ln
'

L(ns, *)

L(ns = 0)

(
(5.4)

Substituting the expressions for L(ns = 0) and L(ns, *), we get:

$(ns, *) = 2$ ln L(ns, *)

L(ns = 0)
= 2$ ln

4
N0

i=1

(ns
N )Si(*) + (1& ns

N )Bi

Bi

5
(5.5)

Or simply:

$(ns, *) = 2$
N/

i=1

ln
)'

Si(*)

Bi
& 1

(
ns

N
+ 1

*
(5.6)

The distribution of $ under the null hypothesis can be used to calculate the
p-values that determine the significance of the result, as will be described later. In
the ideal case, according to Wilks’ theorem [196], the logarithm of the likelihood
ratios asymptotically approaches the chi-squared (/2) distribution for the null
hypothesis. However, in our case, we will use scrambled datasets to determine this
distribution experimentally. The values of ns and * change for every $ evaluation
and we calculate this for many parameter values until we get n̂s and *̂ which
maximises $. This maximum value of $ will be our Test Statistic (TS) and
this process of finding the best estimate of parameter values n̂s and *̂ using the
likelihood ratios constitutes the profile likelihood ratio test.

For our analysis, the likelihoods are functions of parameters ns (here ns rep-
resents the excess of events above the background expectation), ! (spectral index
for neutrino flux) and Tw (time window of the signal region) [215, 216]. The sig-
nal PDF which is composed of spatial, temporal and energy PDF terms can be
expressed as:

Si(Tw, !) = Sspace(
&"xi)$ Stime(ti|Tw)$ Senergy(Ei|!) (5.7)

To obtain the expressions for each of these three terms, let us begin by con-
sidering a neutrino point source (GRB for our case) from direction &"xs occurring
at time ts. Now for a certain neutrino event occurring at ti with a reconstructed
direction &"xi and an associated angular uncertainty $i, we can describe the spatial
probability term for the signal PDF for a reconstructed neutrino event as:
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Sspace(
&"xi) =

1

2"$2
i

e
"(|"#xs""#xi|)

2

2!2
i (5.8)

The energy term can be obtained using the expected distribution of recon-
structed event energies given an assumed neutrino energy distribution arriving
from the source, which we will describe with a power-law energy spectrum,
dN/dE ! E!! . A soft spectrum (! "3) implies that there are more particles
with lower energies while a hard spectrum (! !2) implies that particles typically
have higher energies. In our analysis, the best fit ! can be maximum 4 and mini-
mum 1 (i.e. !̂ # [1,4] ). We can express the energy probability term for the signal
PDF for a reconstructed neutrino event as:

Senergy(Ei|!) =
&

E"

P (Ei|E#)P (E# |!)dE# (5.9)

Regarding the temporal term, since we do not know the real time structure
of the signal emission, we need to assume a simple temporal behaviour to model
the parameters. Since a flat box is the simplest that we can consider we choose
a flat box time PDF. For Tw as the size of the flat box PDF and ts as the time
of occurrence of the GRB, the signal region will be [ts & Tw,ts] or [ts,ts + Tw]
depending upon whether the signal region is assumed to be prior to ts or after ts
respectively. Hence the temporal probability term for the signal PDF is expressed
as:

Stime(ti|Tw) =

%
1
Tw

: ti inside signal region;
0 : otherwise.

(5.10)

Hence, for the neutrino events outside the signal region, the signal PDF is 0.
For neutrino events inside the signal region, we get the total signal PDF as:

Signal : Si(Tw, !) =
1

2"$2
i

e
"(|"#xs""#xi|)

2

2!2
i $ 1

Tw
$
&

E"

P (Ei|E#)P (E# |!)dE# (5.11)

In a similar manner as used to describe the signal PDF, the background PDF
can be expressed as:

Background : Bi = Bspace(
&"xi)$Btime(ti)$ E(Ei|atm#) (5.12)

To mathematically evaluate the background PDF, we make use of our under-
standing of the spatial, temporal and energy distributions for background using
the IceCube data. This is done using multiple instances of scrambled neutrino
data (see section 5.4) which can be used as an accurate estimation for the back-
ground data in a point source search. Let us represent the live time of the dataset
by TL. Let % constitute the solid angle of a declination band containing N total
events and centered on the declination of the source. To obtain E(Ei|atm#) which
represents the energy contribution in the background PDF, we can simply use the
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PDF of the reconstructed energies from the scrambled neutrino datasets. We thus
get the background PDF as:

Bi =
1

%TL
E(Ei|atm#) (5.13)

Using these expressions for the signal and the background PDF terms, we
evaluate the following log likelihood ratio for different parameter values of (ns, * :
Tw, !):

$(ns, * : Tw, !) = 2$
N/

i=1

ln
)'

Si(Tw, !)

Bi
& 1

(
ns

N
+ 1

*
(5.14)

The resultant *̂ for which $ is maximum (TS) gives us the best estimates for
the values of ns, ! and Tw based on the given data.

5.3 Analysis approach
The GRB analyses done so far by the IceCube collaboration focused on searching
for neutrino coincidences with the prompt phase of the GRBs [217, 218] and re-
ported no significant correlations. These analyses were performed using a smaller
IceCube dataset (5 years in size). In the absence of evidence supporting such a
coincidence of neutrinos with the prompt phase, we are motivated to extend our
search beyond the prompt phase of emission. Many models predict there can be
neutrino emission after and even before the prompt phase, but predictions do not
uniquely specify the time profile of such emission [219–222]. In addition to this,
information such as the distance to the GRB, the total time integrated energy
fluence etc. for the observed GRBs are often not available and this prevents us
from incorporating energy-dependent and luminosity-dependent models into our
analysis. We therefore use a model independent approach and treat all the GRBs
in our selection as having an equal chance of producing neutrinos irrespective of
their measured distances, luminosities etc.

A straightforward method to search for the temporal coincidence would be to
not assume fixed time boundaries but instead treat the time window (for the signal
region) as a parameter which can be estimated from the data. Since the precursor
and afterglow emissions for GRBs are typically up to the order of a day or so
in the vicinity of the prompt phase, we would like to make sure that our signal
region safely covers this time period. The maximum possible size of the time
window can in principle cover the entire data-taking period of IceCube. However
if we consider an extremely large time window, our search starts to include a lot
of background. We avoid this issue by picking a maximum time window (Tw

max)
allowed for the analysis, which is the the maximum size that the parameter Tw

can be fit for. Since it is not obvious why any particular maximum time should
be picked, I examined how the choice of Tw

max affects the performance of the
analysis. This was done by simulating neutrino signals with a fixed time profile
over a range of declinations and investigating if the analysis is able to find these
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simulated neutrinos over different sizes of Tw
max at the respective declination (see

Figure 5.1). For this test, we simulated neutrino signals with ! = 2 and with a
flat box time profile of size 10,000 s. The analysis was then performed once with
Tw

max = 10,000+1 s and then with Tw
max = 2 weeks. From the plot, we see that

the strengths of the injected signals required for the same final significance of result
for the two cases are comparable which indicates that there is very little harm for
short signal even when we pick a long allowed max search window. We therefore
chose a maximum allowed time window of 2 weeks which is just reasonably long
to cover a wide range of cases.

Figure 5.1: Strength of time integrated flux normalization F required for a 5-& sig-
nificance at different declinations for signals injected as a box profile of size 10,000 s.
Since the strength of the signal required is similar whether we allow the Tw to go to a
maximum of 10,000 s or 14 days, we can conclude that there is little harm in allowing
the maximum time window to extend beyond the expected signal region.

We would like to examine the possibility of neutrino emissions from the precur-
sor phases separately from the possibility of neutrino emissions from the afterglow
phases of GRBs. Regarding that, the only difference in approach is what we con-
sider as the signal region relative to the start of the prompt phase (T0) for a GRB.
This aspect is reflected in how we consider the time windows regarding the two
different types of searches in the analysis:

• For ‘precursor searches’ one end of the time window is fixed to the start of
the prompt phase (T0) and we obtain the best fit parameters (ns, ! and Tw)
in the region up to 14 days prior to the start of the prompt emission (see
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Figure 5.2). The other end of the time window will therefore be obtained as
T0-Tw.

• For ‘prompt+afterglow searches’ one end of the time window is fixed to
the start of the prompt phase (T0) and we obtain the best fit parameters
(ns, ! and Tw) in the region up to 14 days after the start of the prompt
emission (see Figure 5.3). The other end of the time window will therefore
be obtained as T0+Tw.

Figure 5.2: A schematic representing how the precursor search is performed. One end
of the time window is fixed to the start of the prompt emission T0 and the other end of
the time window is determined by using the best fit parameter values for the precursor
search in the temporal region up to 14 days prior to T0.

Figure 5.3: A schematic representing how the prompt+afterglow search is performed.
One end of the time window is fixed to the start of the prompt emission T0 and the
other end of the time window is determined by the best fit parameters values for the
prompt+afterglow search in the region up to 14 days after T0.

For each search, we estimate the best fit parameter values and the TS value,
which are obtained for each GRB in the list. However, such a coincidence of
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neutrino events with a GRB detection might also be simply due to a chance align-
ment of one or more background neutrinos with the GRB. In order to estimate
how likely it is that such a result might be obtained when the null hypothesis H0 is
true, we compare the TS value obtained for the search performed for a GRB (TS&)
with a distribution of TS values obtained when the same search is performed on
background-only datasets (see section 5.4) for the respective GRB. The fraction
of background-only TS values greater than TS& is the p-value which describes the
probability of obtaining a result with TS higher than TS& if H0 is true. A very low
p-value will suggest that the chance alignment of the background neutrinos with
the GRB is unlikely and therefore provides evidence in favor of the signal hypoth-
esis H1. Since this background-only TS distribution asymptotically approaches a
/2 distribution (see Section 5.2), we can use this behaviour to smoothly extrapo-
late the TS distribution and estimate the p-values for rarer cases (cases where TS&

exceeds the background-only TS distribution).
We repeat this process of obtaining TS& and the resultant p-value for all the

GRBs considered for our analysis. This gives us p-values for every GRB for each
type of search and we therefore obtain two lists of p-values, one for each search.
We then perform a population analysis for our two lists of results (individual
p-values) using the method of Binomial testing (see section 7.1.1) to evaluate if
there exist subsets of these results which are more significant. The Binomial test
provides us with a Best Binomial Probability for the respective search (P b

best
&)

which represents the binomial probability of getting the observed distribution of
results as compared to a typical distribution of results for populations of same size.
In order to quantitatively estimate the significance of P b

best
&, we compare P b

best
&

to a list of Best Binomial Probability (P b
best) values obtained by repeating the

entire analysis for the respective search numerous times. The resulting fraction
of P b

best values smaller than P b
best

& gives us the final post-trial p-value, which
represents the statistical significance of obtaining P b

best
&. Figure 5.4 represents a

flowchart outlining the steps of the analysis. The analysis is implemented using
scripts written in python and using an IceCube internal software package called
csky.

5.4 Blind analysis
When we perform an analysis where every aspect of how we choose to do the
analysis can have an impact on the results, we are prone to an error in estimation
of the parameter values called the experimenter’s bias [223]. This can happen
because prior knowledge of how the result looks can have an influence on our
preference of selection cuts (design of the analysis). This leads to a bias in the
estimation of significance of the results as well as the model parameters. In order
to avoid this bias regarding our results, we perform a blind analysis in which we
design the analysis without prior knowledge of the results. Blind analyses are an
integral part of the internal review for IceCube. In a blind analysis in IceCube,
some of the true neutrino event information in the data is kept hidden during the
development of the analysis and the analysis is then reviewed by the collaboration
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Figure 5.4: The structure of the analysis for a precursor search or a prompt+afterglow
search. The p-values are obtained by comparing the TS obtained to a distribution of TS
based on 104 background only datasets for the respective GRB. For rarer cases, we use
a '2 extrapolation of the background-only TS distribution to estimate the p-value.

for comments and changes before it can be approved. Any changes to the analysis
need to be made during this period. Once the collaboration approves an analysis,
the data with true neutrino event information is used to perform the analysis.
Finally the unblinded results are obtained and presented.

To prepare data for blind analysis for point source analyses in IceCube, we use
the process of scrambling in which we essentially randomize (or scramble) some
neutrino event information specifically time and right ascension (RA, which along
with declination describes the astronomical coordinates of a celestial object or
phenomenon in the Equatorial coordinate system). This way of scrambling in RA
keeps each event at its original declination, which is important because the events
coming from the same declination band have similar level of absorption effects
irrespective of their event RAs. For our analysis, we only explicitly perform time
scrambling which means that we exchange the temporal information between all
the neutrino events in our dataset within the respective declination bands. How-
ever, the RA is effectively scrambled as well since RA for each event detected
by IceCube is recomputed based on the temporal information and the azimuth
information (azimuth along with the ‘altitude’ describes the local coordinates in
the detector coordinate system). In this way, we get a dataset called the scram-
bled data which closely mimics the real data as it preserves all the background
distribution properties while also maintaining an isotropic astrophysical neutrino
distribution. Understandably, the technique of scrambling does not work for the
events close to the zenith as it will simply return the same event information for
them.
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5.5 Data for analysis
5.5.1 Neutrino data
The IceCube data used for the analysis was the ‘IceCube GFU muon tracks’ data
taken between 2011-05-13 and 2018-10-14 described in chapter 4. The data sample
had altogether ~1.5 million neutrino candidate events. Figure 5.5 and Figure 5.6
shows the distribution of the reconstructed muon energies for events in the data for
reconstructed directions from the Northern sky and the Southern sky respectively.

5.5.2 GRB data
The data for all the GRBs considered in our analysis was obtained from the GRB-
Web catalog (see Section 2.2.4).

From the catalog, we applied the following selection criteria to get our final
GRB source list:

• GRBs with ttrigger as reported in the GRBWeb catalog within the time
period excluding two weeks from either end of the IceCube GFU data period
: 2011-05-27 - 2018-09-30. This ttrigger will be the T0 as described earlier.
The two weeks were excluded from either end so that all the GRBs in the
list can be analyzed for both precursor and prompt+afterglow searches.

• GRBs with declination in the declination range: [&85%,85%]. We removed
5% from the poles for both hemispheres as the off source background esti-
mation is not possible at the poles. The background is estimated using RA
scrambling from the real data, which is not possible for events detected close
to the poles (see section 5.4).

• GRBs which have estimated positional angular uncertainty less than 0.2%.
This was motivated by the fact that the median angular resolution for track-
like events in IceCube is ~0.5%. Since we use muon track events for the
analysis, this ensures that all the sources in the final GRB source list can be
safely assumed to be point-like. This allows us to use the methodology for
point-like source analysis.

This resulted in a selection of 733 GRBs which will be used to perform the
analysis. These GRBs are collectively henceforth referred to as the source list. A
breakdown of the number of GRBs per selection criterion is described in Table 5.1.
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Figure 5.5: Distribution of reconstructed muon energy values for events in the northern
sky (declination > -5").

Figure 5.6: Distribution of reconstructed muon energy values for events in the southern
sky (declination < -5").
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Selection Number of Objects
Total observed GRBs in GRBWeb 6399

and within the time period : 2011-05-27 - 2018-09-30 2270
and within the declination region: [&85%,+85%] 2260

and within estimated angular uncertainty: < 0.2% 733
and within estimated angular uncertainty: <0.05% 686

Table 5.1: Data selection for the GRBs from GRBWeb. Each subsequent row
includes all the selections made in the previous row. The row in bold represents
the selection used for the analysis presented in this thesis.



Chapter 6
Performance study for a single GRB

“Absence of evidence is not evidence of absence.”

– Anonymous (popularized by Carl Sagan).

Each GRB in the source list will be analysed individually. For every GRB, we
obtain the best-fit parameters: (n̂s, !̂ and T̂w) as described in Section 5.3. How-
ever, before we analyse the 733 GRBs in the list, a series of tests are performed
to examine the performance of the likelihood method on a per-GRB basis. This
is done by first understanding how the background looks in the absence of known
signals using scrambled data sets in Section 6.1. Then we investigate if the anal-
ysis is successful in reporting accurate results in the presence of a signal. This
is done by injecting some signals in the dataset with pre-defined features using
known parameter values and assessing if the analysis is able to find the injected
signals as well as retrieve the respective injected parameters in the Section 6.2. We
then use these tests to estimate the strengths of signal required to get individual
results of high significance in the Section 6.3.

6.1 Background study
The Maximum Likelihood method gives a high test statistic (TS) value when it
fits a signal. However, it can also give a high TS value if the background by chance
looks like signal (e.g. if background neutrinos happen to be close to a GRB). We
need to understand the probability of a background neutrino to be associated with
a GRB in order to know how confident we should be that a fitted signal is real and
not just a random background occurrence. In order to establish the significance of
a fitted signal, we make use of many instances of scrambled data as it represents
the features of background data for our analysis. These scrambled instances may
also contain the chance possibility of background data to be aligned with the
occurrence of a GRB and the fraction of the cases for which this happens will
quantitatively tell us how significant such a result will be in the case of a fitted
signal. For the test results discussed in this chapter, a test GRB is considered
at location: RA = 58.87%, declination = 2.04%and with T0 = 56339.79 Modified

87
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Julian Date (MJD). We then perform the analysis for this GRB for a precursor
search as described in Section 5.3. The analysis is repeated for 10,000 instances of
scrambled datasets (called scrambled trials or simply trials) and the distribution
of the TS value obtained from all the trials is presented in the Figure 6.1.

Figure 6.1: The distribution of TS values obtained when a precursor search is performed
10,000 times for a test GRB using scrambled dataset.

From Figure 6.1 we notice that there is a sizable fraction of trials where we have
a TS value of zero. This happens when the logarithm of the likelihood function
is reporting a zero value as it does not find a signal-like excess of neutrino events
in the 14 day region around the GRB location. From the trials which report
a non-zero TS, we can observe that the distribution of those values resembles a
/2 distribution. The distribution in Figure 6.1 can be used to understand the
probability of obtaining a certain TS value from the analysis. The /2 resemblance
can be used to infer the TS values resulting in p-values of various n-$ significances
by extrapolating to the respective probability values. A high TS value obtained
from the analysis will thus support the hypothesis that the coincidence is unlikely
to arise simply due to the background events by chance. We now explore how the
presence of a signal affects the TS distribution for our analysis.

6.2 Signal injection study
In order to test the performance of the analysis to detect signals, signal injection
studies were performed in which we inject neutrino events with known strengths
and at specific locations and times and evaluate if the analysis can find them.
The simulated neutrinos have the same properties (e.g. angular offset, angular
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uncertainty, energy uncertainty etc.) as the real neutrino events and this is realized
based on simulation studies involving full Monte Carlo simulations of neutrino
events in the detector. The neutrino event simulations used in our analysis are
based on these studies and are implemented using the IceCube internal software
package csky. We perform signal injections in two ways:

• Box injection: In this injection type, the neutrino signals consisting of ninj

number of injected events are injected with a box time profile of duration
!T between T0 and T &. The analysis reports the best-fit parameters for
the case where the likelihood is maximum in the respective 14-day region.
Figure 6.2 shows an illustration for box injection studies for the precursor
search with signal injections and the search in the region before T0. Similarly,
tests for prompt+afterglow searches have signal injections and the search in
the region after T0.

• Pulse injection: In this injection type, the neutrino signals consisting of
ninj number of injected events are injected as a small pulse of 1 s duration
at a time !T away from T0. The analysis returns the best fit parameters for
the case where the likelihood is maximum in the respective 14-day region.
Figure 6.3 shows an illustration for pulse injection studies for the precursor
search with signal injections and the search in the region before T0. Similarly,
tests for prompt+afterglow searches have signal injections and the search in
the region after T0.

Irrespective of the the type of signal injection, the search method always re-
mains the same. The pulse injection studies were performed to test if the analysis
can find clustering of signals with a time profile different than the assumed box
profile for the search. To some extent, the pulse injection studies show the per-
formance of the analysis in the scenario when the signals are present in the worst
way possible: all the signals clustered at the end of the time window.

Tests were performed with increasing number of injected signal events for a
range of time windows with different !T (also referred to as injection windows).
Each test was repeated 10,000 times to obtain a distribution of TS values obtained
from the results for each of these trials. Figure 6.4 shows the distribution of the
TS values when a pulse signal injection study with !T = 10,000 s was performed
for a precursor search. We can see from the figure that the mean of the TS
values obtained for the trials starts to get higher as the injected signal strength is
increased.

We can use the distribution of TS values for different signal strengths to es-
timate the strength of signal required to get results of a certain significance. We
define the n-$ discovery potential as the strength of signal that would lead to 50%
of the search trials reporting a n-$ significant result. Regarding the TS distribu-
tion for these trials, it means that 50% of the TS values are greater than or equal
to the TS corresponding to a n-$ significance as evaluated from the background-
only trials. Using this, we evaluated the strength of signal required to result in a
5-$ discovery for the two types of signal injections for a range of different injection
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Figure 6.2: For precursor box studies, events are injected with a uniform random
distribution between T # and T0 of size "T = (T0 - T #) prior to T0. The search will fit for
a time window Tw starting from T0 up to 14 days prior and report the value for which
the Likelihood is maximum.

Figure 6.3: For precursor pulse studies, signals are injected as a pulse of 1 s duration
"T = (T0 - T’) prior to T0. The search method remains the same as it was for the box
signal injection above. It will fit for a time window Tw starting from T0 up to 14 days
prior and report the value for which the Likelihood is maximum.



Sec. 6.2. Signal injection study 91

Figure 6.4: The distribution of TS values obtained when a precursor search was per-
formed on a test GRB using 10,000 instances of scrambled datasets.

Figure 6.5: The 5-& discovery potential for signals injected with the box (red) and the
pulse (blue) profile respectively.
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windows. Figure 6.5 summarizes the 5-$ discovery potential for signals injected
with a pulse profile for prompt+afterglow searches. We can see that the study
results look almost identical for the two injection types. This demonstrates that
our analysis is sensitive even for the cases when the signal time profile is different
than the search time profile.

A high TS value for the result shows that the analysis is able to find the
injected signal, but we need to check if we are able to accurately estimate the
signal parameters as well. Thus, we study the distribution of the fitted parameters
and compare them to the injected parameters to evaluate the performance of the
analysis. We perform this test for different values of !T and in each of them we
notice that the accuracy of parameter estimation gets better in the presence of
stronger signals. The histograms in Figs. 6.6, 6.7, 6.8 and Figs. 6.9, 6.10 and 6.11
show the performance of the analysis to estimate the injected parameters for box
and pulse injections respectively.

6.3 Flux calculations
In order to compare our results with the models of astrophysical neutrino emission,
it is more useful to express the results in terms of fluence which is calculated by
integrating the neutrino flux density over time. From Figure 6.12, we can see
the fluence limits for the different n-$ discovery potential calculations for different
values of !T . This particular calculation was done for a source at declination
+5%. We extend this study to obtain the 3-$ and 5-$ discovery potential for the
entire sky (’all-sky’) with declinations ranging from -85% to +85% as presented in
Figure 6.13 and Figure 6.14 respectively. In a similar manner, we can obtain the
flux sensitivity, which is defined as the strength of neutrino signal required which
will lead to 90% of trials reporting a TS greater than or equal to the median TS
that occurs for background-only studies. The all-sky sensitivity is presented in
Figure 6.15. The shape of these curves can be explained by the declination effects
for the detector sensitivity as discussed in Chapter 5.
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Figure 6.6: Distribution of best-fit values for the spectral index parameter ", as a
function of number of injected signal events. In all cases, the signal neutrino events were
injected with a spectral index of " = 2. The precursor search was performed with signal
injected with a box profile with "T = 100 s (left) and with "T = 10,000 s (right)
respectively.

Figure 6.7: Distribution of best-fit values for the size of the time window Tw, as a
function of number of injected signal events. The precursor search was performed with
signal neutrino events injected with a box profile with "T = 100 s (left) and with "T
= 10,000 s (right) respectively.
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Figure 6.8: Distribution of best-fit values for the number of neutrino signals ns, as a
function of number of injected signal events. The precursor search was performed with
signal neutrino events injected with a box profile with "T = 100 s (left) and with "T
= 10,000 s (right) respectively.

Figure 6.9: Distribution of best-fit values for the spectral index parameter ", as a
function of number of injected signal events. In all cases, the signal neutrino events were
injected with a spectral index of " = 2. The precursor search was performed with signal
injected with a pulse profile with "T = 100 s (left) and with "T = 10,000 s (right)
respectively.
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Figure 6.10: Distribution of best-fit values for the size of the time window Tw, as a
function of number of injected signal events. The precursor search was performed with
signal neutrino events injected with a pulse profile with "T = 100 s (left) and with
"T = 10,000 s (right) respectively.

Figure 6.11: Distribution of best-fit values for the number of neutrino signals ns, as a
function of number of injected signal events. The precursor search was performed with
signal neutrino events injected with a pulse profile with "T = 100 s (left) and with
"T = 10,000 s (right) respectively.
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Figure 6.12: The time-integrated flux normalisation F required for different n-& dis-
covery potentials for a hard spectrum, " = 2, as a function of the signal duration "T .

Figure 6.13: The time-integrated flux normalisation F corresponding to different 3-&
discovery potential as a function of declination, for signals injected within different time
windows and with " = 2.
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Figure 6.14: The time-integrated flux normalisation F corresponding to different 5-&
discovery potential as a function of declination, for signals injected within different time
windows and with " = 2.

Figure 6.15: The time-integrated flux normalisation F corresponding to the sensitivity
flux as a function of declination, for signals injected within different time windows and
with " = 2.
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Chapter 7
Statistical analysis of results

“There are three kinds of lies: lies, damned lies, and statistics.”

– Mark Twain

7.1 Population analysis
The analysis outlined in Chapter 5 will be performed individually for every GRB
in the source list. This will essentially provide us with individual p-values and the
fitted parameters for each GRB in the source list. This will be done separately for
precursor search and the prompt+afterglow search and we therefore will have two
separate lists of results. Since we are investigating correlations between neutrino
emissions and GRBs for a list of GRBs, the individual p-values obtained as results
by themselves might not be sufficient to assess the true significance of the result
for the complete analysis. We therefore also need to evaluate the statistical signifi-
cance of obtaining a list of result such as ours. In order to estimate the significance
of our population of 733 p-values for each search, we perform a population analysis
using the method of Binomial testing.

7.1.1 Binomial test
We use the method of Binomial testing to evaluate the statistical significance of
our list of p-values. The Binomial test essentially tells us if there is a smaller
population of p-values in our list which is better than what can be expected from
a uniform random distribution of p-values for similar population sizes. For a list
of a total of N number of p-values ordered from the lowest (k = 1) to the highest
(k = N), the a priori probability P b(k, pk) of getting k or more p-values at or
lower than the value of pk is given by the equation:

P b(k, pk) =
N/

m=k

N !

(N &m)!m!
pk

m(1& pk)
N!m (7.1)
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Here P b(k, pk) is referred to as the Binomial probability for the p-value pk at
k. For our analysis, we have N = 733 (total number of GRBs in the list) and we
obtain a p-value for each GRB with the method described in Section 5.3. We then
order the p-values from lowest to the highest. Starting with the lowest (k = 1) local
p-value for the result, we compute the Binomial probability P b(1, p1) of getting a
p-value equal to or lower than the p-value p1. We then proceed to the second lowest
(k = 2) local p-value and compute the Binomial probability P b(2, p2) of getting
two p-values equal or lower than p2. We repeat this procedure over the entire list
and obtain kbest for which the respective Binomial p-value P b

best is the lowest for
the entire scan. Hence the p-values corresponding to the top kbest cases are more
significant than what can be expected for a uniform distribution of p-values for
populations of same size. This entire procedure is done for the two different set of
results obtained respectively for the precursor search and the prompt+afterglow
search, and we thus obtain separate P b

best and kbest values corresponding to the
respective search.

In the Figure 7.1, we show an example to demonstrate how the binomial test
will be used for the analysis. Suppose we have a distribution of p-values which
are represented by the black points in the figure. After sorting them in a ranked
order from the lowest to the highest, we evaluate the binomial probability (shown
in blue) at each k. After repeating this procedure for all the p-values in the list,
we note the lowest binomial probability. For our example, we obtain the lowest
binomial p-value P b

best = 0.021 (P &) and it was obtained at k = 7. This represents
that the top 7 p-values in this list of p-values are statistically more interesting.
We compare P & to a distribution of P b

best values obtained by repeating the entire
analysis multiple times to estimate the significance of the obtained best binomial
p-value P &.

7.1.2 Correlation studies
The Binomial test assumes that the individual p-values are all independent of each
other. Since the p-values for our analysis depends on the neutrino events in the
vicinity of each GRB, this assumption is valid for our analysis as long as the same
neutrino event does not contribute to more than one GRB result. If two or more
GRB results rely on the contribution of the same neutrino, their p-values are at
least partially correlated with each other. Therefore we will need to account for
such correlation of signals in order to properly estimate the final significance of our
analysis results. The contribution of a neutrino event is estimated based on the
likelihood calculation and since this depends on the spatial and temporal proxim-
ity of the event to the GRB, we can get an overview of the possible correlations
between the p-values by understanding the spatial and temporal proximities be-
tween the GRBs in the source list. If the GRBs in our source list are sufficiently
separated in space and time, it will be less likely for the same neutrino event to be
associated with more than one GRB. In Figure7.2 we show the angular separation
as well as the temporal separation between every pair of GRBs for all the GRBs in
the source list. We can see that there are very few cases where a pair of GRBs has
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Figure 7.1: Binomial probabilities (blue) evaluated at each k for a list of individual
p-values (black). Here the grey line shows the distribution of p-values that we would
typically expect for distributions of size N = 733 (uniform distribution of 733 p-values
between 0 and 1). The binomial probability is lowest at k = 7 and is highlighted in red.

temporal separation of less than 28 days in addition to having a spatial separation
of less than 5%. This indicates that the number of GRBs which can potentially be
correlated is not high.

A small study was also performed to test the frequency of potential correlations
between the top kbest GRBs as reported from the Binomial test. We performed the
analysis on 100 scrambled trials and made note of the GRBs in the top-k results for
each trial. A visual representation for the temporal and spatial proximities between
the GRBs in the top kbest results for all trials is collectively presented in Figure 7.3.
We see that no scrambled trial had two GRBs in top-k that were less than 5%and
less than 28 days apart. This suggests that the chance that correlations occur
between the top-k selected GRBs is of the order of 1% (or less). This is however
an elementary check and this does not guarantee that there can be no correlations
between any GRB pairs, although the occurrence rate is low. For the final results,
we will investigate if there are any correlations between the top-kbest results on a
per-event basis. The neutrino events contributing to the best fit for each GRB can
be uniquely identified and we can check if any of them happen to contribute to the
best fit of more than one GRB. However, the significance of the final result (the
final post-trial p-value) will not be biased due to the presence of correlations, as
this effect is accounted for in estimating the final post-trial p-values as explained
in the next section.
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Figure 7.2: Temporal and spatial proximity between a pair of GRBs for all the GRBs
in the source list. Each blue point represents the proximity between a certain pair of
GRBs from the source list with the angular separation between the two GRBs on the
y-axis and the temporal separation between the T0 (the time of first reported photon
for a GRB observation) for the same pair of GRBs on the x-axis. The horizontal and
vertical coloured lines are for reference. As both searches are limited to a maximum of 14
days, the maximum separation between a precursor search for one GRB and an afterglow
search for another GRB is 28 days. Thus in this analysis the results cannot be correlated
for a pair of GRBs separated by more than this time. For angular separation, the typical
angular uncertainty for neutrino events is 1" although there is no definite angular cutoff
at which a neutrino can no longer contribute at all to the result for a GRB.

7.2 Post trial significance calculation
We estimate the final significance of the analysis by comparing the best binomial p-
value (P b

best) obtained from the Binomial test to a distribution of best binomial p-
values obtained by repeating the complete analysis on many instances of scrambled
datasets. The fraction of scrambled datasets that have a smaller P b

best than the
one found for the real data tells us the probability of obtaining such a result by
chance. This fraction will be the final post-trial p-value for our analysis. The final
post-trial p-value calculation includes the effects of correlations, as such effects
will also be present in the scrambled datasets.

We can estimate the best binomial p-value required to get a final p-value with
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Figure 7.3: Spatial and temporal proximity calculations between the top-k GRBs col-
lectively plotted for results from 100 scrambled trials. This is similar to Figure 7.2, but
here we show the proximities only for pairs of GRBs that were selected in the top-k of a
simulated analysis using the binomial test. All such pairs in 100 simulated analyses are
shown.

a 5-$ significance using the cumulative distribution of the best binomial p-values.
This is done by evaluating the best binomial p-value at the fraction of cases from
the distribution corresponding to a 5-$ probability value. Ideally we would want
to get this distribution from scrambled trials. However due to time constraints
required to obtain 108 scrambled datasets and repeating the complete analysis on
each to obtain the list of p-values each time, we directly simulated 108 lists of
733 p-values (randomly drawn from a uniform distribution) and performed the
Binomial tests on these lists. The distribution of the best binomial p-values from
this was used to obtain the value of the best binomial p-value required for a post-
trial 5-$ discovery (see Figure 7.4).

7.2.1 Population studies
Different combination of individual results can lead to the same P b

best value and
therefore the same final post-trial p-value. Here in particular we explore how there
can be different combinations of individual p-values resulting in a final p-value of
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Figure 7.4: The cumulative distribution of the best binomial p-values obtained for 108

lists of simulated p-values mimicking typical expected results from scrambled datasets.
The fraction of scrambled data sets that have a smaller P b

best than the one found for the
real data tells us the final post-trial p-value corresponding to P b

best. We can inversely
investigate the P b

best required to get a final post-trial p-value of 5-& significance by
noting the P b

best value at the fraction corresponding to a 5-& probability value for one
sided Gaussian distribution (shown in grey). The corresponding P b

best value is shown in
red.

5-$ significance. We investigate this by simulating lists of p-values containing some
n-$ individual p-values and performing the Binomial test on these lists. To add
m such values corresponding to n-$ significance, we randomly choose m number
of individual results and replace their p-values with the p-value corresponding to
a n-$ significance. These “injected” signal-like results are in addition to any of
the uniformly distributed random p-values smaller than the given p-value that
might also be in the list by chance. The number of the respective n-$ individual
p-values was increased and the fraction of trials which reported in a final p-value of
5-$ significance was evaluated each time. This process was repeated for different
strength of significances (n = 2,3,4) and the resulting behaviour is illustrated in
Figure 7.5. It shows that for results having twenty-eight or more 2-$ individual p-
values (out of total 733), we will obtain a final post-trial p-value with significance
greater than 5-$ in 50% of the trials. The same final post-trial result can also
be obtained in 50% of trials when each trial has at least eleven 3-$ individual
p-values or in 50% of trials each with at least five 4-$ individual p-values. This
gives us an idea of how significant the individual result might need to be in order
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to obtain a final result with a high significance as well as regarding the various
possible combinations of individual p-values giving the same final result.

Figure 7.5: Post-trial discovery potential calculation for the precursor or the
prompt+afterglow searches. This calculation was based on 10,000 scrambled trials and
shows the relationship between the individual p-values for the GRBs and the final post-
trial p-value for the respective search.

We perform a similar study to test how sensitive our analysis is to detect signals.
For a given outcome, the 90% Confidence Level (CL) upper limit on the signal
strength is the one which, in 90% of cases, would give a lower background p-value
than the observed outcome. The sensitivity is defined as the median upper limit
in the case that there is no signal, or equivalently, the upper limit obtained for the
median background outcome (i.e. a background p-value of 0.5). Figure 7.6 shows
the results for our sensitivity calculation and illustrates how the limit is calculated
for such an outcome for three different types of signal strengths: 4-$, 3-$, and
2-$ bursts. From the figure, we can see the different number of n-$ sources that
will result in 90% of our trials to report the final post-trial p-value to be better
than the median result. Regarding our sensitivity study, instead of injecting a
fixed number m of signal-like p-values like we did for the 5-$ significance study
previously, we inject a random number m according to a Poisson distribution with
specified mean µ for the different n-$ sources.
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Figure 7.6: Post-trial sensitivity calculation for the precursor or the prompt+afterglow
searches. This calculation was based on 10,000 scrambled trials and shows the typical
upper limit we expect could be placed on each scenario.



Chapter 8
Results

“Die Natur hat es sich nicht angelegen sein lassen, uns die Auffindung ihrer
Gesetze bequem zu machen.”

[Nature did not deem it her business to make the discovery of her laws easy for
us.]

– Albert Einstein.

For the two searches, each GRB in the source list is analyzed and for each GRB
we obtain the TS and the best-fit parameters. The TS value obtained for each
GRB is compared with the TS distribution obtained by repeating the analysis on
10,000 background-only trials for the respective GRB to obtain the p-value for
that GRBs. If a GRB reports TS = 0, the p-value for that GRB is set to 1. In this
manner we obtain one list of 733 p-values for the precursor search and another
list of 733 p-values for the prompt+afterglow search. The Binomial test is then
performed for these two lists and the kbest and the P b

best values are obtained
respectively. The P b

best values are then compared with the distribution of best
binomial p-values of background data to estimate the final post-trial p-values for
each search.

8.1 Precursor search results
The list of individual p-values obtained in the precursor search are shown in Fig-
ure 8.1.

The binomial test is then performed on this list of p-values (see Figure 8.2).
The Binomial test results show that the best binomial probability value obtained
for the list is P b

best = 0.12 and it is obtained at k = 66 (kbest). The local p-value
at kbest is plocal = 0.078. Hence for the precursor search, the top 66 p-values in our
list of 733 p-values correspond to the GRBs which are the most interesting. The
details of the top 20 GRBs (when arranged in ascending order of p-values) and the
individual best-fit results for the respective GRBs are summarized in Table 8.1.

In order to obtain the post-trial p-value for the analysis, P b
best is compared to

the background distribution of best binomial p-values as obtained in Figure 8.3.

107
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Figure 8.1: The p-values obtained from the precursor search for all the GRBs in the
list arranged in ascending order. The grey line shows the expectation for a uniform
distribution of p-values for distributions of this size (N = 733).

Figure 8.2: Binomial probabilities (blue) evaluated at each k for the list of individual
p-values of the GRBs (black). The grey line shows the expectation for a uniform distri-
bution of p-values for distributions of this size (N = 733). The Binomial probability is
lowest at k = 66 and is indicated with the red line.
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The final post-trial p-value for the precursor search is Pfinal = 0.495 (see Fig-
ure 8.3).

8.2 Prompt+Afterglow search results
The list of individual p-values obtained in the prompt+afterglow search are shown
in Figure 8.4.

The binomial test is then performed on this list of p-values (see Figure 8.5).
The Binomial test results show that the best binomial probability value obtained
for the list is P b

best = 0.11 and it is obtained at k = 50 (kbest). The local p-
value at kbest is plocal = 0.0571. Hence for the prompt+afterglow search, the
top 50 p-values in our list of 733 p-values correspond to the GRBs which are the
most interesting. The details of the top 20 GRBs (when arranged in ascending
order of p-values) and the individual best-fit results for the respective GRBs are
summarized in Table 8.2.

In order to obtain the post-trial p-value for the analysis, P b
best is compared to

the background distribution of best binomial p-values as obtained in Figure 8.3.
The final post-trial p-value for the prompt+afterglow search is Pfinal = 0.486 (see
Figure 8.6).
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Figure 8.3: The final post-trial p-value for the precursor search is obtained by comparing
the best binomial p-value from the precursor search to a distribution of best binomial
p-values obtained by repeating the search on multiple instances of scrambled datasets.

Figure 8.4: The p-values obtained from the prompt+afterglow search for all the
GRBs in the list arranged in ascending order. This is similar to Figure 8.1 but for
prompt+afterglow search result.
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Figure 8.5: Binomial probabilities (blue) evaluated at each k for the list of individual
p-values of the GRBs (black). This is similar to Figure 8.2 but for prompt+afterglow
search result instead. The Binomial probability is lowest at k = 50 and is indicated with
the red line.

Figure 8.6: The final post-trial p-value for the prompt+afterglow search is obtained
by comparing the best binomial p-value from the prompt+afterglow search to a distri-
bution of best binomial p-values obtained by repeating the search on multiple instances
of scrambled datasets.
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Chapter 9
Constraining GRB contribution to the
diffuse neutrino flux

“An approximate answer to the right problem is worth a good deal more than an
exact answer to an approximate problem.”

– John Tukey, Mathematician and Statistician

The p-values presented in chapter 8 show us the significance of results for every
individual GRB that was considered in the analysis. In the Binomial test results,
we see the statistical significance of obtaining such an ensemble of p-values. The
final post-trial results can be used to set a limit on the contribution of the analysed
GRBs to the observed diffuse neutrino flux, which is the total high energy (>
10 TeV) astrophysical neutrino flux observed by IceCube [224]. However, the
sample of GRBs analysed are a small subset of the total cosmic GRB population,
so the limits obtained in this manner would apply only to the GRBs considered for
this analysis. In order to comprehensively investigate the connections between high
energy neutrinos and GRBs, we are interested in constraining the contribution of
the cosmic GRB population to the observed diffuse neutrino flux. This is addressed
in this chapter by first discussing the factors that are responsible for the down-
selection of GRBs from a cosmic population to a selection of GRBs in my analysis,
and then using this understanding to simulate cosmic populations of GRBs and
set limits to their neutrino contribution, based on the unblinding results.

9.1 Selecting a GRB population model
One of the central challenges in extrapolating results from the GRBs in our selec-
tion to a cosmic GRB population is a comprehensive accounting of all the factors
involved in the down-selection process that reflects accurately the cosmic GRB
population characteristics. In order to obtain the cosmic GRB rate from the GRB
observations by Swift, Fermi etc., we need to extrapolate the observed rate of
GRBs to the intrinsic rate in the universe based on GRB properties such as the
redshift distribution, luminosity distribution, beaming angle, burst duration and

115



116
CHAPTER 9. CONSTRAINING GRB CONTRIBUTION TO THE

DIFFUSE NEUTRINO FLUX

spectral energy distribution in addition to extrinsic factors such as sensitivity and
observing efficiency of the instrument. From the overview of our GRB sample
discussed in Chapter 5, we note that all the GRBs considered in my analyses
were observed within the IceCube GFU neutrino data period and were required
to have positional uncertainties of < 0.2%. This led to a selection of 733 GRBs
from the GRBWeb catalog (see Section 5.5). Table 9.1 gives us an overview of the
number of GRBs in my selection for data for different properties such as fluence
measurements and T90 measurements. Note that out of the 733 GRBs in my se-
lection, only 690 have fluence measurements. Also, T90 measurements sometimes
employ use of multiple instruments for situations where one instrument observes
the start of the burst while another instrument has measurements for the rest of
the prompt flux. In such a case, although the entire prompt activity was observed
by the collection of detectors, a single instrument might not be attributed with
the complete measurement of the fluence, but will be attributed with contributing
to the T90 measurement. For the GRBs in my selection, the data for these proper-
ties comes from Swift and Fermi observatories only, and Table 9.1 highlights the
contribution from the two observatories respectively for the different properties.
From the table, we can note that majority of the GRBs in my selection are long
GRBs (~90% out of all GRBs with T90 measurements are long GRBs) hence we
will focus on long GRBs only for estimating the population limits. Since the class
of progenitor models is different between short and long GRBs, this will also allow
us to better account for some of the intrinsic GRB properties. We can note the
following key observations from the GRBs considered for our selection:

• The Burst Alert telescope (BAT) on-board Swift has the best localization
for GRB observation (Swift/BAT: ~0.06% vs Fermi/GBM: ~3% [66, 71]).
Since we consider GRBs which have positional uncertainties < 0.2%(see Sec-
tion 5.5), all the Swift observed long GRBs pass this selection and as a result
all Swift-observed long GRBs1 are in my selection.

• Out of the 614 long GRBs considered for my analysis, Swift had observation
data for 556 long GRBs. Hence, the majority of long GRBs in my sample
are Swift-observed long GRBs.

Motivated by these two observations, will set limits only on long GRB popu-
lations because a) long GRBs dominate the sample, b) there exists a good model
of detected long GRBs that allows connecting results on sample to constraint on
a total population. We can use an existing characterization of the Swift detection
efficiency and a model of the cosmic long GRB population to constrain the neu-
trino flux from this population using our results on the observed sample of GRBs.

1This refers to all the long GRBs observed by Swift during the data period as described in
chapter 5.
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Selection Total
GRBs

GRBs with
fluence mea-

surements

GRBs with
T90 measure-

ments

short
GRBs

long
GRBs

GRBs in
selection

733 690 680 66 614

GRBs
observed by

Swift

620 614 620 64 556

GRBs
observed by
Fermi/GBM

289 289 289 32 257

Table 9.1: Table showing all the different numbers of GRBs in selections for the
733 GRBs considered for my analysis.

9.2 Adapting the long GRB population model by
Lien et al.

Extrapolating to a cosmic population depends on understanding selection effects
and biases of the instrument, in our case Swift/BAT. Understanding the depen-
dence of down-selection effects on intrinsic GRB properties is a more complex
issue. Long GRB have been used to trace the star-formation history [225], which
allows us to determine their cosmic redshift distribution (see Section 2.4). The
results from previous studies to map the intrinsic cosmic long GRB rate as a func-
tion of redshift based on current observations [225–230] suggest that the cosmic
long GRB rate generally follows the SFR up to low redshifts. At higher redshifts
(z > 5) however, several studies predict a higher long GRB rate than the star
formation rate based on SFR measurements [229, 231–233]. Most of these studies
utilize a single detection threshold for estimating the survey instrument sensitivity
where a flux limit (or a photon count rate) is used as the limit of the instrument
and any long GRB with a flux (or photons counts) exceeding this limit is treated
as a trigger event. This method of a single detection threshold is not accurate
when considering data from instruments such as Swift/BAT which uses over 500
trigger criteria to report long GRB detections [234]. This is better addressed in
a study by Lien et al [235] where the cosmic long GRB rate is investigated based
on the trigger simulations of Swift/BAT. In this study the authors generate long
GRB light curves based on a choice of input burst properties and simulate the
complex BAT trigger algorithm. The simulations are then compared to data from
Swift/BAT to obtain the best-fit input parameters for long GRB properties. The
results from this study show that if the long GRB rate traces the SFR obtained
by Ref. [97] or Ref. [229] illustrated as green and blue curves respectively in Fig-
ure 9.1, luminosity evolution for GRBs needs to be included in the simulation
models to match well with the observations. However, if no luminosity evolution
is assumed, then there needs to be a greater number of long GRBs at higher red-
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shifts to account for the observed number of dim bursts and the long GRB rate
instead follows the red curve in Figure 9.1. The following equation describes the
cosmic comoving long GRB rate [235]:

RGRB(z) =
dN

dVcomovdtsrc
= RGRB(z = 0)

%
(1 + z)n1 , : z , z1;

(1 + z1)n1!n2(1 + z)n2 , : z > z1;

(9.1)
Here dVcomov is the comoving volume and dtsrc is the time interval in the

source frame. The values of RGRB(z = 0), n1, n2 and z1 are obtained as best-fit
parameters for which the simulations match the long GRB observations and are
summarised in Table 9.2.

RGRB(z = 0)[Gpc!3yr!1] n1 n2 z1
0.42 2.07 &0.70 3.6

Table 9.2: Parameter values for Eq. 9.1 found by Lien et al [235] to provide the best
fit of a simulated cosmic GRB population to observed GRBs, including detector
selection effects.

We make use of the long GRB rate model by Lien et al [235] as described
by Eq. 9.1 with the parameter values from Table 9.2 for our studies. In addi-
tion to considering no luminosity evolution, we assume for simplicity that all long
GRBs are standard candle neutrino sources, i.e. they all have the same intrinsic
luminosity. We use a simulation package called ‘FIRst Extragalactic Simulation
Of Neutrino and Gamma-ray’ (FIRESONG) [236], which is a python package to
simulate populations of extragalactic neutrino sources, to simulate a universe of
long GRBs with the redshift distribution dictated by Eq. 9.1. We compare the
test simulations by the authors from Lien et al [235](see Figure 9.2, Left) with
the redshift distribution of the long GRBs in my simulations using FIRESONG (see
Figure 9.2, Right). The figure shows that the redshift distribution from our simu-
lations closely match that of the cosmic long GRB simulations performed by Lien
et al [235]. Both these plots are for simulations with 50,000 long GRBs. For the
rest of the calculations I will be using the actual estimated rate normalization by
Lien et al [235] so that it matches the total cosmological number of long GRBs
during the ~7.5 year analysis period.

9.3 Implementing down-selection to a Swift de-
tected sample

After we simulate a population of long GRBs which respects the cosmic long GRB
rate and distribution in the universe, we need to select a population of observable
long GRBs from this population relevant to our study. This selection depends
on the sensitivity and efficiency of the Swift/BAT instrument. The predicted
detection rate for the Swift/BAT instrument, RSwift, can be described as [235]:
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Figure 9.1: Comparison of the cosmic long GRB rate for different models, figure from
Lien et al [235]. The green and blue curves show GRB rates based on the Star Formation
Rates from Ref. [97] and Ref. [229] respectively and require luminosity evolution if long
GRB rates trace the same redshift distribution. If no luminosity evolution is considered,
the long GRB rate is described by the red curve, which is the model considered for the
population limits in this thesis.

RSwift = RGRB;dz $ fdetect $ FOV $ tsurvey (9.2)
Here, fdetect denotes the detection efficiency of the BAT detector which can

be assessed from the detection rate as a function of redshift is shown in Fig-
ure 9.3. FOV% 2 sr represents the field-of-view of the Swift/BAT instrument and
tsurvey ~ 90% denotes the fraction of time Swift/BAT is collecting data for GRB
observations. RGRB;dz describes the rate of observed long GRBs in units of num-
ber dN per redshift dz per solid angle d% per time in the observers frame dtobs
and can be converted from the comoving rate RGRB(z) in Eq. 9.1 as:

RGRB;dz =
dN

d%dzdtobs
=

RGRB(z)dVcomov
(1 + z)d%dz

(9.3)

Lien et al [235] estimate the Swift detection efficiency as a function of redshift.
This is shown in Figure 9.3. Since no luminosity evolution is assumed, the closer
GRBs appear brighter and thus have a higher detection efficiency. We use the
values for fraction of detectable long GRBs for different redshifts from Figure 9.3
to assign an observational probability to every long GRB in our simulation based
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Figure 9.2: Comparison of redshift distribution for simulated long GRBs from Lien
et al [235] vs for my simulations using FIRESONG. Left: Input redshift distribution (be-
fore trigger) for 50000 long GRBs from Figure 9(a) in [235]. Right: Input redshift
distribution for 50000 long GRBs generated using FIRESONG for the redshift distribution
described by Eq. 9.1 for values in Table 9.2.

on its redshift. GRBs are then discarded from the simulated sample based on
this observational probability. From the resultant sample, a fraction of GRBs
corresponding to 2/4"$0.9 (corresponding to the FOV fraction and the tsurvey re-
spectively mentioned in Eq. 9.2) out of the total is kept to obtain a down-selected
sample of detectable long GRBs. This allows us to ensure that the redshift depen-
dence for down-selection to a smaller sample of long GRBs from the total simula-
tion follows the observational pattern recorded by the Swift/BAT instrument. In
Figure 9.4, we can see how the redshift distribution of a down-selection sample for
the simulations in the study by Lien et al [235](Left) compares with the redshift
distribution for down-selected sample in my simulations (Right). The results from
the comparative studies in Figure 9.2 and Figure 9.4 show that we can simulate
a cosmic long GRB sample, and can down-select to a sample of 556 long GRBs
with a redshift distribution that matches the distribution for the Swift-detected
long GRBs. We can then scale the total neutrino flux from the cosmic sample of
long GRBs to the astrophysical neutrino flux, where the standard spectral model
for the diffuse astrophysical flux d-/dE is described using a single power-law:

d-

dE
= -0 $

'
E

100 TeV

(!!0

(9.4)

where -0 is the flux normalization and !0 is the spectral index. IceCube has
measurements for the diffuse astrophysical muon-neutrino spectrum, which pro-
vides us with the best-fit values for these parameters [224] as follows:
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d-#+#̄

dE
= 1.44$ 10!18

'
E

100 TeV

(!2.28

[GeV!1cm!2s!1sr!1] (9.5)

Figure 9.3: Fraction of detectable long GRBs by Swift/BAT as a function of redshift
from Lien et al [235]. We make use of this redshift based detection efficiency to assign an
observational probability to each long GRB in cosmic samples simulated using FIRESONG.
The observational probability is then used to down-select to a detectable sample of long
GRBs.

Figure 9.4: Comparison of Redshift distribution for down-selected long GRBs between
the study by Lien et al [235] and my simulations. Left: Redshift distribution of mock-
triggered bursts from Figure 9(c) in the study by Lien et al [235] in red, compared with
the data for Swift detections in blue markers. Right: Redshift distribution for down-
selected long GRBs from my simulations
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9.4 Simulating neutrino emissions for cosmic long
GRB populations

We use FIRESONG to generate cosmic populations of long GRBs with a common
neutrino emission duration in the source frame, i.e. all the simulated long GRBs
having the same duration for neutrino emission. The cosmological parameters
used for the simulations are based on the latest results (at the time of writing)
by the Planck Collaboration [237] and are as follows: matter density parameter
%m: 0.315, dark energy density parameter %%: 0.685, and the Hubble constant
H0: 67.4 km s!1Mpc!1. The total number of long GRBs that are simulated
each time is 34235, which represents the number of long GRBs altogether beamed
towards us in the data period considered for the analysis based on the annual
long GRB rate predicted by Lien et al [235]. The redshift distribution of the
simulated sources follows the distribution dictated by Eq. 9.1. All the long GRBs
are considered to have the same intrinsic neutrino luminosity, hence the fluence
values (and therefore the flux values) assigned to the long GRBs depend only
on the respective GRB redshift. The value of the standard candle luminosity
considered for each simulation depends on the choice of the emission duration,
and is determined such that the total flux for the simulation equals the total
diffuse astrophysical flux calculated from Eq. 9.5.

For each FIRESONG simulation sample, every long GRB is assigned a probability
to have been detectable by Swift as described earlier. Based on the probability,
every long GRB is randomly kept or discarded. This step imitates the distance
dependent down-selection effects of the Swift observatory. The median size of the
long GRB population after this step is ~4700. From this sample, a random selection
of 556 long GRBs is made to match the sample size of long GRBs considered for
the analysis. This second step imitates the random down-selection effects of the
BAT instrument mentioned in Eq. 9.2 and corresponds to good approximation to
the FOV fraction (2/4") and the tsurvey (90%). An exact number of 556 GRBs
is drawn instead of Poisson sampling because the same number of GRBs in the
final sample (556) is desired every time in order to compare with the analysis
results. One thing to note in this two-step down-selection process is that the
choice of the neutrino emission duration for the simulations does not impact the
simulation process of the GRBs or the steps in the down-selection. Figure 9.5
illustrates how the distribution of the long GRBs compares for all the long GRBs
in the simulation (red) with that of the down-selected sample of 556 long GRBs
(blue) for one FIRESONG simulation, with the radius of the figure denoting the
redshift values of the long GRBs. Figure 9.6(left) shows the same distribution in a
more quantified manner while Figure 9.6(right) shows the histogram with the long
GRBs weighted according to their respective flux values to illustrate how different
distances contribute to the flux.

For each randomized FIRESONG simulation (called a trial), and each randomized
down-selection sample according to the mentioned procedure, a different sample
of 556 GRBs representing the analyzed population is obtained. The fraction of
the total diffuse neutrino flux that is emitted by this sample varies depending
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on the exact redshifts generated and the GRBs selected from the cosmic sample.
Figure 9.7 shows this fraction for 1000 simulated trials. The median total flux of
the analyzed GRBs corresponds to 7.2% of the total diffuse flux. From the figure,
we can note the rare occurrence of high fractions (" 0.4). This is due to the
occasional appearance in the observed sample of an unusually close GRB, which
will lead to the GRB having a very high flux value. Since the evaluation of the
constraints on neutrino emissions from GRBs depends on the ensemble of cases,
we do not remove such occurrences.

Figure 9.5: An illustration highlighting how a typical down-selection of sources (blue)
looks like compared to all the sources generated in each simulation (red). The radial
distance represents the redshift of the respective GRB.

The flux values assigned to the GRBs are obtained using the fluence values
from the luminosity and the emission duration. The 556 flux values obtained
after the two step down-selection process are translated to the fluence that it
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Figure 9.6: Redshift distribution of the long GRBs in my down-selected selection (Blue)
vs all long GRBs from the FIRESONG simulation (Red). The image on the right shows
the flux-weighted redshift distribution for the two cases.

Figure 9.7: Distribution of values for the ratio of the sum of neutrino fluxes from the
long GRBs in the down-selected sample to the total flux from all long GRBs in each
simulation, based on 1000 simulations in linear scale (Left) and log scale (right).

corresponds to at Earth with emission duration corrected for time dilation effects2.
The fluence thus obtained is further multiplied by a scaling factor F and the

2Emission duration at source is multiplied by 1 + zGRB to get the time-dilation corrected
emission duration at Earth for each GRB.
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IceCube internal software csky is used to simulate IceCube detection efficiency
and inject signal neutrino events corresponding to these values at the directions
(RA and declination) and time of detection (T0) information for the 556 long
GRBs in my analysis. The likelihood analysis is then performed for this simulated
dataset with the injected neutrino events, which results in a list of 556 p-values,
one for each long GRB. To repeat the original analysis under the same conditions,
an additional 187 sources are added with no signal (i.e. representing background-
only cases), bringing the sample to 733 sources again. The binomial test is then
performed in this final list of 733 p-values to obtain the final post-trial p-value in
the same manner as was done for the unblinding results.

The final post-trial p-value obtained for the simulated datasets with injected
neutrino fluxes is then compared with the results from the unblinded analyses.
Since the unblinded results were approximately the same for the precursor and
the prompt+afterglow analyses (post-trial p-values; precursor analysis: 0.495,
prompt+afterglow analysis: 0.486), the population limits for the precursor and
the prompt+afterglow emission will also be similar. This procedure is repeated
for 1000 simulated populations of long GRBs for a fixed common emission dura-
tion as well as a fixed value of the scaling factor F and checked for the fraction
of iterations out of 1000 for which the final post-trial p-value is more significant
than the unblinded result. We repeat this exercise with different values of scal-
ing factor F to obtain the value for which 90% of the iterations give us the final
post-trial p-value more significant than the unblinded result, for a given choice of
common neutrino emission duration. Figure 9.8(top) shows the results from 1000
simulation datasets with fixed common emission duration of 100 s. The scaling
factor F represents the total flux from long GRB population as a fraction of the
diffuse flux and is represented on the x-axis. The y-axis shows the fraction of
times the analysis performed on a simulated dataset results in the final post-trial
p-value to be more significant than the unblinded result. The scaling factor F
corresponding to the point where the fraction crosses 0.9 denotes the re-scaling
of the values of neutrino fluxes assigned to the GRBs in the simulated datasets
which would lead to 90% of the trials resulting in a more significant result than
the unblinding result. For example, in Figure 9.8(top) the fraction of trials is 0.9
for scaling factor F = 0.12 which means that if long GRBs contribute to 12% or
more of the simulated diffuse flux, 90% of the trials for the analysis performed on
such simulated datasets will lead to a post-trial result more significant than the
unblinded result. This value of the scaling factor F represents the 90% confidence
level upper limit to the contribution of cosmic long GRBs to the observed diffuse
neutrino flux, for the assumed neutrino emission window.

This procedure is then repeated for different values of neutrino emission du-
rations. Figure 9.8 shows the results for this procedure for simulated datasets
with fixed common emission duration of 100 s (top) and 1 day (86400 s) (bot-
tom) respectively. We repeat the entire procedure for a list of common emission
durations from 100 s to up to 14 days to obtain the scaling factors F for each
emission duration where the fraction of trials value exceeds 0.9 respectively. The
results from this study are presented in Figure 9.9, where the scaling factors are
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shown by the fraction of diffuse flux on the y-axis, and the red curve represents
the upper limits to contribution of GRBs to the diffuse neutrino flux. Since the
final post-trial p-values are approximately the same, the upper limits are the same
for both the precursor and the prompt+afterglow analysis.
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Figure 9.8: Fraction of trials more significant than the unblinded result, as a function
of total flux from cosmic GRB population, expressed as a fraction of the total diffuse
flux. These results are for 1000 FIRESONG simulations with neutrino emission durations
of 100s (top plot) and for neutrino emission durations of 1 day (86400s) (bottom plot)
respectively.
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Figure 9.9: Final population limits for cosmic long GRBs as a function of the emission
durations. The parameter space represented by the red shaded region can be excluded
based on the results of the work presented in this thesis.



Chapter 10
Exploring Machine Learning-based track
reconstructions in IceCube

Figure 10.1: Image credits: xkcd.com.

The results presented in this thesis relied heavily upon the quality of the re-
constructed event information for the neutrinos in the dataset. An improvement
in the reconstruction quality is vital to future success of similar analyses search-
ing for correlation of neutrino detections with candidate sources. As discussed
in chapter 4, the high-energy neutrino candidate events are processed and recon-
structed on-site at the South Pole in a fast manner to prevent data pileup due
to hardware limitations. The reconstruction algorithms applied on-site are sim-
ple and fast to implement, and although more powerful reconstruction methods
exist [238, 239], the slow implementation times for these make them inefficient to
be used on-site at the South Pole. It is desirable therefore to develop alternative
reconstruction methods which are powerful and fast to implement, and these re-
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quirements fit the characteristics of machine-learning based algorithms used for
various data analysis practices. Deep-learning based machine-learning approaches
have been explored for their application to IceCube data [212, 240, 241], and have
shown promising results. In this chapter we focus on the Deep Neural Network
(DNN) [212] based methods currently being developed for reconstruction of high
energy neutrino events, and test the performance of a model developed for direc-
tion reconstructions.

10.1 Convolutional Neural Network based recon-
structions

Neural networks are hierarchical and layered arrangements of neurons1 which pro-
vide an output or set of outputs called prediction(s), for a given set of input
information called features. Neurons are organized in layers and connections be-
tween different layers have weights associated to them to attenuate or strengthen
the information exchanged between layers. Convolutional neural networks (CNNs)
have convolutional layers in which the input information is convolved using square
matrices called kernels. The output from the convolutional layers is flattened to
reduce the size of the feature map therefore reducing the computational cost, be-
fore being passed on to the fully connected layers where mathematical expressions
called activation functions are applied to obtain final predictions called labels.
The output is evaluated using a learning mechanism called the loss function for
correctness of predictions. The weights are adjusted after every iteration to ap-
proach precision in prediction by the network in a process called training. A neural
network trained with many layers is termed to undergo deep learning, and the re-
sultant neural network is termed as a Deep neural network (DNN). For a more
comprehensive understanding of DNNs and their applications, we refer the reader
to Ref. [242].

The work presented in this chapter makes use of a reconstruction software
framework in IceCube called DNN Reco [212], which comprises of CNNs with deep
learning. CNNs require standardized format for features with uniform and con-
stant input size. The data obtained from the DOMs in IceCube is therefore trans-
formed to a suitable format, and separated into three parts: the Main Array,
Upper DeepCore and Lower DeepCore. Using DNN Reco, a CNN with many layers
is constructed and applied to simulated datasets for muon neutrino events with
input features. The network is trained on these datasets for predictions for En-
ergy, Azimuth and Zenith2, along with the uncertainty estimations for all these
quantities. A schematic diagram showing the network architecture for DNN Reco
used in IceCube is shown in Figure 10.2 [212]. The DNNs are implemented using a

1Neurons in machine learning algorithms are basic units of neural networks which evaluate a
mathematical function that results in an output value for a set of input values.

2For computational feasibility, instead of azimuth and zenith, predictions are performed for
the direction vectors: (X,Y,Z) which describe the direction of travel of the particle. These are
then used to calculate the zenith and azimuth for the direction of the reconstruction.
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machine learning software package called Tensorflow. For a detailed description
of DNN Reco, we refer the reader to Ref. [212].

Figure 10.2: Schematic of the neural network architecture used in IceCube. The data is
separated into three parts and input into convolutional layers, before flattening out and
passed on to two sub-networks of fully connected layers which perform reconstructions
and uncertainty estimations. Image from reference [212].

DNN Reco has been used to reconstruct event information for cascade-like events
and is quickly becoming the standard reconstruction tool for cascade-like events
with improved results especially for high-energy events where the angular reso-
lution can be improved by up to 50% compared to the current standard cascade
reconstruction method [203, 212]. In addition to this, once trained, DNN Reco
models also have superior median per-event run times of % 24 ms compared to
that of the standard reconstruction methods (% 10 s). The per-event run times
are also of a fixed order for DNN Reco, unlike for the other reconstruction methods
where the run times depend on the number of DOM hits and therefore scale with
the size of the events.

These results motivate us to use DNNs to improve the directional reconstruc-
tion of track-like events. The work presented in this chapter makes use of the
network architecture shown in Figure 10.2 to train models for direction recon-
struction for track-like events. The computational complexity is attenuated by
reducing the dimensionality of the DOM output and is done by taking only three
features (instead of nine features as used in DNN Reco for cascades [212]). These
three features are derived from the following summary statistics for the pulse se-
ries of each DOM: total charge, time of first pulse and the standard deviation of
pulse times. In order to ensure efficiency of neural network training, the loading,
pre-processing and sequencing of the data is optimized using parallel processing
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and events are loaded in batches of 64 for every iteration. The performance of the
neural network is validated after every 500 iterations and the model is trained for
1 million iterations. A summary of the key settings for the DNN model used for
the study presented in this chapter is shown in Table 10.1.

Setting Value
Batch size 64

Validation frequency 500
Number of Upper DeepCore layers 4
Number of Lower DeepCore layers 8

Number of Main Array layers 8
Dense layers 1 $ 50

Total number of free parameters 22462

Table 10.1: Summary of settings for the DNN model developed for direction re-
constructions.

10.2 Reconstruction Results
After a trained network is applied to an input dataset, predictions are obtained
for the direction coordinates:(Dir -x, Dir -y, Dir -z), which are converted to Az-
imuth and Zenith, and the energy for each event. In this chapter, we will focus
only on the direction reconstruction performance of the neural network. The best
assessment of the direction reconstruction is obtained by evaluating the opening
angle (!#) between the direction of the injected muon neutrino (true direction)
and the direction of the reconstructed muon (reconstructed direction). Figure 10.3
shows a comparison between the performance of the DNN reconstructions and the
performance for the standard MPE reconstruction method (see section 4.2.1), as
a function of the total energy deposited in the detector (EVisible) for respective
events. In the figure, the DNN performance is evaluated at various stages of the
training as well and an improvement in prediction of the neural network can be
seen with the respective progressive improvement in opening angles across all en-
ergies. This improvement, however, is not clear between the models evaluated at
600,000 and at 1 million training iterations so no further improvement is expected
with additional training after this point. Although there is always a possibility
that a DNN model can improve further after a huge volume of training iterations,
these explorations can be computationally expensive. Subject to the constraints
on computing resources, the model obtained after 1 million training iterations is
considered for the study presented in this chapter. The figure shows that at the
beginning, the DNNs do not provide better directional reconstruction than MPE
(purple histogram). Nevertheless, their overall performance reveals important dif-
ferences which we will investigate further here.

Figure 10.3 shows that although MPE performs better at most energies, its
performance starts to deteriorate for neutrino events with EVisible > 1 PeV, and
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Figure 10.3: Top: Median opening angles "# for DNN and MPE at various energies.
Bottom: A distribution of the Monte Carlo (MC) statistics for the events considered
based on their EVisible. The DNN performance is evaluated only for events where MPE
reconstruction was successful, so that the comparison can be made for the exact same
set of events.

approaches the performance for a DNN trained for 1 million iterations. The events
at these energies are of utmost interest and their rare nature makes it vital for
the standard MPE tool to reconstruct them accurately. The reconstructions for
events with EVisible > 1 PeV are therefore inspected closely. Figure 10.4 presents
a comparison of opening angles for reconstructions using MPE (purple) and DNN
(red). It can be seen from the figure that for MPE reconstructions, there is a second
population of events with !# " 100%. This high degree of mis-reconstruction of
MPE can be attributed to the significant light yield for high energy events: a
high energy muon event is dominated by the large stochastic losses of the muon
which create light deposition patterns more like high energy cascades rather than
tracks. There is an asymmetry in the light deposition however as the DOMs in the
direction of the shower are hit first and the DOMs in the opposite direction are
hit later on average. The MPE algorithm for certain cases mis-understands this
pattern of hits and reconstructs a path of muon as traveling in the exact opposite
direction based on the timing of the hits in the DOMs. The MPE reconstruction
for these cases therefore has !# " 100%. For the same sample of events, it can be
seen that the DNN does not show this behaviour.
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Figure 10.4: Comparison of direction reconstruction performance of DNN and MPE
reconstructions for events with EVisible > 106 GeV. The red histogram shows the opening
angles using DNN reconstruction for all events. The purple histogram shows the opening
angles for MPE for events where MPE reconstruction was successful. Each histogram in
this figure is normalised to 1.

The same results shown Figure 10.4 are presented in Figure 10.5 but for the
cumulative distribution of the opening angles for MPE (purple) and DNN (red).
These results show that MPE can reconstruct approximately half of the events
with better precision than the DNN reconstruction, although DNN works much
better than the MPE method for the cases where MPE reconstructions are poor.
The figure also reveals that in addition to the population of poor MPE recon-
structions mentioned earlier, MPE reports a significant fraction (11.8%) of failed
reconstructions due to which the cumulative distribution for MPE does not go
to 1. It is important to note here that the DNN reconstruction method always
provides a direction estimate, therefore there are no failed DNN reconstructions.

We investigate if DNN can perform reconstructions for events for which MPE
failed to reconstruct. Figure 10.6 shows the cumulative distribution of the open-
ing angles !# for DNN performance for the subset of the event population which
reported a failed MPE reconstruction (blue), and the subset of the event popu-
lation which reported a successful MPE reconstruction (green). When compared
to the distribution for DNN performance for all the events (red), DNN results in
an improved performance for events with successful MPE reconstruction (green
markers). This is the expected behaviour since this subset of the population of
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Figure 10.5: Cumulative distribution of opening angle "# between true and recon-
structed direction for DNN and MPE reconstructions for events with EVisible > 106 GeV.
The cumulative distribution for MPE does not go to 1 because it fails to reconstruct
~12% of the events.

the events are expected to be highly reconstruct-able. Furthermore, DNN did not
fail on events with failed MPE reconstructions (blue markers) and, for example,
for about 20% of events that MPE failed to reconstruct, DNN still managed to
reconstruct within % 10% of true direction3. This recovery of erstwhile failed re-
constructions is already a significant improvement on MPE performance for this
subset of events.

In Figure 10.7, we investigate the performance of DNN reconstructions for
events with poor MPE reconstructions (!# " 100%) (light blue markers). It can
be seen that for approximately 20% of the events with poor MPE reconstructions,
DNN reported reconstructions within 10% of the true direction. For analyses in-
vestigating temporal proximities of signals with transient sources such as GRBs,
a 10%deviation from the true direction for an event is still useful as the tem-
poral association of high energy neutrino events with a GRB can be enough to
establish connection (e.g. IceCube analyses performed by Ref. [243]). Just for
comparison, the opposite case is shown in black markers in the figure to evaluate
the performance of MPE reconstructions on the much smaller set of events with
DNN reconstructions with !# " 100%. This performance is virtually similar to

3A 10"deviation from true direction corresponds to < 1% of the whole sky, and is comparable
to the angular resolution of cascade-type events.
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Figure 10.6: Cumulative distribution of opening angle "# between true and recon-
structed direction for DNN reconstructions for all events (red), for events with success-
ful MPE reconstructions (green) and for events with unsuccessful MPE reconstructions
(blue). All the events considered for reconstructions have EVisible > 106 GeV.

a random distribution of opening angles (dashed blue markers). When evaluat-
ing parameters, one reconstruction algorithm can get stuck in a local minimum,
whereas another algorithm might get stuck at a different one and so on, leading
to situations where competing algorithms perform better on each other’s failed
cases. A similar instance can be argued for the situation between MPE and DNN
algorithms presented here for events with poor reconstructions. The results rep-
resented by the blue and black markers in Figure 10.7 show that the situation for
MPE and DNN is not symmetric and there truly exists a class of events with poor
MPE performance that have better DNN reconstructions while the opposite case
is not true. This shows the robustness of the DNN reconstruction method and
is a promising indication that DNN models can be further developed to address
direction reconstructions at high energies better than the existing methods.

10.3 Conclusions
The results presented in this chapter show that although the DNN model devel-
oped for track direction reconstructions did not improve upon the standard MPE
model overall, the results are promising. The DNN model is robust and for approx-
imately half of the events with EVisible > 106 GeV, the reconstructions are better
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Figure 10.7: Cumulative distributions of opening angle "# between true and recon-
structed direction for DNN reconstructions for all events (red), DNN reconstructions for
events with successful MPE reconstructions greater than 100" (light blue) and MPE re-
constructions for events with DNN reconstructions greater than 100" (black). A random
distribution of opening angles (dashed blue) is shown for comparison. All the events
considered for reconstructions have EVisible > 106 GeV.

than MPE. The results presented in Figure 10.4 and Figure 10.5 show that there
are two clear deficiencies in the MPE performance at high energies: failed recon-
structions (11.8% of the total population) and events with poor reconstructions:
!# " 100% (15.8% of the total population). The first deficiency is addressed in
Figure 10.6, and Figure 10.7 discusses the second deficiency. The DNN method
can recover % 20% of events with failed or poor MPE reconstructions to within
% 10% of true direction, which is a significant upgrade. These results are cur-
rently not at the performance levels desired for track analyses, but are already
comparable to the requirements for cascade analyses. This is particularly relevant
to analyses searching for temporal coincidences of neutrino detections with tran-
sient observations since a 10%opening angle is comparable to the cascade angular
resolution in IceCube (see chapter 3), Fermi/GBM angular resolution [68] and
LIGO angular resolution [244]. Since high energy neutrino events are very rare, a
temporal association with the candidate transient source class can be enough to
establish possible connections.

DNNs can be further developed as a dedicated tool for specific tasks, for ex-
ample: to recover high energy events which are currently missed by MPE, or in
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combination with the existing reconstruction methods, for example: to use DNN
direction as a seed for MPE to improve its reconstructions. With additional re-
cent developments such as Graph Neural Network (GNN) based classification and
reconstruction methods [240], the prospects of powerful machine learning-based
event reconstruction methods in IceCube are encouraging.



Chapter 11
Conclusions and Future Outlook

The work presented in this thesis contributes to the tremendous efforts of the
astroparticle community searching for sources of high energy cosmic rays and neu-
trinos. GRBs are long considered as excellent theoretical candidates for neutrino
production and were strongly constrained by previous IceCube analyses, but these
constraints assumed that the neutrino emission duration coincided with the ob-
served prompt GRB !-emission duration. More recent high-energy !-ray obser-
vations of emission far outside the prompt phase, combined with the fact that
IceCube has observed diffuse neutrino flux at high energies with the sources still
largely unknown, makes it worthwhile to examine GRBs while relaxing the restric-
tion of the search previously limited to the prompt phase. The work presented in
this thesis involved a comprehensive search with generous time windows up to two
weeks before or after the GRB and found no evidence for neutrino emission corre-
lation with GRB observations. For models of GRBs as the source of high energy
(HE) cosmic rays and HE neutrinos, these results close a significant loophole and
makes the constraints much more difficult to avoid.

The results discussed in chapter 8 were presented at the 37th International
Cosmic Ray Conference (ICRC) 2021 [245]. From the results shown in Table 8.1
and Table 8.2, it can be noticed that some individual GRB results appear to have
correlations with IceCube neutrinos at the % 3-$ level. However, the result of the
binomial test indicates that such results are consistent with chance correlations
when a list of 733 sources is examined. An important feature of the analysis
presented in this thesis (in contrast to “stacking” analyses in IceCube) is that an
individual result is obtained with best-fit parameters for each GRB in the list.
Since GRBs can be classified based on different observational parameters, the top
individual results can be used to test different emission hypotheses for different
sub-classes of GRBs, as well as individual GRBs of special interest.

The unblinded results presented in Figure 8.3 and Figure 8.6 in chapter 8 were
used to constrain GRB contribution to the diffuse neutrino flux presented in Fig-
ure 9.9. This result can be used to test different hypotheses for extended duration
neutrino emissions from a cosmic sample of GRBs. The results presented in chap-
ter 8 and chapter 9 are accepted for publication in the Astrophysical Journal [246],
and included at the end of this thesis as Publication I.

DNN reconstruction methods, which have already outperformed standard re-
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constructions for cascade-like events, do not yet provide better angular resolution
than existing track reconstructions, but the preliminary results are still encourag-
ing. The continuous development of DNN models involving more complex network
architectures for direction reconstruction, as well as development of Graph Neural
Network (GNN) based reconstruction methods in IceCube offer an exciting outlook
to machine learning applications to the ever increasing IceCube dataset. Improved
reconstructions can provide us with higher quality neutrino data which can greatly
aid in future neutrino source searches. Also, with the planned improvement in
hardware and infrastructure for IceCube through the IceCube upgrade [247] and
the construction of IceCube-Gen2 [248], the prospects of identifying the dominant
sources of the astrophysical neutrino flux in the future are very promising.



Appendix A
GRB catalog

In this appendix, we report per-GRB information for the source list as obtained
from GRBWeb [72]. Each GRB is named based on the date when it was observed
with the standard formatting of YYMMDD and a letter denoting the order in
which the bursts were detected on the same day (A, B etc.). The positional coor-
dinates for the bursts are defined using the equatorial coordinates: right ascension
(,) and declination (&), and the corresponding angular error ($). These three
quantities are expressed in degrees. The burst timing (T0) is expressed using the
dating convention of Modified Julian Date (MJD). The time integrated total en-
ergy per unit surface for the !-ray observations is denoted by f! and expressed in
erg/cm2. z represents the redshift. T100 represents the total period of the GRB
observation and is expressed in seconds.

Table A.1: Details of all the GRBs used in the analysis

Name , & $ T0 f! z T100

GRB180925A 315.20 -64.46 0.00 58386.609386 – – 81.73
GRB180924A 49.20 -58.53 0.00 58385.640532 – – 95.10
GRB180905A 91.06 -4.57 0.00 58366.581782 – – 165.30
GRB180904A 274.25 46.63 0.00 58365.894815 – – 5.40
GRB180828A 268.72 -25.80 0.00 58358.789891 3.32e-05 – 21.42
GRB180824A 10.06 56.62 0.05 58354.420369 – – –
GRB180823A 210.36 14.89 0.00 58353.794815 – – 80.30
GRB180821A 7.79 -38.63 0.00 58351.694838 – 0.58 64.00
GRB180818B 104.22 39.32 0.00 58348.519689 3.28e-06 – 251.25
GRB180818A 169.64 -48.34 0.00 58348.133380 – – 13.70
GRB180812A 245.84 74.66 0.00 58342.348958 1.31e-06 – 38.45
GRB180809B 299.70 -15.30 0.00 58339.853333 – – 233.20
GRB180809A 297.79 -34.67 0.13 58339.484142 7.98e-06 – 236.04
GRB180805B 25.78 -17.49 0.00 58335.543472 3.66e-07 – 122.50
GRB180805A 167.57 -45.33 0.00 58335.378345 – – 1.68
GRB180728A 253.56 -54.04 0.00 58327.728472 5.59e-05 0.12 18.92
GRB180727A 346.67 -63.05 0.00 58326.594074 3.94e-07 – 1.52
GRB180721A 347.71 4.86 0.00 58320.463056 – – 47.60
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Name , & $ T0 f! z T100

GRB180720C 265.64 -26.63 0.00 58319.933156 2.83e-06 – 136.50
GRB180720B 0.53 -2.92 0.00 58319.598368 2.99e-04 0.65 53.90
GRB180718A 336.02 2.79 0.02 58317.081766 8.58e-08 – 0.53
GRB180715A 235.09 -0.90 0.02 58314.754917 1.04e-06 – 0.81
GRB180714A 242.91 33.27 0.05 58313.542535 – – –
GRB180709A 38.12 60.35 0.00 58308.452778 – – 215.10
GRB180706A 181.64 66.04 0.00 58305.350463 3.98e-06 – 42.70
GRB180705A 212.61 -11.65 0.00 58304.653634 – – 123.20
GRB180704A 32.66 69.96 0.00 58303.233591 – – 39.45
GRB180626A 243.58 14.76 0.00 58295.347963 – – 42.07
GRB180624A 318.10 -2.34 0.00 58293.576157 – 2.85 486.40
GRB180623A 214.53 -60.25 0.00 58292.695787 – – 114.90
GRB180620B 357.52 -57.96 0.00 58289.660134 9.11e-06 1.12 200.26
GRB180620A 279.90 23.24 0.00 58289.357616 – – 23.16
GRB180618A 169.94 73.84 0.00 58287.029991 1.23e-06 – 49.20
GRB180614A 3.08 46.95 0.00 58283.802928 – – 7.04
GRB180613A 211.52 -43.07 0.00 58282.650208 – – 50.80
GRB180602A 142.33 32.07 0.00 58271.343634 – – 45.40
GRB180514A 197.37 36.97 0.00 58252.559410 – – 46.90
GRB180512A 201.94 21.40 0.00 58250.917905 – – 24.00
GRB180510B 77.97 -62.32 0.00 58248.844236 – 1.30 134.30
GRB180510A 276.33 -31.91 0.00 58248.808727 – – 40.40
GRB180504A 331.14 -14.66 0.00 58242.823762 – – 88.30
GRB180425A 64.45 -32.95 0.00 58233.282188 – – 11.20
GRB180418A 170.12 24.93 0.00 58226.280625 5.90e-07 – 2.78
GRB180411A 356.85 66.78 0.00 58219.519224 2.04e-05 – 79.53
GRB180410A 95.96 12.81 0.00 58218.335405 2.70e-06 – 129.15
GRB180407A 35.24 33.51 0.01 58215.079734 – – 95.90
GRB180404B 53.39 -50.22 0.00 58212.091413 2.80e-05 – 117.45
GRB180404A 83.55 -37.17 0.00 58212.031655 – 1.00 35.20
GRB180402A 251.93 -14.97 0.00 58210.406238 1.31e-06 – 0.49
GRB180331B 196.78 61.73 0.00 58208.651840 – – 147.00
GRB180331A 66.02 13.40 0.00 58208.177025 – – 48.00
GRB180329B 82.90 -23.69 0.00 58206.589155 – 2.00 210.00
GRB180329A 329.31 -15.04 0.02 58206.040278 – – 9.10
GRB180325A 157.43 24.46 0.00 58202.078495 – 2.25 94.10
GRB180324A 76.53 56.71 0.00 58201.192465 – – 7.20
GRB180316A 265.43 0.75 0.00 58193.206539 – – 87.00
GRB180314B 297.89 23.62 0.00 58191.933056 – – 73.00
GRB180314A 99.27 -24.50 0.00 58191.030091 1.33e-05 1.45 62.30
GRB180311A 3.39 -54.49 0.00 58188.752650 – – 23.00
GRB180305A 49.67 32.10 0.11 58182.393144 5.81e-05 – 15.61
GRB180224A 202.68 38.08 0.00 58173.931331 – – 10.90
GRB180222A 256.54 -36.81 0.00 58171.548634 – – 65.00
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GRB180210A 1.80 18.35 0.18 58159.517106 4.42e-05 – 43.56
GRB180205A 126.82 11.54 0.00 58154.184301 2.06e-06 1.41 21.20
GRB180204A 330.13 30.84 0.00 58153.108483 1.75e-06 – 5.11
GRB180116A 215.65 18.97 0.13 58134.025590 1.73e-06 – 59.90
GRB180115A 12.04 -15.63 0.00 58133.177812 – 2.49 40.90
GRB180113A 19.21 68.68 0.01 58131.116042 1.42e-05 – 64.00
GRB180111A 149.78 48.27 0.00 58129.695903 – – 50.60
GRB180103A 159.60 -53.56 0.00 58121.047569 – – –
GRB180102A 203.07 62.17 0.00 58120.659479 8.26e-07 – 15.78
GRB171222A 148.28 35.63 0.00 58109.684016 3.19e-06 2.41 174.80
GRB171216A 211.99 -50.48 0.00 58103.129850 – – 30.00
GRB171212A 293.92 20.59 0.00 58099.498160 – – 320.00
GRB171211A 98.13 -58.69 0.00 58098.394120 – – 2.32
GRB171210A 335.29 24.44 0.15 58097.492535 8.08e-05 – 146.95
GRB171209A 139.40 -30.52 0.00 58096.615463 – – 161.70
GRB171205A 167.41 -12.59 0.00 58092.306053 – 0.04 189.40
GRB171124A 335.48 35.33 0.00 58081.234674 3.62e-06 – 26.18
GRB171123A 186.25 32.50 0.00 58080.593600 – – 58.50
GRB171120A 163.79 22.46 0.00 58077.555563 1.61e-05 – 65.32
GRB171115A 278.39 9.12 0.00 58072.785648 – – 38.20
GRB171103A 249.51 -10.21 0.01 58060.965615 – – 6.72
GRB171102B 288.08 22.44 0.00 58059.639225 – – 17.80
GRB171027A 61.69 -2.62 0.00 58053.349375 – – 96.60
GRB171022A 204.27 10.97 0.17 58048.884913 8.04e-06 – 17.53
GRB171020A 39.25 15.20 0.00 58046.963310 – 1.87 41.90
GRB171011A 236.77 -10.06 0.01 58037.772766 – – 2.27
GRB171010B 34.13 -54.39 0.00 58036.874582 9.26e-07 – 30.65
GRB171007A 135.60 42.82 0.00 58033.498356 3.03e-07 – 105.00
GRB171004A 139.17 52.69 0.00 58030.330231 – – 107.10
GRB171001A 22.08 -11.89 0.00 58027.767824 – – 22.80
GRB170921A 26.85 30.91 0.00 58017.603333 – – 28.90
GRB170912B 215.46 -62.00 0.00 58008.273449 3.82e-06 – 19.60
GRB170912A 167.37 -54.33 0.00 58008.065463 – – 21.90
GRB170906C 128.65 70.81 0.00 58002.309919 – – 48.40
GRB170906B 232.20 -28.26 0.00 58002.038664 3.03e-06 – 11.52
GRB170906A 203.96 -47.10 0.00 58002.029955 9.46e-05 – 90.95
GRB170903A 254.53 34.98 0.00 57999.534100 3.46e-06 0.89 29.95
GRB170830A 267.24 -2.00 0.08 57995.134745 7.77e-06 – 115.20
GRB170827A 276.15 -40.20 0.00 57992.216991 – – 94.00
GRB170823A 188.71 35.55 0.01 57988.928333 – – 69.40
GRB170822A 94.39 55.00 0.00 57987.383229 – – 64.00
GRB170813A 201.06 -5.49 0.00 57978.050790 3.63e-06 – 111.87
GRB170810A 187.94 3.66 0.00 57975.917638 7.13e-06 – 169.48
GRB170807A 143.43 -17.35 0.01 57972.913993 – – 48.50
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GRB170804A 6.39 -64.78 0.00 57969.501123 – – 43.40
GRB170803A 174.93 -16.31 0.00 57968.729478 1.89e-06 – 3.90
GRB170730A 245.30 -60.88 0.05 57964.006481 – – –
GRB170728B 237.98 70.12 0.00 57962.960630 4.02e-06 – 48.29
GRB170728A 58.89 12.18 0.00 57962.287130 – – 1.25
GRB170724A 150.06 -1.02 0.02 57958.033843 – – 98.00
GRB170714A 34.35 1.99 0.00 57948.517731 – 0.79 –
GRB170711A 45.80 47.85 0.00 57945.930834 2.12e-06 – 32.28
GRB170710B 43.12 42.68 0.01 57944.340350 3.40e-06 – 54.40
GRB170710C 352.25 51.30 0.04 57944.211979 – – –
GRB170710A 231.82 -38.48 0.00 57944.031759 – – 32.60
GRB170705A 191.70 18.31 0.00 57939.115127 1.34e-05 2.01 217.30
GRB170629A 129.99 -46.57 0.00 57933.537172 4.37e-06 – 35.77
GRB170626A 165.39 56.48 0.00 57930.400926 1.51e-05 – 15.89
GRB170607A 7.37 9.24 0.00 57911.970827 9.41e-06 0.56 20.93
GRB170604A 342.66 -15.41 0.00 57908.797801 – 1.33 26.70
GRB170531B 286.88 -16.42 0.00 57904.918160 – 2.37 164.13
GRB170531A 121.25 -14.02 0.00 57904.838565 – – 26.74
GRB170526A 4.71 1.28 0.00 57899.566065 – – 7.90
GRB170524A 319.49 48.61 0.00 57897.825868 – – 0.10
GRB170524B 90.87 -17.08 0.00 57897.444890 – – 47.92
GRB170522A 139.34 25.67 0.18 57895.656647 2.29e-05 – 9.00
GRB170519A 163.43 25.37 0.00 57892.215301 – 0.82 216.40
GRB170516A 41.57 -55.91 0.00 57889.534259 – – 36.78
GRB170428A 330.08 26.92 0.00 57871.384476 – 0.45 3.48
GRB170419B 60.49 -15.12 0.01 57862.898449 2.25e-06 – 77.20
GRB170419A 79.85 -21.42 0.00 57862.560185 – – 8.18
GRB170409A 347.53 -7.16 0.15 57852.112494 2.95e-04 – 94.44
GRB170405A 219.83 -25.24 0.00 57848.777348 7.40e-05 3.51 189.81
GRB170331A 323.79 -24.39 0.00 57843.069977 – – 17.57
GRB170330A 283.33 -13.43 0.00 57842.935775 – – 284.78
GRB170325A 127.48 20.53 0.02 57837.331226 2.57e-07 – 0.60
GRB170318B 284.31 6.30 0.00 57830.644340 5.08e-07 – 161.02
GRB170318A 305.67 28.41 0.00 57830.508287 – – 133.70
GRB170317A 93.06 50.49 0.00 57829.406933 – – 11.94
GRB170311A 280.59 -30.05 0.00 57823.339375 – – 6.32
GRB170307A 13.51 9.54 0.02 57819.850243 1.44e-06 – 82.61
GRB170306A 263.07 -44.75 0.00 57818.295972 – – 17.80
GRB170214A 256.34 -1.89 0.00 57798.648911 1.77e-04 2.53 136.43
GRB170208B 127.14 -9.03 0.00 57792.939914 1.03e-05 – 137.47
GRB170208A 166.56 -46.77 0.00 57792.757824 2.63e-06 – 7.57
GRB170206B 271.77 11.19 0.00 57790.914873 – – 13.36
GRB170205A 262.17 -0.06 0.00 57789.527188 – – 26.10
GRB170203A 332.86 25.19 0.02 57787.002558 – – 45.20
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GRB170202A 152.51 5.01 0.00 57786.769468 – 3.65 46.20
GRB170131A 341.45 64.01 0.02 57784.968713 5.01e-06 – 23.04
GRB170127B 19.98 -30.36 0.00 57780.634352 3.06e-07 – 2.43
GRB170127A 174.36 -45.84 0.00 57780.598090 – – 62.26
GRB170126A 263.63 -64.76 0.00 57779.479633 8.54e-06 – 15.36
GRB170115A 332.14 13.73 0.00 57768.868148 – – 48.00
GRB170113A 61.73 -71.94 0.00 57766.419502 2.04e-06 1.97 50.17
GRB170112A 15.23 -17.23 0.02 57765.084722 – – 0.06
GRB170111A 20.70 -32.57 0.00 57764.023241 – – 29.90
GRB170101A 267.09 11.64 0.01 57754.101363 – – 5.63
GRB161224A 204.82 -18.03 0.00 57746.926095 – – 47.04
GRB161220A 350.85 -47.50 0.00 57742.356597 – – 6.00
GRB161219B 91.71 -26.79 0.00 57741.783557 – 0.15 26.63
GRB161219A 188.44 10.47 0.05 57741.678889 – – –
GRB161218A 245.25 -4.11 0.01 57740.158009 – – 11.13
GRB161217A 150.65 52.36 0.00 57739.060810 – – 18.20
GRB161214B 3.85 7.35 0.00 57736.722338 3.15e-06 – 24.80
GRB161214A 190.73 6.83 0.05 57736.198692 – – –
GRB161202A 356.90 19.65 0.00 57724.966537 – – –
GRB161129A 316.23 32.13 0.00 57721.299757 6.54e-06 0.65 42.43
GRB161117B 298.82 -67.70 0.00 57709.409525 – – 152.51
GRB161117A 322.05 -29.61 0.00 57709.066335 3.12e-05 1.55 130.34
GRB161113A 179.79 -5.31 0.00 57705.729468 – – 42.60
GRB161108A 180.79 24.87 0.00 57700.147604 – 1.16 105.10
GRB161105A 120.18 -44.78 0.00 57697.203495 – – 177.30
GRB161104A 77.89 -51.46 0.00 57696.404468 – – 0.10
GRB161023A 311.03 -47.67 0.04 57684.943519 – 2.71 –
GRB161022A 129.00 54.35 0.00 57683.113542 1.73e-06 – 26.37
GRB161020A 161.03 -54.77 0.03 57681.024066 8.08e-07 – 12.29
GRB161017A 142.77 43.13 0.00 57678.744315 4.86e-06 2.01 218.49
GRB161014A 332.65 7.47 0.00 57675.521673 6.10e-06 2.82 36.61
GRB161011A 245.73 8.31 0.00 57672.246458 – – 4.30
GRB161010A 275.24 -28.77 0.04 57671.567037 – – –
GRB161007A 103.41 23.31 0.00 57668.892859 – – 201.70
GRB161004B 112.15 -39.90 0.00 57665.963823 1.73e-05 – 20.58
GRB161004A 263.15 -0.95 0.00 57665.540602 – – –
GRB161001A 71.92 -57.26 0.00 57662.045324 1.76e-06 0.89 2.83
GRB160927A 256.24 17.33 0.00 57658.753345 – – 0.48
GRB160917A 295.67 46.40 0.00 57648.479387 5.23e-06 – 19.49
GRB160912A 301.50 57.57 0.00 57643.672025 3.19e-06 – 197.54
GRB160910A 221.44 39.07 0.00 57641.721979 7.97e-05 – 29.08
GRB160905A 162.25 -50.80 0.00 57636.471469 7.32e-05 – 67.09
GRB160829A 201.70 -56.77 0.12 57629.334452 3.40e-07 – 1.45
GRB160827A 179.27 -29.18 0.02 57627.657465 – – 13.30
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GRB160826A 183.11 -67.66 0.00 57626.258773 – – 52.60
GRB160824A 80.09 40.03 0.00 57624.973900 – – 99.30
GRB160821B 279.98 62.39 0.00 57621.936956 1.95e-07 0.16 1.36
GRB160821A 171.26 42.33 0.00 57621.857292 5.22e-04 – 161.58
GRB160816A 322.41 37.13 0.00 57616.729838 3.33e-05 – 11.46
GRB160815A 288.54 84.31 0.00 57615.489684 2.10e-06 – 10.91
GRB160804A 221.63 10.00 0.00 57604.064433 1.62e-05 0.74 169.94
GRB160801A 212.76 13.49 0.00 57601.394792 – – 2.85
GRB160726A 98.81 -6.62 0.01 57595.065339 1.01e-06 – 3.11
GRB160716A 190.44 -61.35 0.00 57585.047569 – – 6.39
GRB160714A 234.49 63.81 0.02 57583.096701 1.12e-07 – 0.87
GRB160712A 304.16 -26.96 0.00 57581.828889 – – –
GRB160709A 236.00 -28.19 0.02 57578.825723 2.28e-06 – 6.45
GRB160705B 168.11 46.70 0.00 57574.876470 – – 54.40
GRB160703A 287.42 36.92 0.00 57572.507002 – 1.50 44.40
GRB160630A 198.26 -56.04 0.00 57569.169549 – – 29.50
GRB160629A 4.82 76.98 0.05 57568.930208 1.31e-05 3.33 76.38
GRB160625A 176.92 -65.14 0.00 57564.944803 – – 53.90
GRB160625B 308.60 6.92 0.00 57564.944621 6.43e-04 1.41 642.83
GRB160624A 330.19 29.64 0.00 57563.477095 3.92e-07 0.48 0.48
GRB160623A 315.30 42.22 0.00 57562.208074 3.96e-06 0.37 163.13
GRB160612A 348.36 -25.38 0.02 57551.842216 9.10e-07 – 0.29
GRB160611A 164.42 -70.39 0.00 57550.903171 – – 34.10
GRB160607A 13.67 -4.95 0.00 57546.468020 – – 36.48
GRB160601A 234.94 64.54 0.00 57540.613218 – – 0.12
GRB160525B 149.38 51.21 0.00 57533.392442 – – 0.29
GRB160525A 103.58 -0.20 0.03 57533.065266 – – –
GRB160521B 147.67 79.03 0.00 57529.384688 1.21e-05 – 4.13
GRB160521A 129.72 46.90 0.05 57529.150926 – – –
GRB160519A 71.12 31.25 0.02 57527.012173 2.46e-06 – 98.56
GRB160509A 311.75 76.11 0.00 57517.374146 1.79e-04 1.17 377.86
GRB160506A 265.85 -46.13 0.00 57514.145312 – – 254.50
GRB160504A 170.07 56.00 0.00 57512.812928 – – 53.90
GRB160501A 286.38 -17.24 0.00 57509.028137 – – 118.00
GRB160425A 280.33 -54.36 0.00 57503.976516 – 0.56 304.58
GRB160424A 319.49 -60.41 0.00 57502.492429 2.73e-06 – 7.46
GRB160422A 42.09 -57.88 0.00 57500.499303 8.80e-05 – 14.12
GRB160419A 16.42 -27.34 0.01 57497.636284 1.52e-06 – 30.89
GRB160417A 120.26 7.66 0.00 57495.183113 – – 15.00
GRB160412A 33.05 -67.63 0.00 57490.183264 – – 31.60
GRB160411A 349.36 -40.24 0.00 57489.061701 2.25e-07 – 1.26
GRB160410A 150.68 3.48 0.00 57488.215139 – 1.72 8.20
GRB160409A 289.70 -5.39 0.02 57487.245995 – – –
GRB160408A 122.62 71.13 0.00 57486.267859 6.98e-07 – 1.37
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GRB160401A 89.74 26.68 0.03 57479.847569 – – –
GRB160327A 146.70 54.01 0.00 57474.386192 – 4.99 28.00
GRB160325A 15.65 -72.70 0.00 57472.291210 1.86e-05 – 107.39
GRB160321A 99.42 5.75 0.00 57468.663507 – – 33.60
GRB160314A 112.79 17.00 0.00 57461.481146 – 0.73 8.73
GRB160313A 183.80 57.28 0.00 57460.109201 – – 42.60
GRB160310A 98.82 -7.22 0.00 57457.015943 5.25e-06 – 26.60
GRB160303A 168.70 22.74 0.00 57450.454653 – 1.17 5.00
GRB160228A 107.32 26.93 0.00 57446.732315 – 1.64 98.36
GRB160227A 194.81 78.68 0.00 57445.813981 – 2.38 316.50
GRB160225A 164.23 53.67 0.00 57443.597870 – – 157.00
GRB160223B 94.97 33.40 0.05 57441.415949 3.61e-06 – 21.43
GRB160223A 147.60 9.37 0.00 57441.072481 8.94e-06 – 129.61
GRB160221A 232.08 -28.45 0.05 57439.992847 1.75e-06 – 12.95
GRB160220B 259.87 -18.12 0.00 57438.465891 – – 31.40
GRB160220A 236.95 -18.57 0.00 57438.059317 6.19e-07 – 10.22
GRB160216A 311.68 -71.55 0.00 57434.798960 – – 11.87
GRB160203A 161.95 -24.79 0.00 57421.092477 – 3.52 20.20
GRB160131A 78.17 -7.05 0.00 57418.347581 – 0.97 325.00
GRB160127A 225.98 0.07 0.00 57414.363275 – – 6.16
GRB160123A 150.31 -33.78 0.00 57410.373843 – – 3.95
GRB160121A 109.09 -23.59 0.00 57408.576817 – 1.96 12.00
GRB160119A 211.92 20.46 0.00 57406.129259 – – 116.00
GRB160117B 132.19 -16.37 0.00 57404.582951 – 0.87 –
GRB160117A 20.37 -0.66 0.00 57404.426146 – – 118.58
GRB160104A 76.80 11.32 0.00 57391.475112 4.82e-07 2.80 16.56
GRB160101A 219.73 -13.82 0.15 57388.030462 1.76e-05 – 6.35
GRB151229A 329.37 -20.73 0.00 57385.285035 1.11e-06 – 4.28
GRB151228B 344.42 8.08 0.00 57384.949422 3.78e-06 – 51.97
GRB151228A 214.02 -17.66 0.01 57384.128611 4.63e-07 – 0.65
GRB151215A 93.58 35.52 0.00 57371.126019 – 2.59 17.80
GRB151210A 65.12 -71.25 0.00 57366.133981 – – 94.90
GRB151205B 41.19 -43.46 0.02 57361.905023 – – 1.40
GRB151205A 229.29 35.74 0.00 57361.656944 1.84e-06 – 62.80
GRB151127A 19.48 -82.77 0.00 57353.381123 – – 0.19
GRB151122A 299.70 -19.90 0.02 57348.708796 2.29e-06 – 51.85
GRB151120A 157.24 -32.52 0.05 57346.349190 9.65e-06 – 32.63
GRB151118A 57.17 65.90 0.00 57344.129514 – – 23.40
GRB151114A 120.94 -61.03 0.00 57340.416366 – – 4.86
GRB151112A 2.05 -61.66 0.00 57338.572778 – 4.10 19.32
GRB151111A 56.84 -44.16 0.00 57337.356482 2.21e-06 3.50 79.90
GRB151107A 217.14 -59.68 0.02 57333.721944 – – –
GRB151031A 83.20 -39.12 0.00 57326.243403 – 1.17 5.00
GRB151029A 38.53 -35.39 0.00 57324.326146 – 1.42 8.95
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GRB151027B 76.22 -6.45 0.00 57322.944907 – 4.06 80.00
GRB151027A 272.49 61.35 0.00 57322.165556 1.41e-05 0.81 129.69
GRB151023A 270.98 -8.32 0.00 57318.571574 – – 10.66
GRB151022A 349.20 55.81 0.00 57317.587870 – – 116.70
GRB151021A 337.64 -33.20 0.00 57316.061765 – 2.33 125.67
GRB151006A 147.43 70.50 0.00 57301.413168 1.22e-05 – 207.15
GRB151004A 213.63 -64.94 0.00 57299.756296 – – 128.40
GRB151001B 336.84 64.69 0.00 57296.770556 – – 109.00
GRB151001A 233.73 10.97 0.00 57296.627806 2.67e-06 – 28.50
GRB150925A 227.53 -19.63 0.00 57290.173241 – – 121.00
GRB150915A 319.66 -34.91 0.00 57280.887778 – 1.97 164.70
GRB150912A 248.43 -20.98 0.05 57277.442708 3.43e-06 – 34.82
GRB150911A 67.43 5.74 0.00 57276.778021 – – 7.20
GRB150910A 5.67 33.47 0.00 57275.378333 – 1.36 112.20
GRB150907B 255.30 -63.79 0.00 57272.976701 – – 62.00
GRB150907A 224.84 -47.60 0.07 57272.667245 – – –
GRB150902A 214.98 -69.35 0.00 57267.733083 8.32e-05 – 18.40
GRB150901A 183.61 25.08 0.02 57266.643461 – – 64.00
GRB150831B 271.04 -27.26 0.00 57265.930156 2.72e-06 – 13.76
GRB150831A 221.02 -25.63 0.00 57265.440388 – – 3.63
GRB150821A 341.91 -57.89 0.00 57255.405556 5.21e-05 0.76 172.10
GRB150819A 42.33 9.81 0.00 57253.034815 – – 52.10
GRB150818A 230.36 68.34 0.00 57252.483704 – 0.28 123.30
GRB150817A 249.63 -12.05 0.00 57251.086894 1.17e-05 – 44.17
GRB150811A 291.34 -15.43 0.00 57245.170937 – – 34.00
GRB150801B 82.97 -5.39 0.00 57235.945694 – – 426.00
GRB150728A 292.23 33.92 0.00 57231.535544 – – 0.83
GRB150727A 203.97 -18.33 0.00 57230.792996 4.42e-06 0.31 95.19
GRB150725A 220.42 -2.42 0.12 57228.364056 – – –
GRB150724B 351.89 3.82 0.07 57227.781675 2.80e-05 – 44.01
GRB150724A 97.56 -19.16 0.00 57227.240683 – – 280.00
GRB150722A 218.28 -35.20 0.00 57225.415197 – – 67.00
GRB150720A 119.58 -28.26 0.00 57223.584826 – – 151.00
GRB150716A 278.49 -12.98 0.00 57219.296331 – – 44.00
GRB150711A 221.63 -35.46 0.00 57214.765651 9.48e-06 – 94.95
GRB150710B 83.22 -46.94 0.00 57213.337198 – – 16.08
GRB150710A 194.47 14.32 0.00 57213.019464 – – 0.47
GRB150627A 117.47 -51.49 0.00 57200.182905 1.80e-04 – 70.57
GRB150626B 187.63 66.77 0.00 57199.849213 – – 48.00
GRB150626A 111.34 -37.78 0.00 57199.092234 – – 144.00
GRB150616A 314.72 -53.39 0.00 57189.950914 – – 599.50
GRB150615A 107.56 -22.45 0.00 57188.196146 – – 27.60
GRB150607A 139.99 68.44 0.00 57180.329965 3.99e-06 – 27.02
GRB150530B 7.50 44.29 0.02 57172.561551 – – –
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GRB150530A 327.51 57.52 0.00 57172.487669 3.49e-06 – 10.04
GRB150527A 288.96 4.20 0.00 57169.282571 2.60e-06 – 232.89
GRB150523A 115.29 -45.42 0.00 57165.395695 3.31e-05 – 84.23
GRB150514A 74.88 -60.97 0.00 57156.774365 4.74e-06 0.81 11.04
GRB150513A 49.04 -22.87 0.01 57155.854607 7.54e-06 – 202.93
GRB150430A 326.48 -27.90 0.00 57142.014601 1.56e-05 – 133.55
GRB150428B 292.64 4.13 0.00 57140.133368 – – 130.90
GRB150428A 188.54 6.95 0.00 57140.062963 – – 53.20
GRB150424A 152.31 -26.63 0.00 57136.321493 – 1.00 91.00
GRB150423A 221.58 12.28 0.00 57135.269491 – 1.39 0.22
GRB150413A 190.40 71.84 0.01 57125.579838 – 3.14 263.60
GRB150407A 216.60 38.54 0.02 57119.021644 – – –
GRB150403A 311.50 -62.71 0.00 57115.912627 5.47e-05 2.06 45.95
GRB150402A 173.66 40.99 0.02 57114.026227 – – 14.00
GRB150323C 192.62 50.19 0.00 57104.711751 1.88e-06 – 185.10
GRB150323B 260.45 38.32 0.00 57104.394884 1.92e-05 – 60.00
GRB150323A 128.18 45.46 0.00 57104.117523 – 0.59 149.60
GRB150318A 325.01 -61.46 0.00 57099.295058 – – 83.88
GRB150317A 138.98 55.47 0.00 57098.182431 – – 23.29
GRB150314A 126.67 63.83 0.00 57095.204745 8.16e-05 1.76 40.79
GRB150302A 175.53 36.81 0.00 57083.237917 – – 23.74
GRB150301B 89.17 -57.97 0.00 57082.818102 3.09e-06 1.52 13.57
GRB150301A 244.30 -48.71 0.00 57082.044769 1.81e-07 – 1.03
GRB150222A 198.79 -12.15 0.00 57075.706019 – – 15.90
GRB150219A 271.27 -41.60 0.06 57072.521670 7.72e-06 – 37.63
GRB150213B 253.45 34.19 0.00 57066.938542 – – 181.00
GRB150212A 285.48 47.36 0.00 57065.456470 – – 11.40
GRB150211A 254.86 55.39 0.00 57064.494546 – – 15.86
GRB150206A 10.07 -63.18 0.00 57059.604190 – 2.09 83.20
GRB150204A 160.24 -64.04 0.00 57057.271566 1.94e-06 – 16.73
GRB150203A 98.40 6.95 0.00 57056.172992 1.86e-06 – 26.32
GRB150202B 86.60 59.10 0.05 57055.999401 3.25e-05 – 168.97
GRB150202A 39.23 -33.15 0.00 57055.965301 – – 25.70
GRB150201A 11.83 -37.62 0.00 57054.574209 6.31e-05 – 33.45
GRB150123A 111.56 -9.68 0.13 57045.626273 – – –
GRB150120B 39.29 8.08 0.00 57042.306887 – 3.50 24.30
GRB150120A 10.32 33.99 0.00 57042.123449 3.35e-07 0.46 3.69
GRB150110C 68.58 -16.87 0.18 57032.986817 – – –
GRB150110B 289.37 32.52 0.00 57032.922569 5.81e-07 – 10.60
GRB150103A 131.67 -48.89 0.00 57025.834931 – – 49.10
GRB150101B 188.02 -10.93 0.00 57023.640972 2.38e-07 0.13 34.53
GRB150101A 312.60 36.73 0.00 57023.270058 7.61e-08 – 0.82
GRB141229A 72.43 -19.23 0.00 57020.492359 5.60e-06 – 13.82
GRB141225A 138.78 33.79 0.00 57016.959109 3.73e-06 0.92 62.62
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GRB141222A 178.04 -57.35 0.10 57013.297863 9.21e-06 – 4.81
GRB141221A 198.29 8.21 0.00 57012.338224 4.07e-06 1.45 44.39
GRB141220A 195.07 32.15 0.00 57011.251986 5.34e-06 1.32 7.62
GRB141212B 250.88 31.75 0.00 57003.558194 – – 10.50
GRB141212A 39.12 18.15 0.00 57003.509734 – 0.61 0.30
GRB141207A 159.85 3.71 0.00 56998.799550 3.42e-05 – 22.28
GRB141205A 92.86 37.88 0.02 56996.337002 1.07e-06 – 1.51
GRB141130A 222.82 47.32 0.00 56991.965926 – – 62.90
GRB141121A 122.67 22.22 0.00 56982.160220 – 1.47 549.90
GRB141109B 222.30 73.13 0.00 56970.324757 – – 54.20
GRB141109A 144.53 -0.61 0.00 56970.242998 – 2.99 200.00
GRB141102A 208.61 -47.10 0.03 56963.535841 1.42e-06 – 5.84
GRB141031B 356.90 41.35 0.00 56961.622743 – – 16.00
GRB141031A 128.61 -59.17 0.00 56961.304358 4.93e-06 – 929.45
GRB141028A 322.60 -0.23 0.00 56958.454708 3.48e-05 2.33 38.15
GRB141026A 44.08 26.93 0.00 56956.108924 – 3.35 146.00
GRB141022A 241.87 -72.13 0.00 56952.060903 5.60e-07 – 12.66
GRB141020A 225.00 55.31 0.00 56950.325451 – – 15.55
GRB141017A 93.63 -58.58 0.00 56947.767685 – – 55.70
GRB141015A 87.52 18.33 0.00 56945.384016 – – 11.00
GRB141005A 291.09 36.09 0.00 56935.217431 2.50e-06 – 4.36
GRB141004A 76.73 12.82 0.00 56934.972847 1.18e-06 0.57 3.92
GRB140930B 6.35 24.29 0.00 56930.820625 – – 0.84
GRB140928A 43.70 -55.93 0.00 56928.437301 4.47e-06 – 17.92
GRB140927A 291.79 -65.39 0.00 56927.218877 – – 6.26
GRB140919A 221.54 -32.18 0.00 56919.635573 1.07e-05 – 152.76
GRB140916A 40.40 -39.69 0.00 56916.447072 – – 80.10
GRB140909A 193.61 63.52 0.00 56909.289479 – – –
GRB140907A 48.15 46.60 0.00 56907.671543 6.45e-06 1.21 85.89
GRB140903A 238.01 27.60 0.00 56903.625347 – 0.35 0.30
GRB140901B 112.18 -29.21 0.02 56901.262063 2.93e-06 – 65.03
GRB140828A 142.03 14.57 0.01 56897.287594 3.76e-06 – 24.72
GRB140824A 206.62 33.29 0.00 56893.361435 – – 3.09
GRB140818B 271.14 -1.39 0.00 56887.780684 8.49e-07 – 23.00
GRB140817A 127.26 58.19 0.00 56886.292928 5.03e-06 – 256.03
GRB140815A 86.90 -8.67 0.04 56884.913252 – – –
GRB140810A 119.04 27.55 0.12 56879.782061 1.10e-04 – 88.32
GRB140730A 56.40 -66.55 0.00 56868.822118 – – 41.30
GRB140719B 39.73 -2.38 0.01 56857.867774 – – 53.00
GRB140719A 171.60 -50.14 0.00 56857.245778 – – 48.00
GRB140716A 108.17 -60.18 0.00 56854.436076 1.18e-05 – 168.96
GRB140713A 281.11 59.63 0.00 56851.780382 8.31e-07 – 5.42
GRB140710B 204.67 -58.55 0.05 56848.901042 1.40e-06 – 12.80
GRB140710A 41.07 35.50 0.00 56848.428241 – 0.56 3.52
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GRB140709B 146.06 63.53 0.00 56847.635897 7.36e-06 – 158.47
GRB140709A 304.66 51.22 0.00 56847.050883 7.35e-06 – 123.31
GRB140706A 49.29 -38.05 0.00 56844.814815 2.49e-06 – 61.26
GRB140703A 13.00 45.10 0.00 56841.025778 7.57e-06 3.14 84.74
GRB140629A 248.98 41.88 0.00 56837.595486 – 2.27 42.00
GRB140628A 40.67 -0.38 0.00 56836.566400 – – 10.50
GRB140626A 77.38 -82.63 0.00 56834.022928 – – 16.40
GRB140622A 317.17 -14.42 0.00 56830.400046 – 0.96 0.13
GRB140619A 27.11 -39.26 0.00 56827.485127 – – 233.90
GRB140619B 132.68 -9.66 0.06 56827.475466 1.55e-06 – 2.82
GRB140614C 147.42 71.94 0.02 56822.838148 – – –
GRB140614B 322.63 14.93 0.00 56822.276516 – – 49.80
GRB140614A 231.17 -79.13 0.00 56822.045127 – 4.23 720.00
GRB140611A 349.92 -40.10 0.00 56819.160463 – – 1.90
GRB140610A 286.27 3.91 0.00 56818.688502 1.38e-05 – 134.14
GRB140607A 86.37 18.90 0.01 56815.717720 – – 109.90
GRB140606A 201.80 37.60 0.02 56814.457095 – – 0.34
GRB140529A 228.78 -41.05 0.00 56806.394514 – – 4.50
GRB140521A 320.18 67.59 0.01 56798.732153 2.68e-06 – 12.28
GRB140518A 227.25 42.42 0.00 56795.387338 – 4.71 60.50
GRB140516A 252.99 39.96 0.00 56793.854792 – – 0.19
GRB140515A 186.06 15.10 0.00 56792.383750 – 6.32 23.40
GRB140512A 289.37 -15.09 0.00 56789.813686 2.93e-05 0.72 161.30
GRB140509A 46.59 -62.64 0.00 56786.098762 – 2.40 23.20
GRB140506A 276.78 -55.64 0.00 56783.880242 6.59e-06 0.89 114.19
GRB140502A 319.19 48.97 0.00 56779.354382 2.11e-06 – 20.10
GRB140430A 102.94 23.02 0.00 56777.856667 – 1.60 173.60
GRB140428A 194.37 28.39 0.00 56775.945023 – 4.70 17.42
GRB140423A 197.29 49.84 0.00 56770.355231 1.81e-05 3.26 155.02
GRB140419A 126.99 46.24 0.00 56766.171424 – 3.96 94.70
GRB140414A 195.31 56.90 0.03 56761.254502 – – 0.70
GRB140413A 65.45 -51.18 0.00 56760.006713 – – 139.60
GRB140412A 144.97 -65.82 0.00 56759.931123 – – 39.60
GRB140408A 290.72 -12.60 0.00 56755.552708 6.57e-07 4.00 7.90
GRB140402A 207.59 5.97 0.02 56749.007014 2.84e-07 – 1.19
GRB140331A 134.86 2.72 0.00 56747.242917 – 4.65 209.00
GRB140323A 356.96 -79.90 0.00 56739.432559 3.24e-05 – 122.78
GRB140320C 134.38 71.20 0.05 56736.553704 – – –
GRB140320B 145.57 60.25 0.05 56736.393056 – – –
GRB140320A 281.86 -11.19 0.00 56736.092186 1.02e-07 – 2.30
GRB140318A 184.09 20.21 0.00 56734.006331 – 1.02 8.43
GRB140311B 252.32 52.72 0.00 56727.885058 7.02e-06 – 74.49
GRB140311A 209.31 0.64 0.00 56727.878657 – 4.95 71.40
GRB140305A 344.50 15.45 0.01 56721.625231 – – 13.70
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GRB140304A 30.64 33.47 0.00 56720.557247 2.43e-06 5.28 31.23
GRB140302A 253.86 -12.88 0.00 56718.342338 5.96e-06 – 87.50
GRB140301A 69.56 -34.26 0.00 56717.642234 – 1.42 31.00
GRB140226A 221.49 15.00 0.00 56714.418715 – 1.98 –
GRB140215A 104.15 41.79 0.00 56703.171644 – – 84.20
GRB140213A 105.15 -73.14 0.00 56701.806624 2.12e-05 1.21 64.65
GRB140211A 124.22 20.24 0.00 56699.516007 – – 89.40
GRB140209A 81.33 32.50 0.00 56697.313160 8.97e-06 – 21.30
GRB140206A 145.33 66.76 0.00 56694.303704 1.55e-05 2.73 93.60
GRB140129B 326.76 26.21 0.00 56686.535521 – – 1.36
GRB140129A 37.89 -1.60 0.00 56686.141655 – – 2.99
GRB140118A 331.00 -17.94 0.01 56675.063156 3.96e-06 – 149.47
GRB140114A 188.52 27.95 0.00 56671.498380 – 3.00 139.70
GRB140108A 325.11 58.74 0.00 56665.721319 1.97e-05 0.60 94.00
GRB140104B 218.75 -9.03 0.00 56661.730592 2.33e-05 – 198.15
GRB140103A 232.09 37.76 0.00 56660.021331 – – 17.30
GRB140102A 211.92 1.33 0.00 56659.887225 1.78e-05 – 65.75
GRB131231A 10.59 -1.65 0.00 56657.198103 1.52e-04 0.64 44.55
GRB131229A 85.23 -4.40 0.00 56655.277361 2.64e-05 – 15.62
GRB131227A 67.38 28.88 0.00 56653.197813 – 5.30 18.00
GRB131226A 301.31 -64.94 0.01 56652.241412 – – 8.19
GRB131224A 296.83 31.67 0.03 56650.704595 – – –
GRB131224B 163.72 -14.18 0.02 56650.142454 – – 9.00
GRB131218A 113.80 -64.72 0.05 56644.878843 – – –
GRB131205A 131.63 -60.16 0.00 56631.387940 – – 37.50
GRB131202A 344.05 -21.66 0.00 56628.633409 8.17e-07 7.50 32.90
GRB131128A 355.31 31.31 0.00 56624.629444 5.70e-07 – 3.00
GRB131127A 332.73 36.61 0.00 56623.424711 – – 92.10
GRB131122A 152.55 57.73 0.03 56618.892373 – – –
GRB131120A 278.94 -12.03 0.02 56616.609676 – – 131.00
GRB131117A 332.33 -31.76 0.00 56613.023657 – 4.04 11.00
GRB131110A 69.27 -17.26 0.01 56606.495266 – – 100.00
GRB131108A 156.50 9.66 0.00 56604.862418 3.57e-05 2.40 21.31
GRB131105A 70.97 -63.00 0.00 56601.086620 2.38e-05 1.69 124.63
GRB131103A 348.92 -44.64 0.00 56599.921817 – 0.60 17.30
GRB131031A 29.61 -1.58 0.00 56596.481609 4.38e-06 – 8.99
GRB131030A 345.07 -5.37 0.00 56595.872428 – 1.29 41.29
GRB131024B 144.50 44.27 0.00 56589.899613 1.33e-06 – 68.46
GRB131024A 290.48 -64.60 0.00 56589.518287 – – 112.00
GRB131018B 304.41 23.11 0.13 56583.672664 2.73e-06 – 39.94
GRB131018A 98.47 -19.90 0.00 56583.533194 – – 73.22
GRB131014A 100.30 -19.10 0.00 56579.214583 1.98e-04 – 4.36
GRB131004A 296.11 -2.96 0.00 56569.903507 5.10e-07 0.72 1.64
GRB131002B 75.12 -75.70 0.00 56567.454491 – – 39.10
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GRB131002A 253.22 82.05 0.00 56567.287742 1.20e-06 – 55.68
GRB131001A 8.30 25.56 0.01 56566.234306 – – 4.90
GRB130930A 190.66 -35.50 0.05 56565.798287 – – –
GRB130929A 135.02 -47.56 0.00 56564.400382 – – 11.10
GRB130925A 41.18 -26.15 0.00 56560.173182 6.34e-07 0.35 215.56
GRB130919A 207.28 -10.35 0.01 56554.463472 – – 97.30
GRB130913A 341.96 1.29 0.03 56548.019687 – – –
GRB130912A 47.59 14.00 0.00 56547.357604 7.01e-07 – 1.44
GRB130907A 215.89 45.61 0.00 56542.902268 – 1.24 –
GRB130903A 82.14 -0.12 0.04 56538.032870 2.52e-06 – 77.91
GRB130831B 192.42 -29.18 0.00 56535.575220 – – 37.80
GRB130831A 358.62 29.43 0.00 56535.544630 – 0.48 32.50
GRB130829A 182.43 46.52 0.01 56533.238576 – – 42.56
GRB130828A 259.79 28.22 0.00 56532.305556 3.89e-05 – 150.43
GRB130822A 27.92 -3.21 0.00 56526.662697 – 0.10 –
GRB130821A 313.93 -11.97 0.00 56525.673935 5.61e-05 – 90.64
GRB130816B 170.02 -57.56 0.00 56520.203912 – – 10.00
GRB130816A 197.14 -58.95 0.00 56520.073929 7.96e-07 – 57.48
GRB130812A 92.40 -13.29 0.00 56516.932546 – – 7.60
GRB130807A 269.80 -27.62 0.00 56511.434525 – – –
GRB130806A 35.93 67.53 0.00 56510.119132 – – 6.10
GRB130803A 220.25 -2.49 0.00 56507.418639 2.82e-06 – 45.58
GRB130727A 330.80 -65.54 0.00 56500.698143 8.16e-06 – 13.57
GRB130725B 214.24 -11.13 0.00 56498.735741 – – 10.00
GRB130725A 230.03 0.63 0.00 56498.484155 – – 101.80
GRB130722A 260.65 -2.97 0.00 56495.346748 – – –
GRB130719A 89.04 -11.59 0.01 56492.241539 – – 177.70
GRB130716A 179.58 63.05 0.00 56489.442280 6.40e-07 – 0.91
GRB130708A 17.47 0.00 0.02 56481.488237 2.53e-06 – 14.65
GRB130702A 217.31 15.77 0.00 56475.003738 5.72e-06 0.14 59.73
GRB130701A 357.23 36.10 0.00 56474.178960 – 1.16 5.22
GRB130627B 181.91 -55.70 0.00 56470.500579 – – 28.60
GRB130627A 184.42 -37.09 0.00 56470.371389 1.58e-06 – 45.79
GRB130626A 273.13 -9.53 0.01 56469.452118 2.34e-07 – 2.48
GRB130625A 343.28 82.17 0.00 56468.292118 – – 38.10
GRB130623A 20.85 -77.77 0.00 56466.488017 2.46e-06 – 22.83
GRB130615A 274.83 -68.16 0.00 56458.406076 – – 304.00
GRB130612A 259.79 16.72 0.00 56455.140519 6.80e-07 2.01 7.42
GRB130610A 224.42 28.21 0.00 56453.133425 3.54e-06 2.09 51.46
GRB130609B 53.77 -40.17 0.00 56452.901801 5.44e-05 – 214.99
GRB130609A 152.67 24.13 0.00 56452.128565 1.06e-06 – 7.00
GRB130608A 24.61 41.50 0.00 56451.968299 – – 151.38
GRB130606A 249.40 29.80 0.00 56449.878229 – 5.91 276.58
GRB130606B 218.53 -22.10 0.00 56449.496910 2.01e-04 – 58.23
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GRB130605A 134.54 -33.46 0.00 56448.987292 – – 12.60
GRB130604A 250.19 68.23 0.00 56447.287801 – 1.06 37.70
GRB130603B 172.20 17.07 0.00 56446.659190 – 0.36 0.18
GRB130603A 86.89 82.91 0.00 56446.249676 – – 76.00
GRB130529A 24.28 -64.15 0.00 56441.469039 – – 128.00
GRB130527A 309.28 -24.73 0.00 56439.598244 – – 45.70
GRB130521A 87.57 14.47 0.01 56433.950880 – – 11.00
GRB130518A 355.67 47.46 0.00 56430.579595 9.46e-05 2.49 59.02
GRB130518B 321.56 -20.15 0.01 56430.451829 – – –
GRB130515A 283.44 -54.28 0.00 56427.056447 1.09e-06 – 1.07
GRB130514B 147.61 -18.97 0.05 56426.560093 2.27e-06 – 17.43
GRB130514A 296.28 -7.98 0.00 56426.301169 – 3.60 204.00
GRB130513A 144.75 -5.23 0.05 56425.318056 – – –
GRB130511A 196.65 18.71 0.00 56423.479711 – 1.30 5.43
GRB130508A 305.32 34.96 0.00 56420.714502 – – 42.00
GRB130505A 137.06 17.48 0.00 56417.348924 – 2.27 88.96
GRB130504C 91.63 3.83 0.00 56416.978438 1.29e-04 – 82.44
GRB130504A 272.46 -16.31 0.00 56416.087199 – – 50.00
GRB130502A 138.57 -0.12 0.00 56414.743403 6.27e-07 – 3.56
GRB130502B 66.65 71.08 0.18 56414.327211 1.05e-04 – 32.25
GRB130427B 314.90 -22.55 0.00 56409.556030 – 2.78 27.00
GRB130427A 173.14 27.70 0.00 56409.324375 2.46e-03 0.34 213.83
GRB130420B 183.13 54.39 0.00 56402.539188 1.60e-06 – 15.38
GRB130420A 196.11 59.42 0.00 56402.311447 1.16e-05 1.30 156.24
GRB130419A 355.28 9.90 0.02 56401.562836 – – 75.70
GRB130418A 149.04 13.67 0.00 56400.792280 – 1.22 –
GRB130408A 134.41 -32.36 0.00 56390.910856 – 3.76 28.00
GRB130327B 217.87 -69.40 0.00 56378.350046 5.20e-05 – 33.33
GRB130327A 92.04 55.71 0.00 56378.074699 – – 9.00
GRB130315A 157.55 -51.79 0.00 56366.531620 – – 233.40
GRB130313A 236.41 -0.37 0.00 56364.672350 – – 0.26
GRB130306A 279.46 -11.68 0.00 56357.991064 1.25e-04 – 120.58
GRB130305A 116.75 52.03 0.00 56356.485544 4.65e-05 – 27.25
GRB130216A 67.90 14.67 0.01 56339.927329 5.92e-06 – 9.27
GRB130216B 58.87 2.04 0.01 56339.790352 4.89e-06 – 12.99
GRB130215A 43.49 13.39 0.01 56338.063430 1.86e-05 0.60 143.75
GRB130211A 147.54 -42.34 0.00 56334.150370 – 4.30 25.10
GRB130206A 140.38 -58.19 0.00 56329.816989 2.57e-06 – 128.11
GRB130131B 173.96 15.04 0.00 56323.798704 – 2.54 4.30
GRB130131A 171.13 48.08 0.00 56323.580810 – – 51.60
GRB130122A 194.28 59.01 0.00 56314.988993 – – 64.00
GRB130102A 311.42 49.82 0.00 56294.757558 – – 77.50
GRB121229A 190.10 -50.59 0.00 56290.208576 – 2.71 –
GRB121226A 168.64 -30.41 0.00 56287.798414 – – 1.00
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GRB121212A 177.79 78.04 0.00 56273.289028 – – 7.80
GRB121211A 195.53 30.15 0.00 56272.574312 6.41e-07 1.02 183.48
GRB121209A 326.79 -8.24 0.00 56270.916100 – 2.10 42.70
GRB121202A 256.80 23.95 0.00 56263.180608 2.01e-06 – 20.54
GRB121201A 13.47 -42.94 0.00 56262.517847 – 3.38 85.00
GRB121128A 300.60 54.30 0.00 56259.212234 9.30e-06 2.20 30.54
GRB121125A 228.53 55.31 0.00 56256.355827 6.56e-06 – 55.72
GRB121123A 307.32 -11.86 0.00 56254.418530 2.20e-05 2.70 317.00
GRB121117A 31.61 7.42 0.00 56248.368704 – – 30.00
GRB121108A 83.19 54.47 0.00 56239.741424 – – 89.00
GRB121102A 270.90 -16.96 0.00 56233.102083 – – 26.70
GRB121031A 170.77 -3.52 0.00 56231.949165 1.45e-05 0.11 448.12
GRB121028A 271.90 -2.29 0.00 56228.211470 – – 3.80
GRB121027A 63.60 -58.83 0.00 56227.314225 – 1.77 62.60
GRB121024A 70.47 -12.29 0.00 56224.122361 – 2.30 69.00
GRB121017A 288.83 -1.60 0.00 56217.807963 – – 4.20
GRB121014A 166.65 -29.11 0.02 56214.841620 – – 80.00
GRB121011A 260.21 41.11 0.00 56211.469039 3.98e-06 0.58 80.60
GRB121001A 276.03 -5.67 0.00 56201.765995 – – 147.00
GRB120927A 136.61 0.42 0.00 56197.944977 – – 43.00
GRB120923A 303.79 6.22 0.00 56193.219514 – 7.80 27.20
GRB120922A 234.75 -20.18 0.00 56192.937683 8.21e-06 3.10 185.19
GRB120918A 181.04 -32.76 0.01 56188.469560 – – 25.10
GRB120913B 213.66 -14.51 0.01 56183.996838 2.03e-05 – 157.23
GRB120913A 146.40 26.96 0.01 56183.846076 1.56e-06 – 34.14
GRB120911A 357.98 63.10 0.00 56181.297564 2.34e-06 – 22.02
GRB120909A 275.74 -59.45 0.00 56179.070389 9.85e-06 3.93 112.07
GRB120907A 74.75 -9.31 0.00 56177.016928 8.09e-07 0.97 17.31
GRB120830A 88.50 -28.70 0.00 56169.296562 3.07e-06 – 1.43
GRB120821A 255.27 -40.52 0.03 56160.558160 – – –
GRB120819A 235.91 -7.31 0.00 56158.548773 – – 71.00
GRB120817A 250.69 -38.35 0.00 56156.284514 – – 28.20
GRB120817B 8.31 -26.43 0.02 56156.168391 1.79e-06 – 0.85
GRB120816A 282.14 -6.94 0.00 56155.804560 – – 7.60
GRB120815A 273.96 -52.13 0.00 56154.093032 – 2.36 9.70
GRB120811C 199.68 62.30 0.00 56150.649166 3.45e-06 2.67 30.88
GRB120811A 257.17 -22.71 0.00 56150.107847 – – 166.00
GRB120807A 241.26 -47.48 0.00 56146.298345 – – 20.00
GRB120805A 216.54 5.83 0.00 56144.894549 – 3.10 48.00
GRB120804A 233.95 -28.78 0.00 56143.037662 – – 0.81
GRB120803B 314.24 53.30 0.00 56142.462569 – – 37.50
GRB120803A 269.53 -6.73 0.02 56142.307130 – – 10.00
GRB120802A 44.84 13.77 0.00 56141.333924 – 3.80 50.00
GRB120729A 13.07 49.94 0.00 56137.455690 5.08e-06 0.80 73.86



156 APPENDIX A. GRB CATALOG

Name , & $ T0 f! z T100

GRB120728A 137.09 -54.44 0.00 56136.934155 3.74e-06 – 32.97
GRB120724A 245.18 3.51 0.00 56132.277106 – 1.48 72.80
GRB120722A 230.50 13.25 0.00 56130.537106 – 0.96 42.40
GRB120714B 355.41 -46.18 0.00 56122.888039 – 0.40 159.00
GRB120714A 167.98 -30.63 0.00 56122.324144 – – 16.20
GRB120712A 169.59 -20.03 0.00 56120.571109 4.43e-06 4.15 22.53
GRB120711B 331.69 60.02 0.00 56119.132669 – – 60.00
GRB120711A 94.68 -71.00 0.00 56119.114444 1.94e-04 1.80 111.79
GRB120709A 318.17 -49.97 0.00 56117.883102 1.37e-05 – 27.57
GRB120703A 339.36 -29.72 0.00 56111.725891 8.33e-06 – 30.20
GRB120624B 170.88 8.93 0.00 56102.930300 1.92e-04 1.35 271.36
GRB120612A 126.72 -17.57 0.00 56090.087025 – – 90.00
GRB120521C 214.29 42.14 0.00 56068.973692 – 6.00 26.70
GRB120521B 197.01 -52.75 0.00 56068.380417 3.11e-06 – 95.52
GRB120521A 148.72 -49.42 0.00 56068.249792 – – 0.45
GRB120514A 283.00 -4.26 0.00 56061.050567 – – 164.40
GRB120510A 44.29 72.85 0.05 56057.366481 – – –
GRB120422A 136.91 14.02 0.00 56039.300035 – 0.28 5.35
GRB120419A 187.37 -63.03 0.05 56036.539178 – – –
GRB120404A 235.01 12.89 0.00 56021.535440 – 2.88 38.70
GRB120403A 42.46 40.49 0.02 56020.045405 – – 1.25
GRB120401A 58.08 -17.64 0.00 56018.225174 – 4.50 –
GRB120328A 241.61 -39.34 0.00 56014.129387 – – 24.20
GRB120327A 246.86 -29.41 0.00 56013.121713 – 2.81 62.90
GRB120326A 273.90 69.26 0.00 56012.055891 3.26e-06 1.80 69.60
GRB120324A 291.08 24.13 0.00 56010.249430 – – 118.24
GRB120320A 212.52 8.70 0.00 56006.497396 – – 25.74
GRB120312A 251.79 23.86 0.00 55998.671153 8.29e-07 – 14.58
GRB120311B 258.56 -13.05 0.00 55997.630671 – – 28.20
GRB120311A 273.09 14.30 0.00 55997.231690 – – 3.50
GRB120308A 219.08 79.69 0.00 55994.259468 – – 60.60
GRB120305A 47.54 28.49 0.00 55991.817708 – – 0.10
GRB120302A 122.40 29.63 0.00 55988.080255 2.53e-06 0.70 81.15
GRB120229A 20.03 -35.80 0.01 55986.607766 – – 0.22
GRB120224A 40.94 -17.76 0.00 55981.194398 – 1.10 8.13
GRB120219A 129.79 51.03 0.00 55976.604259 – – 90.50
GRB120218A 319.76 -25.46 0.01 55975.034282 – – 27.50
GRB120215A 30.05 8.80 0.00 55972.028646 – – 26.50
GRB120213A 301.01 65.41 0.00 55970.018970 – – 48.90
GRB120212A 43.10 -18.02 0.00 55969.382887 1.15e-06 – 9.22
GRB120211A 87.75 -24.78 0.00 55968.498935 – 2.40 61.70
GRB120202A 203.52 22.80 0.05 55959.902975 – – –
GRB120121A 249.35 -23.96 0.00 55947.404387 – – 26.10
GRB120119A 120.03 -9.08 0.00 55945.169734 3.87e-05 1.73 258.95
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GRB120118B 124.87 -7.18 0.00 55944.708560 2.66e-06 2.94 37.83
GRB120116A 16.24 33.93 0.00 55942.754491 – – 41.00
GRB120114A 317.90 57.04 0.02 55940.680529 2.39e-06 – 43.26
GRB120106A 66.11 64.04 0.00 55932.594722 – – 61.60
GRB120102A 276.22 24.71 0.00 55928.094387 1.34e-05 – 45.13
GRB111229A 76.29 -84.71 0.00 55924.942963 – 1.38 25.40
GRB111228A 150.07 18.30 0.00 55923.656035 1.81e-05 0.71 102.81
GRB111225A 13.16 51.57 0.00 55920.160150 – 0.30 106.80
GRB111215A 349.56 32.49 0.00 55910.586204 – – 796.00
GRB111212A 310.43 -68.61 0.00 55907.391053 – – –
GRB111210A 191.48 -7.17 0.00 55905.609062 – – 2.52
GRB111209A 14.34 -46.80 0.00 55904.300093 – 0.68 –
GRB111208A 290.22 40.68 0.00 55903.352855 3.26e-06 – 40.96
GRB111207A 92.92 -39.50 0.05 55902.595127 – – 3.00
GRB111204A 336.63 -31.37 0.00 55899.567685 – – 48.00
GRB111201A 190.48 32.99 0.00 55896.599114 1.86e-06 – 16.90
GRB111129A 307.43 -52.71 0.00 55894.679329 – 1.08 7.60
GRB111126A 276.06 51.46 0.02 55891.790069 – – 0.80
GRB111123A 154.85 -20.64 0.00 55888.759271 – 3.15 290.00
GRB111121A 154.76 -46.67 0.00 55886.684984 – – 120.36
GRB111117A 12.70 23.02 0.05 55882.509502 5.64e-07 2.21 1.40
GRB111109A 118.20 -41.58 0.00 55874.123449 – – 13.00
GRB111107A 129.48 -66.52 0.00 55872.034999 9.07e-07 2.89 26.65
GRB111103B 265.69 1.61 0.00 55868.457651 – – 168.98
GRB111103A 327.11 -10.53 0.01 55868.441123 2.98e-06 – 12.23
GRB111029A 44.78 57.11 0.00 55863.406019 – – 7.60
GRB111026A 244.26 -47.44 0.01 55860.282975 – – 3.62
GRB111022B 108.96 49.68 0.00 55856.717407 – – 79.10
GRB111022A 275.87 -23.67 0.01 55856.671574 – – 24.70
GRB111020A 287.05 -38.01 0.00 55854.273484 – – 0.40
GRB111018A 271.49 -3.91 0.00 55852.726667 – – 36.00
GRB111016A 153.83 27.46 0.00 55850.775741 – – 550.00
GRB111008A 60.45 -32.71 0.00 55842.925671 – 5.00 63.46
GRB111005A 223.31 -19.72 0.02 55839.336968 – 0.01 26.00
GRB110928A 257.73 36.54 0.00 55832.077442 – – 26.70
GRB110921A 294.10 36.33 0.00 55825.576995 3.36e-06 – 75.64
GRB110915A 310.82 -0.72 0.00 55819.556065 – – 78.76
GRB110903A 197.04 59.00 0.05 55807.110800 3.47e-05 – 342.31
GRB110827A 164.06 53.82 0.02 55800.001296 – – 8.50
GRB110820A 343.19 70.30 0.00 55793.735035 – – 256.00
GRB110818A 317.34 -63.98 0.00 55791.859540 5.15e-06 3.36 107.76
GRB110808A 57.27 -44.19 0.00 55781.263125 – 1.35 48.00
GRB110801A 89.44 80.96 0.00 55774.826181 – 1.86 385.00
GRB110731A 280.50 -28.54 0.00 55773.464919 2.29e-05 2.83 39.80
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Name , & $ T0 f! z T100

GRB110726A 286.72 56.07 0.00 55768.062963 – 1.04 5.20
GRB110721A 333.66 -38.59 0.00 55763.199803 3.70e-05 0.38 22.59
GRB110719A 24.58 34.59 0.00 55761.256377 – – 41.00
GRB110715A 237.68 -46.24 0.00 55757.551273 – 0.82 13.00
GRB110709B 164.65 -23.45 0.00 55751.897674 – – 55.60
GRB110709A 238.89 40.92 0.00 55751.641979 3.69e-05 – 46.70
GRB110708A 340.08 53.95 0.05 55750.196782 – – –
GRB110625A 286.73 6.76 0.00 55737.880767 6.55e-05 – 54.26
GRB110610A 308.18 74.83 0.00 55722.639895 8.02e-06 – 51.48
GRB110604A 271.00 18.47 0.08 55716.617890 – – –
GRB110530A 282.07 61.93 0.00 55711.646551 – – 19.60
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