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Abstract

Gamma-ray bursts (GRBs) are considered as promising sources of ultra-high-energy cosmic rays (UHECRs) due to
their large power output. Observing a neutrino flux from GRBs would offer evidence that GRBs are hadronic accel-
erators of UHECRSs. Previous IceCube analyses, which primarily focused on neutrinos arriving in temporal coincidence
with the prompt gamma-rays, found no significant neutrino excess. The four analyses presented in this paper extend the
region of interest to 14 days before and after the prompt phase, including generic extended time windows and targeted
precursor searches. GRBs were selected between 2011 May and 2018 October to align with the data set of candidate
muon-neutrino events observed by IceCube. No evidence of correlation between neutrino events and GRBs was found
in these analyses. Limits are set to constrain the contribution of the cosmic GRB population to the diffuse astrophysical
neutrino flux observed by IceCube. Prompt neutrino emission from GRBs is limited to <1% of the observed diffuse
neutrino flux, and emission on timescales up to 10* s is constrained to 24% of the total diffuse flux.

Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100); Gamma-ray bursts (629)

1. Introduction

Gamma-ray bursts (GRBs) are short bursts of gamma
radiation and are among the most energetic events in the uni-
verse (Zhang & Mészaros 2004; Mészaros 2006). The primary
burst of gamma-rays, called the prompt emission, lasts for
about 107°~10° s. GRBs are broadly classified into two cate-
gories based on the duration of their prompt emission: short
GRBs (for bursts shorter than 2 s) and long GRBs (for bursts
longer than 2 s) (Mazets et al. 1981; Norris et al. 1984;
Kouveliotou et al. 1993). Any particle emission observed prior
to and after the prompt emission is referred to as precursor and
afterglow emission, respectively. Short GRBs are generally
observed to have a harder energy spectrum than long GRBs
(Zhang et al. 2012). Although their exact emission mechanism
is not well understood, the predominant model for GRB phe-
nomenology includes the emission of a relativistic fireball
triggered by the interaction of accreting matter onto a compact
central object (Mészdros 2006; Kumar & Zhang 2015). The
recent observation of gravitational wave emission from a bin-
ary neutron star merger, GW170817, in coincidence with the
short GRB 170817A (Abbott et al. 2017), confirmed that short
GRBs can be produced by mergers of compact objects. Long
GRBs have been previously linked to the core collapse of
supermassive stars by the observation of coincident supernovae
(MacFadyen & Woosley 1999; Hjorth & Bloom 2012).

Central engines of GRBs drive a highly relativistic jet
beamed into a narrow opening angle (Rhoads 1997; Zhang &
Meészaros 2004). The jet fireball is hypothesized to be a plasma
arising from a quasi-thermal equilibrium between radiation
and e e pairs. Multiple shells of plasma can be emitted,
which propagate outward from the central engine into the
interstellar region with a varying Lorentz factor (Goodman
1986; Paczynski 1986). When two shells collide, a shock wave
will develop that can accelerate charged particles to higher
energies via first-order Fermi acceleration (Krymskii 1977; Bell
1978). At a later stage, the relativistic outflow from the fireball
will interact with the interstellar medium, leading to external
shocks (Mészaros 2006). In some models, protons and ions are
accelerated at the sites of internal and external shocks to
energies in excess of 10*° eV leading to emission of ultra-high-
energy cosmic rays (UHECRs) (Vietri 1995; Waxman 1995;
Murase & Nagataki 2006). UHECRs observed in coincidence
with GRBs would offer direct evidence of this hadronic
acceleration. However, cosmic rays get deflected by the inter-
galactic magnetic fields as they propagate through space. Thus
they neither point back to their sources, nor reach us at the
same time as the GRB gamma-rays. Fortunately, neutrinos

offer an alternative approach to identify the progenitors of
cosmic rays. Fermi-accelerated protons and ions can interact
with the gamma-rays produced in the fireball and lead to the
photomeson production of pions, which can create an accom-
panying burst of neutrinos (Waxman & Bahcall 1997; Globus
et al. 2015; Boncioli et al. 2019; Heinze et al. 2020). These
interactions can take place through the following channels:

p+y—n+1
LS VA S

pt—et + 7,4 v e))

Assuming sufficient pion production, GRBs can collectively
produce a diffuse neutrino flux observable at Earth above 0.1-1
PeV (Waxman & Bahcall 1997; Gandhi et al. 1998; Winter
et al. 2014; Baerwald et al. 2015; Bustamante et al. 2015; Biehl
et al. 2018). Neutrinos effectively only interact through the
weak force, propagating through the universe without deflec-
tion and thus point back to their sources. Detecting high-energy
neutrinos correlated with GRBs would establish them as cos-
mic-ray acceleration sites.

The IceCube Neutrino Observatory is currently the most
sensitive instrument for the detection of astrophysical neutrinos
(Ahlers et al. 2018). In 2013 the IceCube Collaboration first
reported the discovery of an astrophysical neutrino flux (Aartsen
et al. 2013). This was later corroborated by the discovery of a
hard spectrum of muon events in the Northern Hemisphere
(Aartsen et al. 2016a). While candidate neutrino sources have
been identified by IceCube (Aartsen et al. 2018) and others
(Stein et al. 2021), the origin of the diffuse astrophysical flux is
not fully understood and may have several classes of progeni-
tors. Because searches for neutrinos in coincidence with brief,
transient phenomena are nearly background free, IceCube has
pursued several different types of analyses designed to search for
neutrino correlations with the prompt phase of GRB observa-
tions (Abbasi et al. 2012; Aartsen et al. 2015, 2016b, 2017a), but
found no associations. These results are consistent with non-
detections in analyses performed by AMANDA (Achterberg
et al. 2007, 2008) and ANTARES (Albert et al. 2017a, 2021a,
2021b). The most recent IceCube results (Aartsen et al. 2017a;
Abbasi et al. 2021a) have put constraints on the single-zone
fireball models of GRB neutrino and UHECR production during
the prompt phase. IceCube has also performed dedicated
searches for neutrinos coincident with gravitational wave
candidates, such as GW170817, detected by LIGO and Virgo
(Adrian-Martinez et al. 2016; Albert et al. 2017b, 2017c, 2019;
Aartsen et al. 2020). To date, no correlation has been found
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on 10° s timescales, but additional studies are ongoing
(Keivani et al. 2021).

Recent observations by imaging air Cherenkov telescopes
(IACTs) have shown that TeV particles can be produced during
the afterglow phase, up to several days after the prompt
emission (Abdalla et al. 2019, 2021; Acciari et al. 2019).
Additionally, it has been shown that ~10% of GRBs have an
observed gamma-ray precursor that precedes the main burst by
a few tens of seconds, but in extreme cases, up to 10 minutes
(e.g., Burlon et al. 2009; Charisi et al. 2015; Coppin et al.
2020). The complementary studies presented in this paper
extend the search for neutrino correlations to precursor time
windows (TWs), as well as extended precursor and afterglow
TWs of up to —14 to +14 days around GRB gamma-ray
triggers. The low background rates allow for highly sensitive
searches on the scale of days to weeks. All the analyses use
7.16 yr of IceCube muon neutrino candidate events. Section 2
describes the IceCube detector and the event selection for the
neutrino data set used in the four analyses. In Section 3, we
describe the catalog of GRBs that was used in our analyses, as
well as the different selection cuts on the GRB sample that
were considered for the respective analyses. In Section 4, we
describe the methods used for evaluating the statistical sig-
nificance of results, and in Section 5 we describe the analysis
approach and results for each study. Our limits and inter-
pretation on neutrino emissions from cosmic GRB populations
are presented in Section 6. Section 7 then provides the con-
cluding remarks and outlook.

2. Detector and Event Selection

The IceCube Neutrino Observatory is a cubic-kilometer-
scale Cherenkov detector buried deep in the South Pole ice.
IceCube consists of 5160 digital optical modules (DOMs)
arranged in an array of 86 strings deployed 1450 to 2450 m
below the ice surface (Aartsen et al. 2017b). The strings are
arranged in a hexagonal grid with 125 m spacing between
adjacent strings and with each string containing 60 DOMs,
spaced 17 m apart along the string. Each DOM houses a
downward-facing photomultiplier tube inside a spherical
transparent glass capsule. The DOMs are designed to be sen-
sitive to the Cherenkov radiation produced by the secondary
particles that result from interactions of neutrinos with the ice.
Cherenkov radiation is produced when a charged particle tra-
vels faster than the speed of light in a dielectric medium,
resulting in conical emission of photons along the path of the
charged particle. DOMs record the waveforms of Cherenkov
photons, from which the number of photoelectrons and their
arrival time can be extracted (Aartsen et al. 2017b). This
information is combined from all DOMs to reconstruct the
Cherenkov light cones and infer the energy and direction of the
particles that produced them.

IceCube is sensitive to all three flavors of (anti-)neutrinos;
however, the data set used in these analyses is optimized to
select charged-current interactions from muon (anti-)neutrinos,
as they offer the best pointing resolution. These interactions
result in the production of a muon that will propagate through
the detector in a straight line, depositing light along its track.
The typical angular resolution for these tracks is <1° for muons
with energies =1 TeV.

The sample used for this paper is the IceCube gamma-ray
follow-up (GFU) data consisting of well-reconstructed muon
tracks collected from 2011 May 13 through 2018 October 14
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(Aartsen et al. 2017c). The vast majority of events that trigger
the IceCube detector are not astrophysical neutrinos, but muons
produced in cosmic-ray air showers. In the Southern Hemi-
sphere, atmospheric muons are the dominant background and
are observed at a rate of 2.7 kHz (Aartsen et al. 2017b). Since
only neutrinos can propagate through the Earth without being
absorbed, this background vanishes in the Northern Hemi-
sphere, where atmospheric neutrinos dominate the background.
A selection with different data quality cuts for the Northern and
Southern Hemisphere is therefore used, which reduces these
backgrounds to 6.6 mHz integrated over the full sky (Aartsen
et al. 2017c¢). A detailed account of this event selection is given
in Aartsen et al. (2017c).

3. GRB Catalog

Space-based gamma-ray observatories, such as Swift and
Fermi, as well as a variety of ground-based observatories,
continuously monitor the sky for high-energy gamma-ray
activity (Gehrels et al. 2004; Meegan et al. 2009). These
observatories provide hundreds of GRB measurements per
year, which we used to construct a GRB catalog to enable our
coincidence study. GRBweb (Coppin 2021) is an IceCube
project designed to combine the observational data from all
major GRB observatories into a single database. Input data to
GRBweb primarily originates from online GRB catalogs, such
as those by Fermi (Fermi-LAT collaboration 2019; von Kienlin
et al. 2020), Swift (Lien et al. 2016), and IPN (Hurley et al.
2013), and from the automated parsing of Gamma-ray Coor-
dination Network (GCN) circulars (Barthelmy 1998). An all-
inclusive GRB catalog is thus constructed. Internally, GRBweb
makes use of a set of automated Python scripts that process and
save the data into an SQL database. GRBweb currently con-
tains over 7500 GRBs and is updated on a weekly basis.

GRBweb uses a set of predefined conditions® to determine
which data will be used if the burst was observed by multiple
detectors. For instance, the burst direction is set equal to the
localization with the smallest angular uncertainty. Burst times,
Ty, correspond to the earliest time at which gamma-ray activity
was reported. For the GRB duration, two variables are con-
sidered: the conventional Tyy and a new, composite variable
called the Tjgo. The Tjoo is defined as the time difference
between the last and earliest reported time of gamma-ray
activity.

Each analysis selected a subset of GRBs between 2011 and
2018. The selection was motivated by the effect of localization
uncertainties on the sensitivity of the analysis, as well as
requirements on timing or precursor information. The differ-
ences between the analyses is summarized in Table 1 and
explored in detail in Section 5. As the data set ends in 2018
October, the only IACT-detected burst in our sample is GRB
180720B (Abdalla et al. 2019), which is discussed in Section 6.

4. Statistical Method

Each of the analyses makes use of an unbinned likelihood
ratio method to quantify the potential correlation between GRB
observations and IceCube events, using a blind analysis tech-
nique. In this section, we present details on the likelihood ratio
method used to determine the p-value of individual GRBs, as

%6 For a detailed description of all variables and selection criteria, see https://
icecube.wisc.edu/~grbweb_public/Variables.html.
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Table 1
Maximum Uncertainty on Localization, Number of GRBs Used in Each
Analysis, and Number of GRBs Localized Only by Fermi-GBM

Analysis Max Localization # GRBs # Localized Only
Uncertainty by GBM
Extended TW no max 2091 1236
Precursor/ 02 733 0
Afterglow
GBM Precursor no max 133 100
Stacked Precursor 125 872 0

well as the binomial test used to assess the group of p-values
from all GRBs.

4.1. Likelihood Ratio and Test Statistic

An unbinned likelihood ratio method (Achterberg et al.
2006; Braun et al. 2008; Aartsen et al. 2017a) is combined with
frequentist statistics to assign a probability that a subset of
neutrino candidate events is consistent with background. For a
sample of N candidate neutrino events with characteristics x;,
the likelihood can be written as

N

L(nglny, x) = Py [] [pS @) + pp B, @)
i=1

where p, = n,/(ny + n), pp = mp/(ns + np), and Py is the
Poisson probability to observe N events, assuming ng signal
events and n;, expected background events,

(ns + nb)N

P =
N N!

e—(nﬁ—nb). (3)
S and B denote the probability distribution functions (PDFs)
describing the spatial and energy distribution of signal events
and background events, respectively. For the signal energy
PDF, an E~ 7 power-law spectrum is assumed. The use of an
energy spectrum is to improve the sensitivity to identify GRB
neutrinos from the background, without assuming a specific
model of GRB neutrino emission. In some of the analyses, the
energy spectrum of the search is allowed to float for each GRB;
in other analyses it is fixed to a generic £~ spectrum based on
first-order Fermi acceleration. The signal space PDF, shown in
Equation (4), uses a 2D Gaussian to test the compatibility of the
neutrino candidate’s reconstructed position, x,, with the source
position, XGgrg,

Ssp(xu’ leGRB) = B )
g

2

1 . exp( [x, — Xcral ) )
g

where o” is the quadratic sum of the uncertainty on the
reconstructed neutrino and GRB direction. Since the contrib-
ution of signal events to the total data set is expected to be
extremely small, the data can be used to construct the back-
ground PDFs. In particular, the background energy PDF is
assumed to follow the energy distribution of data. Due to the
detector geometry, the approximation of azimuthal symmetry
can be used to describe the background space PDF solely as a
function of zenith. Any neutrino emission that occurs within a
given analyzed TW is fitted as constant emission during the
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TW. The specific TWs used in each analysis are described in
Section 5.

The likelihood Equation (2) is evaluated for different values
of n, using the PDFs described above, with 7 designating the
value of n, that maximizes the likelihood. A likelihood ratio
with respect to the null hypothesis L(n, = 0) is then used to
obtain the following test statistic (TS):

L) ]:_2 +221 [nsS(xl +1].

L(ng = 0) np B (x;)
®)

High-energy events in temporal and close spatial coincidence
with a GRB will result in a large TS value. The p-value of an
observation is determined by comparing the observed test
statistic to a test statistic distribution created from scrambled
data (see Section 4.4).

Two of the four analyses use localizations provided by
Fermi-GBM for some GRBs and therefore have an additional
step to determine the TS. Starting in early 2018, the Fermi-
GBM collaboration began releasing a HEALPix skymap
(Gorski et al. 2005) with the localization probability as a
function of sky position for each GRB localized by GBM
(Goldstein et al. 2020). Maps prior to 2018 were processed in a
similar way using the GBM Data Tools, but the metadata in the
files have not been fully qualified and the files have not yet
been uploaded to the final HEASARC archive, therefore we use
the preliminary files from Goldstein & Wood (2022). These
maps contain a per-pixel probability that a given GRB origi-
nates from that direction. An all-sky scan of neutrino data is
performed, in which TS ignia (equal to TS from Equation (5))
is calculated at every pixel of the skymap and then penalized by
the probability, Pggwm, of that pixel:

TStina = TSorigina + 2 X [In(Peem) — In(PoeM,max)],  (6)

TS:2~ln[

where Popm.max 1S the maximum probability on the entire
skymap. The position of the GRB on the sky and the number of
signal events are thus both fitted to find the combination which
maximizes TSgpa.

4.2. Stacked Likelihood Analysis

Equation (2), which describes the likelihood for a single
well-localized GRB, can be easily modified to describe the
likelihood of Ngrp well-localized GRBs. When considering
multiple sources, n, corresponds to the total number of signal
events summed over all GRBs. Each GRB is assumed to have
the same time-integrated neutrino flux at Earth. The expected
number of neutrinos from each GRB will therefore be pro-
portional to the effective area at the decl. of the burst, A (),
which is calculated assuming an £~ neutrino energy spectrum.
The signal PDF is then replaced by the sum of the Ngrp signal
PDFs, weighted by their relative contribution to the number of
signal events:

Norp
G >8P Aet(6)) - S , o
Zj:lg-Aeff(éj)
where §; and ¢; are the signal PDF and decl. of the jth burst,
respectively. This method, known as a stacked likelihood
analysis, provides a single measure of the total neutrino
emission from a set of GRBs.
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Figure 1. Left: example of the binomial test based on simulation. The black dots show the ordered list of p; values constructed from the pre-trial p-values p,,. of every
analyzed gamma-ray burst (GRB). Each blue dot shows the corresponding binomial p-value P(k) defined in Equation (8). In this example, k = 10 (i.e., the 10 GRBs
with the smallest p,,. values) was found to be most significant subset, with P(k) = 0.043 (red line). Note that the accumulation of p = 1 at large & is typical for low-
background searches (GRBs with 7i; = 0 are assigned p = 1). Right: trial-correction process, with the most significant P(k) from the left plot corresponding to a post-
trial p-value of 0.4. The cumulative distribution in this plot is created by performing the analysis on scrambled data sets.

4.3. Cumulative Binomial Test

When not performing a stacked search, analyzing a selection
of N GRBs will result in a p-value for each individual burst. A
trial-correction method is thus needed to determine if one or
more of the obtained p-values provides a statistically significant
result. Arranging the p-values from smallest to largest, their
values are denoted as py, ps,...,pn. Under the null hypothesis of
no neutrino emission, the correlations of neutrino events with
GRBs will only occur randomly, and these N p-values are
expected to follow a uniform distribution between 0 and 1. The
probability that k£ or more p-values are smaller than or equal to
Py is thus given by the binomial probability:

N

— _ N' m —m
P(k)y=P@mn = kIN, p) = mgk mpk 1 = p)N o (8)

Evaluating Equation (8) over all potential values of k, the
smallest P(k) is selected. An empirical trial-correction factor is
then applied to account for the fact that N potential p-values
were scanned. This trial correction is found by determining the
fraction of background-only realizations that produce a more
significant result. A visualization of this trial-correction pro-
cedure is shown in Figure 1. This procedure also ensures that
the rare overlap of a single neutrino contributing to two ana-
lyzed GRBs (thus creating a correlation between two p-values)
is also accounted for in the final post-trial p-value. On the other
hand, given that the successive probabilities P(k) are strongly
correlated with one another, the overall trial-correction factor is
modest in the end.

4.4. Sensitivity and Upper Limits

To test the neutrino flux to which the analyses are sensitive,
simulated muon-neutrino and muon-anti-neutrino events based
on full detector Monte Carlo (MC) can be injected into the
data sample. The energy spectrum of the MC-generated neu-
trinos can be fixed to E 2 or other spectra as desired. To
describe the background, we use data with event times that are
randomly selected from a uniform distribution over the live-
time of the data set while accounting for the detector down-
time. Keeping the event coordinates fixed in the detector
frame, scrambling background event times correspondingly

randomizes the R.A. Such a pseudo-data set is called scram-
bled data. Signal can then be “injected” by adding the signal-
like events to it. In each realization of scrambled data plus
signal, the number of injected MC events is drawn from a
Poisson distribution with a fixed mean p. By varying the value
of u, the threshold can be determined at which 90% of all
realizations result in a TS value that is larger than the median
of the background TS distribution of the analysis. We define
this threshold, and the neutrino flux to which it corresponds, as
the sensitivity of the analysis. Once the analysis has been
performed, upper limits can be calculated in a similar way, by
comparing to the observed TS in data rather than the median
TS of the background-only realizations.

5. Analysis

IceCube has previously reported limits on neutrino produc-
tion during the prompt phase of GRB observations and found
no association, yielding limits that have constrained several
leading models of GRBs (Aartsen et al. 2017a). However,
recent observations of gamma-ray emission outside of the
prompt phase motivate a more comprehensive search. The four
analyses described below allow for the possibility of neutrino
emission outside of the prompt phase. As with previous GRB
searches, all analyses are primarily based on the spatial and
temporal correlation between neutrino events and GRB
observations, while they differ in their specific assumptions
about the neutrino emission. The first two analyses are the most
general, with the “Extended TW” analysis opening the obser-
vation window to up to one day prior and two weeks following
the prompt emission. The “Precursor/Afterglow” analysis
focuses on a smaller sample of well-localized GRBs in our
catalog, while treating precursor emission separately from
emission during and after the prompt phase. The final two
analyses focus specifically on the precursor phase, with the
“GBM Precursor” analysis examining GRBs for which Fermi-
GBM detected gamma-ray emission prior to the prompt phase,
while the “Stacked Precursor” analysis examines well-localized
bursts for which no precursor emission was observed. Toge-
ther, these analyses provide both a comprehensive and a
model-independent approach to the search for neutrino pro-
duction in GRBs. Each analysis and its results are described in
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Figure 2. (a) Time windows (TWs) used in the “Extended TW” analysis. These 10 TWs are evaluated for all GRBs, regardless of their duration. The first nine TWs
are centered on the T, while the longest TW is asymmetric around the 7. The T of a given GRB is the duration between the earliest and latest measured time of
gamma-ray activity. The shortest TW that completely contains the 7' is used to determine the prompt limit. In the example shown above, the prompt TW is 10 s. (b)
Schematic representation of how the best-fit TWs are obtained for the precursor (left) and the prompt-+afterglow searches (right) in the “Precursor/Afterglow”
analysis. (c) Illustration of a gamma-ray light curve in which the GRB prompt phase is preceded by a precursor. The time range of the precursor, extended by 2 s on
either side, is used to search for coincident neutrinos in the “GBM Precursor” analysis.

more detail below. Limits and interpretation of the results are
then presented in Section 6.

5.1. Extended TW

This analysis searches for neutrinos in a range of TWs and
uses the largest GRB catalog of the four analyses. All GRBs
with known duration were included, given they were observed
during the detector livetime. 163 GRBs do not have a reported
T100 in GRBweb at the time of writing, and so these were
excluded from the selection. The final number of GRBs in this
analysis is 2091.

The p-values are calculated for these 2091 GRBs in 10 pre-
determined TWs and with a fixed E~* neutrino energy spec-
trum in the signal hypothesis. The first nine TWs range from
10 s to 2 days, centered on the T’ of the GRB, and the final
TW is asymmetric with a 1 day precursor and 14 day afterglow
TW (see Figure 2(a)). The shortest predefined TW that fully
envelopes the T interval will be used to describe the prompt
emission. The seven shortest TWs range up to 10° s, which
includes most GRB prompt phases. The 10 s TW is sufficiently
small to study the short GRBs, because the neutrino back-
ground is effectively zero at this timescale. For the longer TW's
the background becomes non-negligible, which is what moti-
vates the decision to search up to around two weeks but not
longer. For a well-localized GRB (¢ < 1°), the 15 day TW has
an expected background on the order of one neutrino candidate
event. For poorly localized GRBs this longer window is less
sensitive, which is why the emphasis was placed on the after-
glow region where higher-energy neutrinos are predicted
(Asano & Murase 2015). The TS in each TW is calculated
using Equation (6). From those 10 p-values, the most sig-
nificant one is selected to represent the GRB.

Since each GRB is studied in 10 TWSs, a correction is
required to compensate for the look-elsewhere effect. Because

the TWs are correlated, an effective trial correction is used. For
every given GRB, the smallest p-value of the 10 TWs is
selected. Background scrambles are then used to determine the
probability of obtaining a value that is smaller than or equal to
this result. Next, the p-values that have been corrected for
searching 10 TWs are evaluated in a binomial test (Section 4.3)
to search for evidence of a sub-set of GRBs with significant
neutrino emission.

Four binomial tests are evaluated, where the total GRB
sample has been divided into four sub-populations by duration
and hemisphere. GRBs are separated into short and long classes
according to whether the measured Ty is less than or greater
than 2 s, respectively. This is intended to account for the dif-
ferent progenitor classes of merger events (Abbott et al. 2017)
and core-collapse supernovae (Hjorth & Bloom 2012), albeit in
a simplistic way since the two classes are known to overlap.
This overlap explains why GRB 170817A falls into the long
GRB class with a Ty of 2.048 s despite being a known short
GRB from a binary neutron star merger. In this case, its mis-
classification does not notably affect the results as GRB
170817A would not have appeared in the top five short GRBs
from the Southern Hemisphere (listed in Appendix A.2) even if
it were included in that class. Future studies will explore
grouping methods which account for the fact that GRB
170817A is a short GRB. The split by hemisphere allows for
the increased sensitivity of the analysis to GRBs in the north-
ern sky.

The final p-value for each binomial test is determined by
comparing the result found for data with the results found for
scrambled data sets. The final p-values are summarized in
Table 2 and are consistent with background. The most sig-
nificant GRB (pre-trial) from each sub-population is listed in
Table 3. All GRBs with a p-value less than 1% are listed in
Appendix A.2.
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Table 2
Post-trial p-value of the Binomial Test for the “Extended TW” Study of
2091 GRBs
Northern Northern Southern Southern
Long (960) Short (183) Long (814) Short (134)
0.038 0.799 0.898 0.849

Note. The binomial test was run on four subsets of GRBs split by hemisphere
and prompt gamma-ray duration. The number of GRBs in each sub-population
is indicated in parentheses.

5.2. Precursor/Afterglow

In the “Precursor/Afterglow” analysis, the TW for the
signal region is treated as a parameter which can be estimated
from the data. The TW can be fitted from a minimum duration
of 0.5 s up to a maximum of two weeks, long enough to cover
a wide range of possible neutrino emission timescales. Only
GRBs with a positional angular uncertainty of less than 052
are considered in this analysis (thus they can be approximated
as point sources), which keeps the background low within the
full TW range. GRBs within the first 14 days and the last 14
days in the GFU data are further removed for this analysis.
This results in a selection of 733 GRBs. This includes 53
GRBs that did not have a reported 7T';oo in GRBweb and were
not included in the Extended TW analysis. Two separate
searches are performed for every GRB, denoted as the “pre-
cursor” search and “prompt+-afterglow” search, each with fit
parameters corresponding to the number of signal events (n,),
the spectral index (7), and the width of the emission TW (T},).
The only difference between the two searches is how the TW
T, is defined with respect to the start of the prompt phase T,
(see Figure 2(b)):

1. For precursor searches, the TW extends backwards from
Ty to the time (Ty — T,,) before the start of the prompt
phase.

2. For prompt+afterglow searches, the TW extends for-
wards from T to the time (T, + T,,) after the start of the
prompt phase.

For every GRB, the analysis returns the best-fit parameters
for the respective search and the p-value. This results in two
lists of 733 p-values, one list for each search. A binomial test
(Section 4.3) is performed on each list to search for a subset of
GRBs with significant neutrino emission. The final p-value
after each binomial test is determined by comparing the result
found for data with the results found for scrambled data sets.
Figure 3 demonstrates different numbers of individual GRBs
with 20, 30, and 40 p-values that can typically result in a final
post-trial p-value of 3¢ significance.

The final post-trial p-values of the binomial tests are 0.495
for the precursor search and 0.486 for the prompt+afterglow
search. The results are comparable with the median background
expectation (i.e., p-value of 0.5). The results for the top 20
GRBs in each search are summarized in Appendix B.

5.3. GBM Precursor

The two analyses above searched for neutrino correlations
with GRBs in an agnostic manner. It is possible to use addi-
tional gamma-ray observations to perform more sensitive
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dedicated analyses. A previous study by Coppin et al. (2020)
analyzed the light curves of all Fermi-GBM bursts up to 2020,
leading to a sample of 217 GRBs that exhibit signs of gamma-
ray precursors. Of those 217 bursts, there are 133 GRBs that
overlap with the IceCube data set examined here. A dedicated
search is performed to investigate potential neutrino production
coincident with the emission phase of the observed gamma-ray
precursors using these 133 GRBs. The TWs of the analysis are
set to those of the identified gamma-ray precursors, extended
by 2 s on either side to obtain a restrictive yet conservative
range. Summed over all 133 GRBs, a total TW of 3.3 x 107 s is
examined. The signal hypothesis in the likelihood uses a fixed
E 2 neutrino energy spectrum. Out of 133 bursts, 100 GRBs
were localized solely by Fermi-GBM. For those 100 bursts, a
TS is defined following Equation (6). Otherwise, the TS is
based on Equation (5).

Performing the analysis on all GRBs results in 133 indivi-
dual p-values. To trial-correct the result, a procedure similar to
that of the binomial correction is applied. However, instead of
considering the kth most significant p-value, the product of the
k most significant p-values is considered. Comparing this result
to the distribution of the same statistic (product of the k-most
significant p-values) found in scrambled data sets yields the
final p-value for the analysis.

As this analysis only targets GRBs with observed gamma-
ray precursors, it has the smallest background of all four ana-
lyses. The neutrino flux to which the analysis is sensitive
(Section 4.4) corresponds to only 1.7 neutrino events on
average. Considering events within a relative combined neu-
trino and GRB angular uncertainty of 50, no neutrino events
were observed in temporal coincidence with any of the 133
precursors. A final p-value of 1 was thus obtained.

5.4. Stacked Precursor

One of the results by Coppin et al. (2020) was that almost all
(>95%) gamma-ray precursors were found to occur within 250
s of the prompt emission. A fourth analysis was therefore
performed to enable a larger systematic search for precursor
neutrinos, not limited to Fermi-GBM bursts for which a
gamma-ray precursor could be resolved. For all well-loca-
lized®” GRBs within the IceCube GFU data period, corresp-
onding to 872 bursts, a generic TW of 250 s prior to the T time
was searched for excess neutrinos. All 33 well-localized GRBs
from the “GBM Precursor” analysis are included in this search.
For the set of 872 GRBs, a single stacked test statistic is
constructed according to Equation (5) and assuming an E >
signal spectrum. Due to the stacking procedure, this analysis
automatically leads to a single p-value, not requiring a trial-
correction procedure.

When the stacked precursor analysis is applied to these 8§72
GRBs, no excess of neutrino events is found (n; = 0). Overall,
five low-energy events within the given TW are in loose spatial
coincidence with the examined GRBs, listed in Table 4. Given
the length of the TW and the number of bursts, these coincident
events are fully consistent with the background expectation.
Similar to the GBM precursor analysis, a final p-value of 1 is
thus obtained.

67 A less restrictive cut of 1°5 is applied on the localization compared to the
“Precursor/Afterglow” analysis, as the significantly smaller TW and reduced
number of fit parameters lead to a smaller effective background.
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Figure 3. Post-trial 3¢ discovery potential for the Precursor/Afterglow search. The x-axis shows the number of injected GRBs of equal strength. GRBs with 20 (red),
30 (black), and 40 (blue) significance have been injected. The y-axis shows the fraction of 10* simulated binomial tests that have a final p-value of 3¢ significance.
The x-axis shows the Poisson mean of injections.

Table 3
Top GRB Result Found in Each Sub-population in the “Extended TW” Study of 2091 GRBs
GRB Name Sub-population Most Significant Time Window Dopre Dpost
GRB 140607A Northern Long (960) +1 day 6.0e-04 4.4e-01
GRB 140807500 Northern Short (183) 100 s 4.8e-03 5.9¢-01
GRB 150202A Southern Long (814) +1 day 5.0e-04 3.3e-01
GRB 140511095 Southern Short (134) +1 day 9.2e-03 7.1e-01

Note. The number of GRBs in the sub-population is indicated in parentheses. The column titled p,. gives the p-value for the GRB, without a correction for the size of
the sub-population. This py. p-value has been corrected for searching 10 TWs. The column py, provides the corresponding p-value including the look-elsewhere

correction for both the population size and for searching 10 TWs.

6. Interpretation

Since none of the analyses found evidence for neutrino
emission from GRBs, limits can be placed on the GRB neutrino
flux. These limits can be compared to model predictions and
can constrain the fraction that GRBs contribute to the diffuse
neutrino flux measured by IceCube (Stettner 2019). It is worth
noting that upper limits on the diffuse flux presented in pre-
vious IceCube publications (Abbasi et al. 2012; Aartsen et al.
2015, 2016b, 2017a) correspond to the flux from GRBs
observable by current gamma-ray satellites. In contrast, for the
results presented here the limits are placed on the total
contribution to the diffuse flux from all GRBs in the universe.
For the “Extended TW” and “Stacked Precursor” analyses, the
upper limits on the time-integrated flux from all analyzed

dN . .
GRBs, JEan are converted to a diffuse flux:
dN 1 1 dN
Y = —— = 6Z ey —  —— s ———, (9)
dtdQMdEdA At AQ  dEdA

where the factor AQ) normalizes the flux by the solid angle
subtended by the GRBs, i.e., AQ) = 47 for an all-sky sample,
At ~ 7.16 yr is the livetime of the IceCube data used in this
work, ¢, corrects for the field of view (FOV) and dead-time of
the GRB telescopes, and ¢, accounts for the contribution from
GRBs that are too dim to be observable with current gamma-
ray satellites. Determining the value of €, and ¢, requires spe-
cifying concrete characteristics of the GRB satellites. In the

Table 4
Properties of the Neutrinos Arriving in Coincidence with GRBs in the Pre-
cursor Stacking Search

Time
Angular Loc. Delay

GRB Name Separation Uncertainty Energy Proxy (s)

GRB 130131B 10°3 2°6 676 GeV 54.0s
GRB 141220A 2°0 222 47 GeV 2473s
GRB 160314B 5%8 122 1023 GeV 158.4s
GRB 160705B 522 1°5 794 GeV 915s
GRB 160912A 6°1 273 525 GeV 106.4 s

Note. For each neutrino, the angular separation from the GRB, angular
uncertainty of the neutrino direction, a proxy for the event energy, and the
arrival time before the GRB is shown.

“Extended TW” analysis, which uses GRBs detected by a
variety of satellites, the canonical estimate is made that with no
dead-time and an all-sky FOV, a total of 667 GRBs would be
observed every year (Aartsen et al. 2017a). In the “Stacked
Precursor” analysis, only well-localized GRBs are used, most
of which were detected by Swift. Limits are therefore set on the
time-integrated flux of the subset of Swift bursts, and then
corrected using Equation (9) based on the characteristics of the
Swift telescope. In the “Precursor/Afterglow” analysis, instead
of finding a limit on the stacked flux and using it in
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as a fraction of the quasi-diffuse flux (Stettner 2019). The limits for all 2091 GRBs are shown in red for reference. Each dot indicates the 90% confidence limit for the

given TW, and the dashed lines show the limit for the prompt.

Equation (9), a simulation of the neutrinos from individual
GRBs following the cosmological distribution is used to pro-
vide simulated data sets for the analysis, allowing us to set
limits directly on the total flux by varying the injected signal
strength from the population.

6.1. Extended TW

The stacked TS presented in Section 4.1 is used to place an
upper limit on contributions of GRBs to the quasi-diffuse flux
measured by IceCube. Flux is injected using an E~>*® (Stettner
2019) spectrum until 90% of trials yield a stacked TS above the
unblinded value. This injected flux is converted to a diffuse
flux using Equation (9). This procedure is repeated for all 10
TWs and the prompt. For the prompt, the shortest TW that
includes the entire reported T is used (see Figure 2).

These 90% confidence level limits are set for each TW for
various subsets of GRBs. The four sub-populations analyzed
with a binomial test are presented in Figure 4. Limits are also
placed on all GRBs observed in the northern and southern sky,

10

as well as all short and long GRBs (Figure 5). In each plot, the
stacked limit from all 2091 GRBs is shown for reference.
Previous IceCube studies (Aartsen et al. 2017a) constrained
the prompt contribution of GRBs observable by current
gamma-ray satellites to ~1% of the diffuse flux observed by
IceCube. The prompt limit presented here applies to all GRBs
in the universe and corresponds to <1%. The limits are similar
despite analyzing nearly twice as many GRBs in this analysis.
The difference is the inclusion of €, term to account for GRBs
that are too far away to be observable with current gamma-ray
satellites. Given its fluence trigger threshold of ~107® erg
cm 2 s !, the Swift-BAT detector can be assumed to view all
canonical GRBs with an isotropic equivalent luminosity Ly, >
10° erg cm ™2 up to a redshift of z ~ 1.3. Assuming that all
GRBs have identical properties in terms of neutrino emission
and that they follow the redshift evolution described by
Lien et al. (2014), the contribution from GRBs outside the
observable redshift threshold can be calculated using the pro-
cedure outlined in Ahlers & Halzen (2014). This results in ¢,
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Figure 6. 90% confidence limit upper-limit on the contribution to the quasi-
diffuse neutrino flux (Stettner 2019) from the total population of all long GRBs
(Lien et al. 2014), for different durations of extended neutrino emission.

value of ~2.1. The inclusion of this €, term leads to a similarly
constraining prompt limit compared to previous studies.

6.2. Precursor/Afterglow

These results were used to calculate limits for the total
contribution of all long GRBs to the observed diffuse neutrino
flux (see Figure 6). Based on the study by Lien et al. (2014)
using Swift observations of GRBs to extrapolate to the whole
universe, a mean rate of 4571 long GRBs per year is estimated to
be beamed at Earth. We use the software package FIRESONG
(Tung et al. 2021) to simulate neutrino emission from this
cosmic GRB population, with different emission periods.
Emission windows ranging from 100 s to 14 days were con-
sidered in the simulations. The redshift distribution of the cosmic
GRB population from the study by Lien et al. (2014) was used to
simulate the GRB rate density in FIRESONG. We assume the
case where no luminosity evolution is required and for simplicity
assume that the GRBs are standard candle neutrino sources.

The “Precursor/Afterglow” analysis only considers 733
GRBs across 7.16 yr, out of which 556 GRBs are long GRBs
which were observed by Swift. Hence we use the GRB
detection efficiency as a function of redshift from the study by
Lien et al. (2014) as well as the sky coverage and the survey
time of Swift/BAT to down-select from the 4571 sources
created by the FIRESONG simulations to a sample of 556
GRBs to recreate the observation biases of the Swift sample.
These 556 flux values down-selected from the simulation are
used to inject signal with an E~*?® (Stettner 2019) spectrum
into a simulated neutrino data set. To repeat the original ana-
lysis under the same conditions, an additional 187 sources are
added with no signal (i.e., represent background only), bringing
the sample to 733 sources again. The likelihood analysis and
binomial test are then performed as before on this simulated
sample. This sequence of steps for every emission window
considered is repeated using different simulated neutrino data
sets to produce 1000 trials. When GRBs are assumed to pro-
duce the entire diffuse flux (Stettner 2019), 100% of these
injected trials result in a binomial test result more significant
than the unblinded result. The fraction of the diffuse flux is then
reduced to identify the flux where 90% of trials produce a
binomial test result more significant than the unblinded result.

11

Abbasi et al.

This is summarized in Figure 6, where the points show this
upper limit (90% confidence level) for a range of neutrino
emission time windows. The respective fraction for the dif-
ferent emission durations considered represents the total
allowed contribution of all long GRBs to the observed astro-
physical diffuse neutrino flux.

6.3. Stacked Precursor

Precursor neutrinos have been predicted in models in which
a jet initially has to burrow its way through remnant layers of
the progenitor star. A prediction for the diffuse precursor
neutrino flux from such sources was made by Razzaque et al.
(2003) and is shown in Figure 7. The red and green lines
correspond to progenitors that have a remnant outer hydrogen
(H) or helium (He) shell, respectively. This analysis is able to
exclude the H-shell model by a factor 10, but cannot constrain
the He-shell model. To be consistent with the model prediction,
the H-shell upper limit shown in Figure 7 assumes that the
diffuse GRB neutrino flux results from 10> GRBs per year
(Razzaque et al. 2003). This is in contrast to the model-inde-
pendent upper limits in Figure 7, which rely on the conversion
outlined in Equation (9). This latter approach incorporates
updated information about the redshift distribution of GRBs
that was unavailable when the model was released. As a result,
these generic limits are slightly more conservative.

7. Conclusion

The results from the four analyses presented in this paper
cover 2209 unique GRBs. These GRBs are investigated for
neutrino correlations from the precursor, prompt, and afterglow
emission regions in a comprehensive manner and all four
analyses report observations consistent with background
expectations. We obtain a range of upper limits to the astro-
physical diffuse neutrino flux. We show that prompt emission
from all GRBs in the universe is limited to 1% of the diffuse
astrophysical neutrino flux. Neutrino emission limits range
from 1% to 2% in timescales up to 10° s using the historic
assumption of 667 GRBs observable by satellites per year.
Neutrino emission is constrained to less than 24% for time-
scales up to 10* s by simulating GRB populations using the
FIRESONG (Tung et al. 2021) module. These constraints are
shown for additional neutrino emission timescales in Figures
4-6. By looking for neutrinos on timescales motivated by the
observation of gamma-ray precursors, we were able to con-
strain physical models such as those presented by Razzaque
et al. (2003) (see Figure 7).

Table 5 highlights the result for the GRB 180720B which
was observed by H.E.S.S. to have a high-energy afterglow
counterpart 10 hr after the start of prompt emission
(Abdalla et al. 2019). The exceptionally bright GRB 130427A
(Ackermann et al. 2014) was also analyzed, but none of the four
analyses reported neutrino excesses in correlation with it. The
results for the most significant GRBs from the individual ana-
lyses are presented in Appendices A and B. A comprehensive
summary of all the results from each analysis can be accessed
from the supplementary materials.

Despite non-detections in these analyses, GRBs cannot be
fully eliminated as potential sources of high-energy neutrinos.
A larger class of neutrino detector, such as the proposed Ice-
Cube-Gen2 detector, will offer increased sensitivity to observe
potential neutrino-emitting sub-populations of GRBs.
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Figure 7. Model predictions by Razzaque et al. (2003) shown for two progenitor scenarios. The dashed red and green lines correspond to model predictions for central
engines enveloped by an outer hydrogen and helium shell, respectively. The solid red line shows the model limit for the outer hydrogen shell. The “Stacked Precursor”
analysis can exclude the H-shell model by a factor 10, but does not constrain the He-shell model. Aside from these model comparisons, generic flux upper limits are
also shown. Limits for an E~2 spectrum are displayed by the black line, where the x-range corresponds to the energy band that contributes 90% of all signal events.
The solid gray line shows the differential flux, normalized per decade of energy, to which the analysis is sensitive. These generic upper limits extrapolate the total GRB
flux in a different way than the model prediction/limits, as explained in Section 6.3. For reference, the astrophysical neutrino flux observed by IceCube is also shown
(Stettner 2019; Abbasi et al. 2021b).

Summary of GRB Information an’l(‘ialgleesfﬁt Results for the GRB 180720B
GRB Information Extended TW Precursor Afterglow
GRB « o Ti00 ™ 7N E’F p-value 1, 7 ol p-value E*F p-value E*F
180720B 0.53 —2.92 539 +1 1.3 0.05 7.2e-02 —8.6 3.6 2.32 1.5e-02 0.26 1.0 0.03
130427A 173.14 27.70 213.83 0.05 1.0 1.0 0.06 1.0 0.06

Note. The positional coordinates are defined using the equatorial coordinates: R.A. () and decl. (6). These two quantities are expressed in degrees. 7o represents the
total period of observation of prompt « fluence from the GRB and is expressed in seconds. #; represents the best-fit number of signal events, 4 represents best-fit
spectral index, and 7, is the best-fit time window (expressed in days). E*F is the 90% confidence level upper limit on the time integrated flux normalization at 1 TeV in
GeV cm 2. For precursor results, the limit is evaluated for the best-fit values of 4 and T,,, and for the afterglow results v = 2.0 and T,, = 12.1 hr are used to match with
the H.E.S.S observation period (Abdalla et al. 2019). For GRB 130427A, v = 2.0 was considered for all the E”F calculations. For “Extended TW” the limit is
evaluated for the prompt phase; for “Precursor/Afterglow™ T,, = 14.0 days is used.
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Appendix A
Extended TW: Most Significant GRBs

This Appendix provides details for the most significant
GRBs in the “Extended TW” analysis. The threshold for
inclusion in these tables is a p-value below 1%. Table 6 and
Table 7 show these results for long GRBs and short GRBs from
the Northern Hemisphere, respectively. Table 8 shows these
results for long GRBs from the Southern Hemisphere. For the
case of short GRBs detected in the Southern Hemisphere, a
threshold of 5% was chosen to include five GRBs in Table 9.
This was done to match the results of the binomial test, which
indicated the most significant subset of the southern sky short
GRBs was k = 5. The other sub-populations had a much larger
value of k and would have increased the p-value threshold
beyond a reasonable cutoff. Although the results of the bino-
mial test were consistent with background, these additional
GRBs are included in Table 9 for completeness.

A.l. Variables

The GRB name is based on GCN notices, with a preference
for the name provided by Fermi-GBM. If the GRB is not
observed by Fermi-GBM, then the name is based on the date of

Abbasi et al.

observation with the format YYMMDD. The final letter indi-
cates the order of detection if more than one GRB is observed
in a single day. The R.A. («) and decl. (6) in J2000.0 equatorial
coordinates, as well as the localization uncertainty (o) are all
listed in degrees. Ty indicates the MJD trigger time of the GRB.
The Tqo is provided in seconds.

The most significant TW selected by this analysis is given in
either seconds or days with units provided in the column. The
TS and best-fit number of signal events (7i;) are provided as
well as the p-value in the final column. The p-value has an
effective trial correction for searching 10 TWs, but it is not
corrected for the size of the given sub-population.

A.2. Results by Sub-population

The GRBs are split into sub-populations by duration
and hemisphere. Short GRBs are defined as 7oy < 2 s and
long GRBs are Tgy > 2 s. In this analysis, the northern
sky is defined as a decl. greater than —5°, while the southern
sky includes all decl. less than —5°. The most significant GRBs
for each sub-population are shown in the following tables. The
information is split into two sections: GRB information based
on GCN notices and fit results based on the analysis.

Table 6
Most Significant Long GRBs from the Northern Hemisphere
GRB Information Fit Results
GRB Name @ 6 o To z T100 ™ TS A p-value
GRB 140607A 86.37 18.90 1.48e-02 56815.718 109.90 2 days 12.80 1.00 6.00e-04
GRB 141121A 122.67 22.22 6.47e-05 56982.150 1.47 1419.90 15 days 11.85 1.23 1.70e-03
GRB 161125931 59.36 28.13 4.65e+-00 57717.930 69.63 25s 18.75 1.00 2.10e-03
GRB 120911A 357.98 63.10 2.07e-04 56181.298 22.02 250's 10.62 1.00 2.50e-03
GRB 120504468 329.94 46.83 8.76e+00 56051.468 41.98 1000 s 19.41 1.00 3.60e-03
GRB 170131A 341.45 64.01 2.33e-02 57784.969 23.04 5000 s 10.57 1.00 4.10e-03
GRB 120711B 331.69 60.02 2.33e-04 56119.133 60.00 2 days 11.83 3.21 4.20e-03
GRB 180721A 347.71 4.86 2.85e-04 58320.463 47.60 2 days 11.69 222 4.30e-03
GRB 140114A 188.52 27.95 1.81e-04 56671.498 3.0 139.70 2 days 10.99 1.19 7.50e-03
GRB 160201883 312.67 69.32 3.14e+00 57419.883 40.51 1000 s 13.42 1.96 7.50e-03
GRB 120217808 122.44 36.77 5.03e+-00 55974.808 5.89 25s 15.75 1.00 7.70e-03
GRB 180623849 199.40 —4.26 2.52e+-00 58292.849 17.73 50s 11.48 1.00 9.60e-03
Note. This sub-population has a total of 960 GRBs. The variables are described in detail in Appendix A.1.
Table 7
Most Significant Short GRBs from the Northern Hemisphere
GRB Information Fit Results

GRB Name « 6 o To z T100 T™W TS A p-value
GRB 140807500 200.16 26.49 4.39e+-00 56876.500 0.51 100's 15.72 1.00 4.80e-03

Note. This sub-population has a total of 183 GRBs. The variables are described in detail in Appendix A.1.
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Table 8

Most Significant Long GRBs from the Southern Hemisphere

Abbasi et al.

GRB Information

Fit Results

GRB Name « o Ty z T100 ™ TS i p-value
GRB 150202A 39.23 —33.15 2.20e-04 57055.965 25.70 2 days 18.61 2.93 5.00e-04
GRB 150118B 240.24 —35.75 5.00e-01 57040.409 48.65 2 days 12.86 1.67 3.00e-03
GRB 170923566 228.30 —10.78 9.05e-+00 58019.566 27.65 1000 s 19.72 1.00 4.10e-03
GRB 150626A 111.34 —37.78 2.33e-04 57199.092 144.00 15 days 11.22 3.13 7.40e-03
GRB 180906597 104.81 —67.02 3.62e+00 58367.597 52.03 25s 9.72 1.00 8.60e-03
Note. This sub-population has a total of 814 GRBs. The variables are described in detail in Appendix A.1.
Table 9
Most Significant Short GRBs from the Southern Hemisphere
GRB Information Fit Results
GRB Name o To z T100 ™ TS g p-value
GRB 140511095 329.76 —30.06 8.50e+00 56788.095 1.41 2 days 20.27 2.93 9.20e-03
GRB 130919173 297.35 —11.73 5.23e+00 56554.173 0.96 5000 s 16.20 1.00 1.75e-02
GRB 160411A 349.36 —40.24 2.85e-04 57489.062 1.26 2 days 8.08 0.99 2.36e-02
GRB 120212353 303.40 —48.10 1.05e+4-01 55969.353 0.86 500 s 17.82 1.00 2.78e-02
GRB 141102112 223.23 —17.42 9.21e+00 56963.112 0.02 15 days 18.56 2.97 2.81e-02
Note. This sub-population has a total of 134 GRBs. The variables are described in detail in Appendix A.1.
Appendix B
Precursor/Afterglow: Top 20 GRBs
Table 10
Summary of Best-fit Results and Information for the GRBs in the Top 20 Results for the Precursor Search
GRB Information Fit Results

GRB Name o 1 To z Ti00 Ay 4 1, TS p-value Significance
GRB 150202A 39.23 —33.15 57055.965301 25.70 1.00 4.00 3.367e+03 16.37 6.12e-04 3.230
GRB 180721A 347.71 4.86 58320.463056 47.60 1.00 1.84 1.542e+-04 12.46 2.73e-03 2.78c
GRB 140301A 69.56 —34.26 56717.642234 1.42 31.00 1.96 2.15 7.615e+05 11.51 4.38¢-03 2.620
GRB 141220A 195.07 32.15 57011.251986 1.32 7.62 1.00 4.00 2.473e+02 11.19 5.39-03 2.550
GRB 111126A 276.06 51.46 55891.790069 0.80 1.84 4.00 3.556e+03 10.65 6.22e-03 2.500
GRB 151205A 229.29 35.74 57361.656944 62.80 1.00 3.80 6.390e+03 10.10 8.15e-03 2.400
GRB 170531B 286.88 —16.42 57904.918160 2.37 164.13 2.70 2.59 5.077e+05 9.35 9.17e-03 2.360
GRB 171007A 135.60 42.82 58033.498356 105.00 2.63 2.47 2.963e+04 9.72 9.94e-03 2.330
GRB 160310A 98.82 —7.22 57457.015943 26.60 0.99 1.83 4.455e+04 8.59 1.19e-02 2.260
GRB 180720B 0.53 —2.92 58319.598368 0.65 53.90 3.59 2.32 7.435e+05 8.89 1.50e-02 2170
GRB 160422A 42.09 —57.88 57500.499303 14.12 0.99 2.12 4.246e+-04 7.16 1.96e-02 2.060
GRB 140619A 27.11 —39.26 56827.485127 233.90 0.98 2.54 8.499¢+04 6.21 2.47e-02 1.960
GRB 160629A 4.82 76.98 57568.930208 3.33 76.38 3.17 3.40 3.327e+05 7.06 2.54e-02 1.950
GRB 131014A 100.30 —19.10 56579.214583 4.36 0.98 3.31 6.707e+03 6.38 2.60e-02 1.940
GRB 151027A 272.49 61.35 57322.165556 0.81 129.69 0.99 2.90 4.185e+-03 7.59 2.70e-02 1.930
GRB 131218A 113.80 —64.72 56644.878843 0.98 297 3.542e+05 5.84 2.79e-02 1910
GRB 120722A 230.50 13.25 56130.537106 0.96 42.40 2.42 2.51 3.223e+05 7.39 2.87e-02 1.900
GRB 120711B 331.69 60.02 56119.132669 60.00 2.52 2.59 7.865e+04 7.31 2.88e-02 1.900
GRB 150627A 117.47 —51.49 57200.182905 70.57 0.98 1.73 8.081e+05 5.58 2.92e-02 1.890
GRB 131030A 345.07 —5.37 56595.872428 1.29 41.29 0.99 3.81 3.250e+03 7.07 2.98e-02 1.88c

Note. 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 coordinates for the bursts are defined using the equatorial coordinates: R.A. («) and decl. (6). These two quantities
are expressed in degrees. The burst timing (7)) is expressed using the dating convention of MJD. z represents the redshift. 7', represents the total period of the GRB

observation and is expressed in seconds. 7 represents the best-fit number of signal events n;, 4 represents best-fit spectral index, and T,, is the best-fit TW (expressed
in seconds). TS represents the test statistic and Significance represents the significance of the pre-trial local p-value for one-sided Gaussian distributions.
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Table 11
Summary of Best Fit Results and Information for the GRBs in the Top 20 Results for the Prompt+Afterglow Search

GRB Information

Fit Results

GRB Name « 6 To z Ti00 g 4 T, TS p-value Significance
GRB 170318A 305.67 28.41 57830.508287 133.70 291 3.52 4.267e+04 16.13 6.11e-04 3230
GRB 140607A 86.37 18.90 56815.717720 109.90 1.00 1.53 2.602e+04 15.02 9.35e-04 3110
GRB 141121A 122.67 22.22 56982.160220 1.47 1419.90 1.17 1.38 1.040e+06 13.28 1.81e-03 2910
GRB 140114A 188.52 27.95 56671.498380 3.00 139.70 1.00 1.14 8.478e+04 12.20 3.62¢-03 2.690
GRB 120911A 357.98 63.10 56181.297564 - 22.02 1.00 249 1.219e+02 11.77 3.86e-03 2.660
GRB 140930B 6.35 24.29 56930.820625 0.84 1.00 4.00 6.691e+03 10.34 8.08e-03 2410
GRB 150317A 138.98 55.47 57098.182431 23.29 2.76 4.00 6.264e+04 9.79 9.12e-03 2.360
GRB 160827A 179.27 —29.18 57627.657465 13.30 1.00 4.00 1.426e+05 8.91 9.12¢-03 2.360
GRB 180418A 170.12 24.93 58226.280625 2.78 1.81 1.78 9.165e+04 9.85 9.65e-03 2340
GRB 130313A 236.41 —0.37 56364.672350 0.26 2.81 1.96 4.446e+05 9.51 1.29¢-02 2.230
GRB 131202A 344.05 —21.66 56628.633409 7.50 32.90 0.99 4.00 1.315e+05 8.01 1.29¢-02 2.230
GRB 170728B 237.98 70.12 57962.960630 48.29 1.90 2.41 1.080e+04 8.63 1.42¢-02 2.190
GRB 170604A 342.66 —1541 57908.797801 1.33 26.70 0.99 4.00 1.103e+05 7.80 1.52e-02 2.160
GRB 140730A 56.40 —66.55 56868.822118 41.30 0.99 3.94 2.110e+04 7.68 1.60e-02 2.140
GRB 160411A 349.36 —40.24 57489.061701 1.26 0.99 2.79 4.832e+04 7.47 1.63e-02 2.140
GRB 150725A 220.42 —2.42 57228.364056 1.00 4.00 7.339¢+02 8.86 1.72e-02 2110
GRB 180823A 210.36 14.89 58353.794815 80.30 1.56 4.00 2.689e+04 8.42 1.94e-02 2.070
GRB 150912A 248.43 —20.98 57277.442708 34.82 0.99 3.48 1.423e+05 6.65 2.04e-02 2.050
GRB 160221A 232.08 —28.45 57439.992847 12.95 0.99 1.84 7.981e+04 6.47 2.20e-02 2010
GRB 160424A 319.49 —60.41 57502.492429 7.46 1.82 1.95 6.239¢+05 6.49 2.35e-02 1.990

Note. This is similar to Table 10 but shows results from the prompt+-afterglow search instead.
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