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1. Introduction

Astrophysics presents us the opportunity to observe physical phenomena which are not feasibly
created via experiments on Earth. Observing such astrophysical events with multiple messengers
can extend our understanding by showing a more complete picture of the emission processes from the
astrophysical source. With developing detectors, platforms for communication between astronomy
communities, and efficient statistical methods [1], multi-messenger searches and detections [2—
4] have become a reality. One multi-messenger combination that hasn’t been observed yet is of
gravitational-waves (GWs) and high-energy neutrinos, despite previous searches [5—14]. Here we
present our searches for high-energy neutrinos originating from the sources of GW events in the
GWTC-2 catalog of the LIGO Scientific and Virgo Collaborations [15] with the triggers of the
IceCube detector [16]. The methodology of the searches are summarized in Sec. 2 and the results
are given in Sec. 3. Sec. 4 has the conclusion.

1.1 First half of the third observing run of advanced LIGO and Virgo

First half of the third observing run of advanced LIGO [17] and Virgo [18] detectors, which
is generally referred as O3a, started on April 1%, 2019 and ended six months later on October 1%.
It was a combined run of the two LIGO detectors in the US (Hanford and Livingston) and the
Virgo detector in Italy. During the run, candidate events were announced through Gravitational-
wave Candidate Event Database (GraceDB)! in low-latency. The IceCube Collaboration performed
realtime follow-up of these open public alerts [19-21] and sent out Gamma-ray Coordinates Network
circulars for our findings. After the offline analysis by LIGO Scientific and Virgo Collaborations,
the second gravitational-wave transients catalog GWTC-2 was released with total of 39 events of
coalescing binary compact objects from O3a [15]. Twenty-six of these events were previously
reported in low-latency during O3a, while thirteen events were new detections found in the offline
analysis of the O3a data.

2. Searches

There are two pipelines used for the searches; Low Latency Algorithm for Multi-messenger
Astrophysics (LLAMA) and the Unbinned Maximum Likelihood (UML). Although both pipelines
are essentially looking for the same thing, there are differences between them. Each search uses
a different statistical approach to search for and quantify the significance of IceCube neutrinos
coincident with compact binary mergers. We briefly describe both methods below. For details see
Ref. [22] for the LLAMA search method and Ref. [21] for the UML method. Both pipelines use the
gamma-ray follow up (GFU) stream provided by IceCube [23] for high-energy neutrino data. This
data sample mostly consists of atmospheric muons with a small portion of astrophysical neutrino
triggers.

2.1 Low Latency Algorithm for Multi-messenger Astrophysics

The LLAMA search calculates the Bayesian probabilities of different hypotheses arising from
the combinations of GW or neutrinos being astrophysically related or not, considering the scenario
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of them being not astrophysical at all as well. The odds ratio of the GW and neutrino messengers
being astrophysically related compared to all the other combinations is used as the test statistic. The
priors on the probabilities are either obtained from the detectors’ background trigger rate due to noise
or by assuming an astrophysical energy emission distribution for GW and neutrinos. In the case for
certain GW detections, as in here, likelihoods for messengers’ origin (noise or astrophysical) and
their relation are calculated by using their detection times, sky localizations, reconstructed energy
of neutrinos and the estimated luminosity distance of the GW event. Considering the pipelines here,
using the distance of the GW event is unique to the LLAMA search which is used to account for
the propagation of the neutrinos in space. The maximum allowed time difference between related
GW and neutrinos is 500 s [24] and temporally closer detections are favored.

The significances are obtained by using precomputed background distributions which contain
the results of randomly matched neutrinos and simulated GWs at the detection rate of the GFU
stream. For each type of merger (binary black hole (BBH), neutron star black hole (NSBH) or
binary neutron star (BNS)) different background distributions are obtained. The reason for this is
the different detection horizon of the GW detectors for each source type due to the different signal
power created by them in the detectors. This produces different distance distributions for each type
of merger which affects the significance since the distance information is used in the test statistic
calculation.

2.2 Unbinned Maximum Likelihood

This method uses an unbinned maximum likelihood (UML) which is weighted by a spatial
weight derived from the sky localization of the GWs. The method is briefly described here, but for
full details on the method, see [14].

Firstly, the sky is divided into equal area bins using the Healpix pixelization scheme. The test
statistic is then calculated in every pixel by maximizing the log-likelihood ratio with respect to the
number of signal events, n, and the spectral index of the source, y. The test statistic in each pixel is
then weighted by the spatial weight which describes the probability of the GW source being located
in the given pixel. The maximum test statistic in the sky is chosen as the best fit location for the
scan.

To compute the significance of a given observation, we run 30,000 trials for each GW event
with scrambled neutrino data to build a background test statistic distribution. We then compare the
observed test statistic to the background distribution to compute a p-value for each GW.

Two analyses are performed using the UML method. The first is a short timescale follow up
of every reported GW event. Here we search for neutrinos within a +500 s time window centered
around the GW merger time. The goal of this analysis is to search for prompt neutrino emission just
before and just after the GW merger. This analysis was run in real-time during the O3 observing
run and responded to all public alerts sent by LVC in low-latency.

The second analysis is a longer time scale search targeting all binary neutron star and neutron
star-black hole mergers. Here we search a [-0.1,+14] day time window around the GW merger time.
This search is motivated by several models which predict neutrino emission specifically from BNS
and NSBH mergers on longer time scales [25, 26]. This analysis was run on three events from
GWTC-2: GW190425, GW190426_152155, and GW190814 which contain at least one compact
object less massive than 3 Mg which could be a neutron star.
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3. Results

Among the events in GWTC-2 no significant neutrino emission was observed in either the
UML or LLAMA analyses. The long time scale searches with the UML also yielded no significant
results. Table 1 shows the full results for the 1000 s follow up of the events from the GWTC-2
catalog. The table contains the 90% confidence level upper limits (UL) computed for the energy
scaled time-integrated neutrino flux (E%F) and the isotropic equivalent energy (Eis,) emitted in
high-energy neutrinos from each GW event. Table 2 shows the results for the 2 week follow up
of BNS/NSBH candidates from GWTC-2. Fig. 2 shows the Eiy, upper limits as a function of the
distance to the source including the events from GWTC-1 [27] as well. The overlay of the neutrino
and the zoomed in GW sky localization for the most significant event GW190728_064510 which
has a p-value of 1.3% and 4% in the LLAMA and UML pipelines respectively is shown in Fig.
1. The candidate event of GW190728_064510 (S190728q) was also the only event that had <1%
p-value in at least one of the two analyses during the realtime follow-up. The coordinates for the
signficant neutrino were shared via GCN circular 2. The coincident neutrino arrived 360 s before
the GW merger and had a reconstructed energy of 601 GeV. No additional counterpart was found
from other observatories (i.e. Ref. [28]).
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Figure 1: The zoomed in display of the sky localization of the most significant high-energy neutrino-GW
pair in equatorial coordinates. The blue gradient represents the sky localization probability of the GW
with the darker color representing higher probability. The red cross represents the best fit direction for the
coincident neutrino with the circle representing the 90% containment angular error region. The figure is
centered around the best fit location of the UML search, which is shown with a black star at the center.
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LLAMA | UML
2 2

Event Type | p-value [ Cl:; \ljclrf:é] p-value [ Ci \I:CEL_'Z] Eiso UL [erg]
GW190408_181802 | BBH | 0.16 0.048 0.17 0.0512 4.85 x 103
GW190412 BBH 0.19 0.041 0.13 0.0459 8.31 x 102
GW190413_052954 | BBH | 0.21 0.087 0.28 0.133 7.01 x 10>
GW190413_134308 | BBH | 0.18 0.34 0.34 0.270 2.84 x 10%
GW190421_213856 | BBH | 0.77 0.46 0.56 0.393 1.40 x 10
GW190424_180648 | BBH | 0.58 0.32 0.23 0.233 5.37 x 10°*
GW 190425 BNS 0.16 0.22 0.94 0.176 1.66 x 102
GW190426_152155 | NSBH | 0.12 0.082 0.12 0.0942 5.65 x 10°2
GW190503_185404 | BBH | 0.87 0.54 0.34 0.584 4.99 x 10°*
GW190512_180714 | BBH | 0.67 0.23 0.85 0.199 1.74 x 10°*
GW190513_205428 | BBH | 0.97 0.043 0.94 0.0514 6.73 x 10»
GW190514_065416 | BBH 0.28 0.089 0.44 0.0453 3.96 x 10°*
GW190517_055101 | BBH 0.14 0.48 0.26 0.366 6.05 x 10°*
GW190519_153544 | BBH | 0.063 0.15 0.21 0.0914 3.20 x 10°*
GW190521 BBH 0.47 0.37 0.63 0.359 1.90 x 10%
GW190521_074359 | BBH | 0.16 0.049 0.15 0.0451 2.36 x 10%
GW190527_092055 | BBH | 0.61 0.41 0.88 0.326 1.01 x 10
GW190602_175927 | BBH | 0.22 0.34 0.17 0.370 9.73 x 10°*
GW190620_030421 | BBH | 0.15 0.36 0.23 0.121 4.13 x 10
GW190630_185205 | BBH | 0.38 0.15 0.81 0.427 5.31 x 103
GW190701_203306 | BBH 1.0 0.039 0.87 0.0385 7.65 x 10%
GW190706_222641 | BBH | 0.99 0.036 0.92 0.0356 3.17 x 10°*
GW190707_093326 | BBH | 0.43 0.24 0.63 0.202 4.74 x 10%
GW190708_232457 | BBH | 0.11 0.11 0.56 0.0720 1.62 x 1053
GW190719_215514 | BBH | 0.79 0.054 0.91 0.0512 4.90 x 10°*
GW190720_000836 | BBH | 0.98 0.13 0.94 0.0872 5.34 x 10”
GW190727_060333 | BBH | 0.79 0.38 0.74 0.324 1.53 x 107
GW190728_064510 | BBH | 0.013 0.89 0.04 0.315 6.36 x 103
GW190731_140936 | BBH | 0.29 0.93 0.61 0.385 1.81 x 10
GW190803_022701 | BBH | 0.21 0.037 0.64 0.0354 1.69 x 103
GW190814 BBH 1.0 0.24 1.0 0.259 5.68 x 1072
GW190828_063405 | BBH | 0.86 0.21 0.98 0.178 2.74 x 10°4
GW190828_065509 | BBH | 0.72 0.38 0.84 0.368 3.73 x 10°*
GW190909_114149 | BBH | 0.56 0.11 0.39 0.136 1.33 x 10
GW190910_112807 | BBH 0.16 0.45 0.77 0.177 1.90 x 10%*
GW190915_235702 | BBH | 0.40 0.036 0.44 0.0354 3.61 x 103
GW190924_021846 | BBH | 0.038 0.037 0.23 0.0346 4.46 x 102

GW190929_012149 | BBH | 0.091 0.34 0.22 0.276 -
GW190930_133541 | BBH 0.19 0.038 0.31 0.0427 1.05 x 10°3

Table 1: Results for the events in GWTC-2 for the 1000 s follow up. GW190814 is labelled as a BBH
merger here although the type of the lighter object at ~ 2.6 Mg, is unknown [29]. Note that the Ejs, UL for
GW190929_012149 could not be properly calculated due to the distance measure being undefined for many
pixels in the skymap, so it is omitted here.
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Event Type | p-value E’F UL [GeVem 2]
GW 190425 BNS 0.43 0.661
GW190426_152155 | NSBH | 0.21 0.248
GW190814 BBH | 0.59 0.309

Table 2: Results for the 2 week follow up analysis using the UML method. These 3 events from GWTC-2
were followed up as they were the only potential BNS/NSBH candidates.
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Figure 2: 90% UL on the isotropic equivalent energy emitted in high-energy neutrinos during a 1000 s time

window (blue and orange triangles). E;‘;L genitor (black cross) is the total rest mass energy of the progenitors

and E,q (gray cross) is the total radiated energy of the binary system. While not all of the progenitor energy
is available for acceleration processes, we show it here as a relevant energy scale in the binary system. The
median distances for each GW are taken from GWTC-1 and GWTC-2 [15, 27]. Note that errors on the
distance measurements are significant but not shown here for clarity. The red star shows the measured Ej,
for GRB 170817A by Fermi GBM taken from [3]. The gray band represents the range of 90% Ez, ULs that
IceCube can set based on the range of point source sensitivities.

4. Conclusion

We summarized our searches for high-energy neutrino counterparts to GW events and their
results for the events in the GWTC-2 catalog. Searches were done by two pipelines, LLAMA and
UML, and neither of them found any statistically significant event. We also derived upper limits on
the neutrino emission fluence on Earth and isotropically emitted energy in high-energy neutrinos.
The searches for high-energy neutrino counterparts to GW events with the neutrino triggers of
IceCube will continue as new GW catalogs are released.
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