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The IceCube Neutrino Observatory at the South Pole detects neutrinos of astrophysical origin via
their interactions with ice. The main array is optimized for the detection of neutrinos with energies
above 1 TeV. A much smaller infill array, known as IceCube DeepCore, extends the sensitivity down
to a few GeV. Neutrinos observed in both parts of the detector are used for astrophysical-source
searches with multiple messengers. We present two analyses that follow up archival gravitational
wave (GW) events from runs O1 through O3 of LIGO/Virgo/KAGRA. The first analysis uses
two neutrino datasets: one with high-energy tracks and another consisting of low-energy tracks
and cascades. These two neutrino datasets were previously used independently to follow-up GW
events. In the analysis presented here, a combined likelihood search is performed using both
datasets to search for neutrinos coincident with the GW events across a wide energy range, from
a few GeV to several PeV. The second analysis, for the first time, uses a neutrino-induced cascade
sample with events of energy above 1 TeV for searches of coincident neutrino-GW emission. We
present results from both analyses and discuss prospects for conducting these analyses in real time.
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Multi-Energy and Multi-Sample Searches for Neutrinos from GW Events

1. Introduction

Mergers of binary black holes (BBH), binary neutrino stars (BNS), or a neutron star and a black
hole (NSBH) are seen to produce gravitational waves (GW) detectable by the LIGO/Virgo/Kagra
(LVK) instruments. Such events are known to produce multiple messengers, as observed during the
first confirmed BNS GW 170817, known to have produced a gamma-ray burst and photons across the
electromagnetic spectrum. These binary mergers can also be potential sites of neutrino production,
in particular, if the merger involved a neutron star. Neutrino production can occur either in short
time scales, within a 1000 s as motivated by [1] or on longer time scales for binaries with at least
one neutron star [2].

The IceCube Neutrino Observatory, at the South Pole, detects neutrinos with energies of
hundreds of GeV and above [3]. IceCube has been used to search for high energy (TeV to PeV)
muon neutrinos from binary mergers producing GWs detected by LVK [4, 5]. These searches have
been done both in real time, when alerts were issued publicly by LVK since its O3 run, and offline
based on the candidate events published in the catalogs GWTC-1 [6], GWTC-2.1 [7] and GWTC-
3 [8]. The real time search is also ongoing for the current O4 run of LVK. Archival searches were
also performed on GW events from these catalogs using low energy (sub-TeV) neutrinos observed
by IceCube. These neutrinos were detected by IceCube’s denser infill array, which features smaller
spacing between optical modules and enables the detection of sub-TeV events [9]. Additionally,
IceCube has searched for MeV - and GeV-scale [10] neutrinos from these GW events.

Here we present two new analyses with IceCube neutrinos correlated to GW events detected
by LVK from O1 to O3, published in the catalogs GWTC-1, GWTC-2.1 and GWTC-3. The first
analysis searches for cascade neutrinos detected by IceCube correlated to the GW events. The
second analysis performs a joint fit with low and high energy neutrino datasets, previously used for
individual follow-up searches of GW events.

2. Event Selections

2.1 IceCube: Detector and Events

IceCube, consisting of 86 strings hosting 5160 optical modules, detects neutrinos via the
Cherenkov light emitted by their secondaries as they interact with ice [3]. The detector’s main array
is optimized for neutrinos with TeV to PeV energies. IceCube also has an infill array of 7 strings
with closer spacing between the modules, that allows for a lowering of the energy threshold [11].
This array, known as IceCube DeepCore, allows the detection of neutrinos with enegries of a few
GeV and above. IceCube observes two main types of event classes: cascades and tracks. Cascades
are generated by charged-current (CC) interactions of electron neutrinos and neutral current (NC)
interactions of neutrinos of all flavor. Tracks are generated as a result of CC interactions of muon
neutrinos. The long lever arm of track events allow for a good angular resolution, while the
contained nature of most cascades result in a good energy resolution. Tracks in the southern sky
have a huge background of muons from cosmic-ray air showers, and therefore track samples are
harshly cut in the southern sky, affecting their sensitivities. Cascades, by nature of their event
morphology, are easily separated from atmospheric muons, and therefore provide better sensitivity
in the southern sky than tracks.
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2.2 Cascades sample

The high-energy cascade analysis uses a machine learning based event selection which provides
alarge improvement over previous IceCube cascade samples. This sample provided the first evidence
of the Galactic Plane as a source of neutrinos [12]. The sample has a sensitive energy range of
~ 500 GeV to 1PeV. The cascade dataset has a low rate (~ 0.2 mHz compared to ~ 6 mHz for
tracks) with excellent effective area and purity across the entire sky. The improved effective area
of this sample in the southern sky when compared to tracks is an advantage while searching for
neutrino events coincident with GW events. Although IceCube cascade events are more difficult
to reconstruct than tracks, the larger uncertainty on the origin of the neutrinos is less important for
transient analysis due to the reduced background.

2.3 High energy tracks sample and low energy cascades and tracks sample

The second analysis uses two datasets: a high-energy tracks sample, called GFU [13], and a
low energy sample consisting of both tracks and cascades, called GRECO Astronomy [14]. The
GFU sample primarily consists of muon-neutrino induced tracks, with energies of hundreds of
GeV and above in the northern hemisphere, and several tens of TeV and above in the southern
hemisphere. The GRECO Astronomy dataset contains all-flavor neutrinos with interaction vertices
inside IceCube DeepCore, spanning energies from a few GeV to a few tens of TeV. These datasets are
complimentary in their sensitivities and allows for a broad coverage in energy ranges of the neutrino
events. Therefore, it is suitable to use them in a joint fit to leverage their respective strengths and
search for neutrinos correlated to GW events across a wide energy range.

3. Analysis Method

We search for neutrinos correlated to GW events within a 1000-second time window with
respect to the time stamp of the GW event. The cascades analysis additionally searches for
neutrinos within a 2-week period for GW events that include a neutron star. This search is not
done for the combined analysis since the GRECO Astronomy dataset performs weakly for long
time-window searches. Both analyses use an unbinned maximum likelihood (UML) method to
perform the search. We define a likelihood of the form

(ns + nb)N —(ng+n N nsS; nyB;

L= NI ¢ ( b)g(ns+nb+ns+nb)’ M
where ng and ny, represent the signal and background neutrinos, S; and B; the signal and background
PDFs defined as in [15]. This likelihood is maximized on all pixels in the sky, with an additional
penalty term derived from the GW skymap applied to it. This gives the test statistic (TS) of
the analyses. This TS is used to obtain sensitivities of the analyses, and finally determine the
significance of our observed data when compared to background. The basic methodology follows
the same procedure as shown in [4, 5, 9]. While the intial UML follow-up searches with IceCube
also fit the spectral index (y) [5], the two analyses reported here fix y to 2.5, following the shape of
the diffuse flux of astrophysical neutrinos detected by IceCube [16].
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3.1 Method for Combined GRECO & GFU analysis

While the cascades analysis performs the fit only with one IceCube dataset, the combined
analysis performs a joint fit using the high energy tracks and low energy all-flavor datasets described
in section 2. To ensure dataset independence and peform a joint fit, events appearing in both
datasets are removed from GRECO Astronomy and retained in GFU, which demonstrates a better
reconstruction. This prevents double counting and allows for a consistent joint analysis. As these
overlapping events represent only 1% of the data, the Monte Carlo simulations are also treated as
independent without any further processing.

The log-likelihood is evaluated individually for both the GRECO and GFU datasets at each
pixel, and then added to obtain the combined likelihood. Since the spectral index is fixed, this simply
amounts to a scanning of the likelihood in n for both datasets, adding them up, and evaluating the
combination that maximizes the likelihood.

In Lcombined = In Lgreco + In Lgru. )

The TS is evaluated by comparing the signal hypothesis of this likelihood to the background
hypothesis (ng = 0) along with the spatial penalty from the GW probabilities. The pixel which
maximizes this TS is chosen as the best-fit pixel, with the corresponding values for GFU and GRECO
ns as the best-fit values. Similar to the cascades analysis, the TS is derived for background, based
on scrambled data, and is compared to pseudo experiments with neutrino injection to obtain the
sensitivities. The background TS distributions are also used to obtain the p-values of the unblinded
data and further constrain the flux upper limits from this analysis.

4. Results

We find no significant emission of neutrinos correlated to GW events from either analysis.
The lowest pre-trial p-value for the combined analysis is 0.03 for the event GW190930_133541.
This event had a pre-trial p-value of 0.31 (0.05) in the independent GFU (GRECO) analysis. In the
analysis with the cascades dataset, GW200115_042309 was the most significant source in the 1000 s
time window with a pre-trial p-value of 0.002 while GW200115_042309 was the most significant
source in the 2 week test with a pre-trial p-value of 0.09. Figure 1 shows the distribution of p-values
obtained from both analyses and figure 2 shows the 90% confidence level (CL) flux upper limits.
Skymaps of the events with the lowest pre-trial p-values obtained with both analyses reported here
are shown in figure 3 and a summary of the results for these events are shown in table 1.

Analysis GW event pre-trial 90% CL Flux UL
fl GeV
p-value E°F Birv Mr@1 TeV [ﬁ]
Cascades 1000s 200115_042309  0.002 0.60
Cascades 2 week 200115_042309 0.09 1.60
Combined GRECO & GFU 190930_133541 0.03 0.22

Table 1: Summary of results from the cascades analysis and the combined GRECO & GFU analysis for the
events with lowest p-value in both analyses. The flux upper limits assume a spectral shape o< E 2.
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Figure 1: Pre-trial p-value histograms of observed data. Left: The combined GRECO & GFU analysis
(orange) compared to the independently unblinded follow up with the GRECO Astronomy dataset (blue) and
the GFU dataset (green), all for a 1000 second time window. Right: The observed p-values for the follow up
using the cascade dataset. Both the 1000 seconds distribution (blue) and the 2-week distribution (in orange,
only consisting of 7 NS containing GW events) are shown.
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Figure 2: Flux upper limits derived from the combined analysis (black) and the cascades analysis (orange)
for a spectral index 2.5. The sensitive energy range (90% CL and 68% CL for the combined analysis and
90% CL for the cascades analysis) across the declinations covered by the 90% probablity region of the GW
event of each analysis is highlighted.

We performed a binomial test for both analyses to search for a population of GW events
producing an excess of neutrinos. This was not found to be significant in both analyses, with a final
binomial probability of 0.017 (0.16) in the cascades analysis (combined analysis) corresponding to
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Figure 3: Skymaps of events with lowest pre-trial p-value in the combined GRECO & GFU analysis (top)
and the cascades analysis (bottom). The colormap shows the GW probabilties on the sky for each event,
obtained from the map released by LVK. The markers and the circles represent neutrinos along with their
angular uncertainties, within the 1000 second time window. GFU events (top, solid blue) have smaller
uncertainties since they are tracks of higher energies and therefore have better resolution. Cascade events
(bottom, solid blue) and GRECO events (top, dashed navy blue) have larger angular uncertainties on the sky.

a population of 3 (89) GW events. After trials correction, where we compare the observed binomial
probability to a distribution derived from background, these p-values become 0.07 and 0.56 for the
cascades and the combined analyses respectively.

Upper limits to the isotropic equivalent energy emitted in neutrinos of all flavor were calculated
with the cascades analysis. These limits assume that neutrinos are emitted with a spectral index
of 2.5 within the energy range of 500 GeV to 1PeV. These upper limits are shown in figure 4.
The figure also shows the median expectation, estimated from the sensitivity range of the cascade
analysis to GW events from all declinations.

5. Discussion and Conclusion

We report on the results of two novel analyses: the first search for cascade neutrinos from GW
events and the first joint search of low and high energy neutrinos from GW events. Although no
significant detection was observed in either analysis, the methodology for these two analyses set
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Figure 4: Upper limits to the isotropic equivalent energy from the followup search using the cascades dataset.
The upper limits are derived under the assumption of a neutrino flux following a spectral index of 2.5. BBH,
NSBH, and BNS events are shown separately for 90 confident GW events from O1 to O3. The grey band
shows the median expectation derived from sensitivity of the analysis, and is seen to follow the relation

Eiso x r2.

the groundwork for future searches. LVK sends public alerts of GW events with low latency, and
IceCube currently searches for tracks that are spatially and temporally correlated to them. An
introduction of cascade events to this real time stream can provide with additional sensitivity to
such searches, especially in the southern sky. . The combined GRECO & GFU analysis presented
here provides a proof of concept for performing such joint searches in the future. Such searches can
also be performed in realtime, providing added sensitivity. The combination of two datasets need
not be restricted to low and high energy events alone. Analyses combining the strength of tracks
and cascades for searching for multi-messenger emission can also be performed in the future.
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