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1. Introduction

Since 2015, the LIGO, Virgo, and KAGRA interferometers (LVK) have been detecting grav-
itational waves (GWs) emitted by coalescing binaries of compact objects - either black holes or
neutron stars. Additionally, searches for other astrophysical GW sources, such as core-collapse
supernovae (SN), are conducted in the LVK data. In 2017, the joint detection of a binary neutron
star merger by LIGO and Virgo - the GW170817 event [1] - and several electromagnetic (EM)
counterparts over the whole spectrum [2-5] - the gamma-ray burst (GRB) GRB170817A [6, 7]
and the kilonova AT2017gfo [8] in the optical wavelengths in particular - opened a new window
for multi-messenger astronomy. Moreover, high-energy neutrinos (HEN) in the GeV-PeV energy
range may also be produced via hadronic processes in the source’s circumstellar environment. This
allows for possible coincident detection of the same source in both the GW and the HEN regimes
with a high potential for breakthroughs in various domains, such as cosmology, by providing an
independent measurement of the Hp constant or by constraining the equation of state of nuclear
matter. The LVK collaboration has conducted three observing runs since 2015: O1, 02, and O3.
The fourth run, O4, started on 24" May 2023, is ongoing and will stop on 18" November 2025.
The ANTARES detector was a neutrino detector located at 2500 m depth in the Mediterranean
Sea, offshore Toulon, France. The detector was optimized for the detection of neutrinos in the 100
GeV-100 PeV. ANTARES was decommissioned in February 2022 after 15 years of observation.
The KM3NeT Observatory is currently under construction in the Mediterranean Sea with two neu-
trino detectors: the ORCA detector is located close to the former ANTARES site offshore Toulon,
France, at a depth of about 2500 m; the ARCA detector is situated near Sicily, Italy, at a depth
of about 3500 m. In this contribution, three analyses are presented aiming at finding statistically
significant coincidences between LVK GW candidates and HEN candidates observed by KM3NeT
and ANTARES during the O3 and O4 runs. In Section 2, a search for HEN counterparts of sig-
nificant GW signals is presented, while in Section 3, a search is described for GW counterparts of
significant HEN candidates. The idea behind the search described in Section 4 is that weak signals
in GW or HEN channels can still create strong coincidences, provided that the source candidates
are spatially and temporally close. Finally, in Section 5, concluding remarks are presented.

2. Follow-ups of significant GW detections with neutrinos

Searches for neutrino emission from significant binary mergers, with a probability of being of
astrophysical origin of 0.5, reported in the GWTC-3 LVK catalogue [9], have been conducted using
the data from ANTARES and KM3NeT [10, 11]. For each binary merger, a +£500 s time window
centred on the GW time tgw [12] is used to select GeV-TeV neutrino candidates in time and spatial
coincidence with the detected GW signal. In KM3NeT, an additional search for a prompt signal of
MeV neutrinos is performed by looking for a global increase of the detector counting rates in the
two seconds following zgw.

Since 2022, the KM3NeT Collaboration has also developed a system to perform quick follow-
ups of interesting alerts reported by the community through GCN notices [13]. In this context,
significant GW triggers are followed using the online data from ARCA and ORCA. Currently, the
results are not reported in real time to the community, but will be in the future for interesting alerts.
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To date, no significant GW-HEN coincidences have been reported in both offline and real-time
searches. The observations are converted to constraints on the neutrino emission from compact
binary mergers, either in terms of the flux at Earth or the total energy emitted in neutrinos by the
source. In addition to individual limits for each merger, population studies have been performed,
stacking O3 observations to constrain the typical neutrino emission, Ejs , Or f,, = Eisov/EGw,
from these objects. The 90% confidence level upper limits for the stacking of 44 (72) binary black
hole mergers are Ejg,, < 3.2 X 10°*erg (3.0 x 10°° erg) and f, < 2.4 (12) with ANTARES [10]
(KM3NeT [11]). For the seven (six) detected neutron star - hole mergers, the obtained limits are
Eiso.y < 3.2x 103 erg (1.9 x 10¥ erg) and f, < 0.88 (46) for ANTARES (KM3NeT).

3. Follow-ups of neutrino alerts with GW interferometers

In this section, a HEN-triggered search for a GW signal is described. HEN candidates from
ANTARES with a strong probability of being of astrophysical origin are used as a trigger for a
deep search for a GW signal in a [-500, +500] s time window centred around the HEN trigger
time [12]. The search is performed using X-Pipeline [14], which is designed to find GW signals
without making any assumption about the GW signal morphology or the GW progenitor. This
agnostic approach allows for searching for generic GW transient signals emitted by a large range
of sources, such as SN, but also compact binary coalescences (CBC). This type of algorithm is
usually called un-modelled, as opposed to modelled searches that aim at finding CBC signals only
by correlating the data with a template GW waveform, as described in Section 4. X-Pipeline
coherently combines the interferometers’ data into a time-frequency map and looks for power
excess in the map’s pixels. Then, the loudest pixels are clustered to identify the GW candidates,
allowing finding strong statistical association. The selected neutrino candidates from ANTARES
reported during the O3 run are reconstructed events with a zenith angle cos (theta) above -0.1, with
log10(dEdX) > 1.6, with the reconstruction quality parameter [15] A,, > —5.2 and an error estimate
[ on the direction extracted from the error matrix of the fit0 < 8 < 1.

In addition, the metric signalness is defined as:

Nsignal (E: Av)
Nsignal(Ea Av) + Nbackground(Ee Av) ,

Signalness(E, A,) = (1)
where E is the reconstructed event energy and Njgnal (E, A,) and Npackground (£, A, ) are the expected
number of signal and background events above energy E and A from simulations. The signalness
allows for evaluating whether the HEN candidates are of astrophysical origin. Its computation
is based on a method proposed by the IceCube collaboration [16] and relies on Monte Carlo
simulations of astrophysical/atmospheric neutrinos and muons. These quantities depend on a
chosen astrophysical neutrino spectrum. An E~2% spectrum is chosen with a normalization of
1.68 x 107!8. Reconstructed events with a signalness above 0.3 are selected and tagged as Gold
when they are upgoing and Bronze when they are not. The results are shown in Fig. 1

This choice leads to a selection of two Gold events, the first one with a reconstructed energy of
~ 1.5% 10° GeV and a signalness of 0.54; the second one has a reconstructed energy of ~ 4.7 x 10*
GeV and a signalness of 0.30. Two Bronze events were selected: one with a reconstructed energy
of ~ 4.7 x 10° GeV and a signalness of 0.69; and the other with a reconstructed energy of
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Figure 1: Signalness distribution of ANTARES upgoing (black) and downgoing (blue) reconstructed events
reported during O3.

~ 1.6 x 10° GeV and a signalness of 0.47. Finally, a targeted analysis for GWs associated with these
reconstructed HEN events has been conducted. The search returned no significant GW candidate
associated to the individual HEN triggers with a p-value consistent with the signal hypothesis.

4. Joint sub-threshold analysis with a GW modelled search

In this section, a symmetric joint analysis between sub-threshold candidates in both GW and
HEN regimes is described. Even for these marginally significant triggers, a statistically significant
coincidence can be found in cases where the HEN and GW triggers are close in time and have a
good spatial overlap. The analysis is based on the method described in [17, 18] for a joint sub-
threshold search for GW and GRB associations in LVK and Fermi/GBM data, adapted for ORCA6
and ANTARES data. HEN and GW triggers that could have the same progenitor are paired; pairs
are ranked with a test statistic and are assigned a false alarm rate (FAR). HEN data from ANTARES
and ORCAG - the KM3NeT detector configuration with six active detection units - are used. The
ANTARES data cover the whole O3 run; the ORCAG6 data cover the last 45.5 days of O3. For
ORCA®6, we use the upgoing - with cos(zenith angle) > O - track events with reconstructed energy
above 1 GeV. In addition, we use the score from the Boosted Decision Tree (BDT) trained over 20
variables to keep the best reconstructed events [19]. Eventually, only the track events with BDT
score higher than 1 are kept. For ANTARES, we keep reconstructed events reported during O3
with a cos(zenith angle) above -0.1, A, > —=5.5 and log,y(dEdX) > 1.6. On the GW side, we use
GWTC-3 [20] released (with a FAR < 2/day) triggers produced by PyCBC [21], a modelled search
pipeline designed to find CBC GW signals.

4.1 Method

For identifying statistically significant HEN-GW associations, a ranking metric defined as

follows has been used:
Indg

A= :
1+0g+0y+ 0,0y

2
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Here Q, and Q, are the single-instrument Bayes factors comparing the noise-only and noise+signal
hypotheses in the GW and ORCAG6 data, respectively. /x; and I quantifies the temporal and spatial
overlap, respectively. The metric is constructed by adapting the methods proposed in [17, 18, 22].
More details about the hypotheses underlying the derivation of A can be found in those references.

Neutrino trigger significance: Similar to the GBM trigger significance Bayes factor in [18], the
neutrino trigger significance Bayes factor O, is computed from a Kernel Density Estimation-based
(KDE) method. Simulated signals and background are used to train the KDE in the log;o(Recovered
Energy [GeV]) — X observable plane, where X represents either the BDT score (ORCAG) or the
A, observable. Then Q, is retrieved from ORCA6 data. The signal sample is composed of
Monte Carlo (MC) astrophysical neutrinos, while the background sample includes Monte Carte
atmospheric neutrinos and muons. The three neutrino flavours are included, and we assume here a
E =2 spectrum, which is consistent with the best fit from the last Diffuse Neutrino Flux IceCube
publication [23].

GW trigger significance: Similarly to Pillas et al, 2023 [18], Q, is chosen as the BCI provided
in the skymaps, which compares the probability of being a Coherent signal in the entire network
versus an Incoherent signal (most likely being a single-detector signal).

Time offset prior: For a pair formed by a GW trigger and a HEN trigger (v) I, quantifies the
probability that they are separated in time byAr = ¢, — tgw. Following [17, 18], an on-source window
is chosen that allows the HEN and GW candidates to be separated by 30 s with a triangular-shaped
time-offset prior centered on 0. This configuration allows for looking for neutrinos emitted from
short GRB sources associated to CBC progenitors. GW and neutrino data are analysed with a +500
seconds on-source window to cover other emission models [12], using a uniform prior. The window
width is chosen consistently with other neutrino searches targeting GW sources [24].

Sky overlap: The sky overlap Bayes factor [22] is written as Io = / Wdﬁ
ORCAG6 and ANTARES sky localisation maps are generated as Gaussian, energy-dependent
skymaps based on MC astrophysical neutrino simulations.

Foreground generation: Once the metric in Eq. 2 is estimated for all the HEN-GW associations,
which are referred to as the foreground distribution, a FAR is estimated by comparing it to a
background sample. The latter is generated by shifting the HEN and GW triggers in time by an
amount that is large enough to ensure that the two are unrelated. Then A is computed for this fake
set of coincidences. The process is repeated for several shift values to increase the background
distribution. Eventually, the FAR is assigned by calculating the rate of background coincidences
with A equal to or higher than the foreground associations.

4.2 Simulated associations

To check the performance of the method, we simulated a set of 150 associated HEN/GW
triggers. The MC astrophysical HEN triggers are generated assuming an E 2 spectrum, and the
150 GW CBC signals are injected at the same sky position. Two time windows are used for the
delay between GW and HEN, +30 s and the +500 s, to check each time prior. Finally, the simulated
associations are compared with the background without including the simulated associations in the
background sample to retrieve the exclusive IFAR distribution. In Fig. 2, the results are shown
for the simulated associations using ORCA6 (left) and ANTARES (right). The majority of the
injections are recovered with a satisfying IFAR. An IFAR threshold of 1 yr is established, below
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Figure 2: Cumulative number of simulated associations as a function of their IFAR [yr], for the 30 s
maximum time offset prior (red), the 500 s maximum time offset prior (black), with ORCAG6 (left) and
ANTARES (right).

which we consider that the injection is missed. This is mostly caused by glitches in the GW data at
the injection time that degrade the GW sky localisation, leading to small /g values.

4.3 Foreground associations

In Fig. 3, the blue curve shows the cumulative rate as a function of the IFAR for the foreground
associations in the + 500 s on-source window analysis. The orange regions show the 1, 2, and 3-o
deviation; the foreground distribution does not show any statistically significant association. For
the +30 s maximum time delay analysis, only the significance of the top foreground association is
considered, as only 2 (ORCAG6) and 3 (ANTARES) foreground associations were found. The most
significant ones for ORCA6 and ANTARES have an IFAR of 0.23 and 0.81 years, respectively.

In general, all these top foreground associations are composed of a signal-like GW trigger,
despite a favoured terrestrial origin in coincidence with an upgoing, uninformative neutrino candi-
date, because of their O, close to 1. Moreover, the sky overlap is quite small due to the large sky
localization uncertainty on the ORCA®G side, and the sky overlap of the most significant foreground
association with the 30 s maximum time offset search for ANTARES Kkills the significance of the
association. Therefore, it is concluded that the two candidates of each of these four associations are
unlikely to be real signals coming from a common source.

5. Conclusion and outlook

In this contribution, three different multi-messenger analyses aiming at detecting GW-HEN
associations are presented. None of the searches led to plausible joint detections. However, they
allowed for constraining the total energy emitted in neutrinos for each GW source considered. These
searches will also be conducted using the data from O4, for which ORCAG6 covered a longer period
than during O3. A sub-threshold analysis similar to the one developed in Sec.4 using un-modelled
GW triggers is ongoing for targeting more GW-HEN sources, such as core-collapse supernovae.
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Figure 3: Cumulative rate as a function of the IFAR [yr] for the foreground associations in the +500 s
on-source window analysis with ORCAG6 (left) and ANTARES (right).
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