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The discovery of joint sources of high-energy neutrinos and gravitational waves has been a
primary target for the LIGO, Virgo, KAGRA, and IceCube observatories. The joint detection
of high-energy neutrinos and gravitational waves would provide insight into cosmic processes,
such as progenitor dynamics and outflows. The joint detection of multiple cosmic messengers can
also elevate the significance of the observation when some or all of the constituent messengers
are sub-threshold, not significant enough to declare their detection individually. Leveraging
data from the LIGO, Virgo, and IceCube observatories, we conducted an archival investigation
of sub-threshold multimessenger events. Complementing previous analyses, we used minimal
assumptions to search for common sources of sub-threshold gravitational-wave and high-energy
neutrino candidates during the third observing run (O3) of the Advanced LIGO and Advanced
Virgo detectors. Our search did not identify significant joint sources. We therefore derive
constraints on the rate density of joint sources for each compact binary merger population as a
function of the energy emitted in neutrinos. Only a fraction of the gravitational-wave sources emit
neutrinos, if the neutrino emission has high bolometric energy (> 1052 to 1054 erg).
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Constraints on GWHEN sources from O3

1. Introduction

Traditionally astrophysical phenomena are observed via single messengers. These observations
provide partial information about the sources, only about the processes that emit the observed mes-
senger. A complete picture of many sources can only be depicted by multimessenger observations.
Since the discovery of gravitational waves (GW) [1], about 90 confident compact binary mergers
have been observed by end of the third observing run of the LIGO [2] and Virgo [3] detectors
(O3) [4], including the first two runs O1 and O2. However, except for the binary neutron star (BNS)
merger in 2017 [5], no other messenger has been observed from them. From the multimessenger
observations of that BNS merger GW170817 [6], we have learned a lot about the processes in BNS
mergers. In fact we were informed in different areas as well, from nuclear physics to cosmology.
Multimessenger observations of more GW events can help us answer many questions. For instance,
how binary black holes (BBH) form is still a mystery. If counterparts are observed from BBH
mergers, they can hint about the formation regions such as near active galactic nuclei.

Here we are searching for high-energy neutrino (HEN) emission from GW events within a
time window of ±500 s [7]. We use the HEN data of the IceCube Neutrino Observatory [IceCube
hereafter; 8, 9] and the GW data from the LIGO and Virgo detectors. Discovery of HEN emission
from GW events can teach us not only about the GW events; but also about the unknown sources
of the observed astrophysical diffuse HEN flux. The searches for joint GW and HEN events have
only yielded coincidences that are not statistically significant [10–13]. The absence of statistically
significant coincidences among approximately 90 events highlights the inherent difficulty of find-
ing true coincidences. We should use powerful search methods along with datasets as large as
possible [14]. In this study we searched for HEN emission with the Low-Latency Algorithm for
Multimessenger Astrophysics (LLAMA) pipeline [15] from the candidate GW events from O3 that
have a false alarm rate up to 2/day, of which there are 2210. The analysis of candidate GW events,
most of which have high probability of being noise, was done via the construction of a Bayesian
test statistic that accounts for the probability of them being noise [16]. The strength of this study
compared to the previous analyses is the extended dataset. To search for a population of joint GW
and HEN events in this population we employ an optimized test statistic for population level studies.

In our search, we did not identify a significant population of jointly GW and HEN emitting
events. We use their absence in our results to constrain their presence in the universe. We introduce
our datasets in Sec. 2. In Sec. 3 we describe the methods we use. We present our results and
briefly discuss them in Sec. 4.

2. Data

Our analysis has two datasets: one for candidate GW events and one for HEN events.

2.1 High-energy neutrino data

IceCube is a cubic kilometer neutrino detector located at the South Pole. It is composed of
5160 digital optical modules deployed in clear ice, looking for Cherenkov radiation from neutrino
interactions. The observed events are classified into track and cascade categories. Tracks include
the interactions resulting in a muon or anti-muon that traverses a straight path, whereas cascades

2



P
o
S
(
I
C
R
C
2
0
2
5
)
9
7
2

Constraints on GWHEN sources from O3

include the showers occurred in ice. The directional reconstruction of the original neutrino or anti-
neutrino is ≲ 1◦ in the case of tracks, and ∼ 10◦ for cascades. For astronomical associations with
specific sources the directional accuracy is important. Hence, in our search we use the Gamma-ray
Follow-Up (GFU) dataset, which consists of track events [17]. IceCube maintains nearly continuous
operation with over 99% duty cycle [8, 9]. This dataset has ∼ 6.4 mHz event rate. The energy of the
neutrinos spans from a few hundred GeV to a few PeV. The sensitivity to the Northern Hemisphere
is higher thanks to the Earth blocking the high flux of atmospheric muons, where most of the
low-energy (O(1) TeV) portion of the dataset comes from.

We use the detection time, reconstructed direction and uncertainty, and the reconstructed
energy of the neutrinos as inputs in our analysis.

2.2 Gravitational wave data

The LIGO and Virgo GW detectors are Michelson type interferometers. Their arm lengths
are 4 km and 3 km, respectively. These lengths are effectively increased by a factor of hundreds
with Fabry-Pérot cavities. There are two LIGO detectors: one at Hanford, Washignton and one at
Livingston, Louisiana in the United States. Virgo is located at Cascina, Italy. O3 lasted from April
2019 to March 2020. The detectors had duty cycles of around 70-80% during O3. LIGO Hanford
had a BNS range of ∼ 110 Mpc, LIGO Livingston had ∼ 135 Mpc, and Virgo had ∼ 50 Mpc. The
collected data have been analyzed with several different analyses. We use the public results of the
template based search pipelines GstLAL, PyCBC-BBH, PyCBC-broad, and MBTA for compact
binary coalescences (CBC) up to a false alarm rate of 2/day. This dataset has 2210 candidate GW
events including 79 confident detections.

We use the event time, reconstructed sky localization and luminosity distance, signal to noise
ratio, and the estimated probability of being astrophysical (𝑝astro) as inputs in our analysis.

3. Method

Our analysis has two parts: analysis of coincidences from individual events, and population
inference and constraints from the search results.

3.1 Individual coincidences

We employ the LLAMA pipeline in our search. The search is based on assigning frequentist
significances. The test statistic is constructed from four hypotheses:

• 𝐻s: signal hypothesis, in which the HEN and GW come from the same astrophysical source

• 𝐻GW
c : GW coincidence hypothesis, in which the GW event is astrophysical but the neutrino

is not

• 𝐻𝜈
c : HEN coincidence hypothesis, in which the HEN is astrophysical but the GW is not

• 𝐻n: noise hypothesis, in which both the HEN and GW are not astrophysical
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We combine the likelihoods for 𝐻GW
c , 𝐻𝜈

c , and 𝐻𝜈
c using their estimated occurrence rates as Bayesian

priors. In the end, our test statistic for inputs x is

TS (x) = 𝑃 (𝐻s) 𝑃 (x|𝐻s)
𝑃
(
𝐻GW

c
)
𝑃
(
x|𝐻GW

c
)
+ 𝑃 (𝐻𝜈

c ) 𝑃 (x|𝐻𝜈
c ) + 𝑃 (𝐻n) 𝑃 (x|𝐻n)

(1)

Theoretically there could be a fifth hypothesis for astrophysical HEN and GW events coming from
different sources; but the rate of such a coincidence is extremely low and we neglect it. The details
of the likelihoods can be found in Ref. [16]. We search for HEN emission ±500 s around the
mergers [7]. Considering the 6.4 mHz event rate in the GFU dataset, we expect on average 6.4 HEN
candidates temporally coincident but unrelated to the GW event.

The background distribution for finding frequentist significances is obtained by creating false
coincidences. This is done by scrambling the detection time of our neutrino dataset and analyzing
resulting coincidences. We use a single background distribution for obtaining 𝑝-values.

3.2 Population inference

The individual event analysis might be useful when analyzing small number of events. However,
when a large set of events is analyzed and the presence of a population is sought in them, it becomes
a weaker approach. The large number of events should be accounted for by a trials correction.
The widely used Bonferroni correction which effectively multiplies the obtained 𝑝-values by the
number of trials. Another approach could be only considering the lowest 𝑝-value event. However,
both of these approaches are suboptimal in this case.

When the sought signal has a rate much lower than the unrelated events, the optimal test
statistic for finding a population becomes the sum of individual test statistics. Hence we define the
population test statistic

TSpop =
∑︁
𝑖

TS(xi). (2)

To obtain the background distribution for this population test statistic, we construct datasets consist-
ing of false coincidences. This was done by repeatedly sampling 2210 (the number of GW events
in our analysis) events from our individual event background distribution. Each such realization
with 2210 events becomes one dataset. Collection of such many datasets and finding TSpop for each
determines our population background distribution.

The constraints on the rate density of GW and HEN emitting events (GWHEN events) from
TSpop is obtained by the standard Neyman construction. An upper limit corresponds to a rate density
that would produce a higher test statistic than the observed test statistic with a probability equal to
the confidence level. This probability depends on the number of GWHEN events in the dataset.
For a given rate density ¤𝑛 and observation duration 𝑇obs, the expected number of GWHEN signal
events is

⟨𝑁GWHEN⟩ = ¤𝑛 × 𝑇obs

∫
2𝜋 𝑓 (𝐷L, 𝑧)𝑝𝜈det(𝐸𝜈 , 𝐷L, 𝛿)𝑝GW

det (S, 𝐷L) cos 𝛿d𝛿d𝐷L. (3)

where 𝑝𝜈det(𝐸𝜈 , 𝐷L, 𝛿) and 𝑝GW
det (S, 𝐷L) are the detection probabilities of HENs and GWs respec-

tively from an event with total HEN emission energy 𝐸𝜈 and the specific GW event type S, as a
function of luminosity distance 𝐷L and declination 𝛿. The GW event type refers to the components
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of the merger such as BNS, BBH, or neutron star black hole binary (NSBH). 𝑓 (𝐷L, 𝑧) gives the
distribution of GWHEN events as a function of distance and redshift 𝑧 considering the cosmological
expansion as

𝑓 (𝐷L, 𝑧) = (1 + 𝑧)−1 d𝑉c
d𝐷L

=
𝑐

(1 + 𝑧)3𝐻0
√︁
Ω𝑚(1 + 𝑧)3 +ΩΛ

d𝑧
d𝐷L

𝐷2
L, (4)

assuming a constant rate in comoving volume𝑉c where 𝑐 is the speed of light, 𝐻0 = 67.9 km s−1 Mpc−1

is the Hubble constant, and Ωm = 0.3065 and ΩΛ = 0.6935 are the energy densities of matter and
dark energy [18].

In order to know the TSpop distribution under different number of GWHEN events, which is
necessary for deriving upper limits, we performed injections of GW events and HEN. The GW
event injections were done and localized via BAYESTAR [19]. We injected BBH, NSBH, and
BNS merger events separately. The astrophysical properties of them were chosen according to the
most recent estimates after O3 [20]. For simulating the HEN emission, we injected a single Monte
Carlo generated neutrino from the injection point of the GW on the sky. The individual energies
of the HEN (𝜖) were chosen according to an 𝜖−2 spectrum, which is the expected spectrum for the
neutrinos from cosmic rays accelerated by Fermi acceleration [21, 22].

4. Results and discussion

From our analysis of 2210 events individually, the most significant coincidence has a 𝑝-value
of 3.8×10−4 (0.84 after Bonferroni correction). It is from a candidate BNS merger event with 0.997
probability of originating from noise, detected at the GPS time 1262142545.615. The candidate GW
event’s mean reconstructed luminosity distance is 295 Mpc. The GFU event that produces most of
the significance has a muon proxy energy of 2.4 TeV. Its position is right above the equator. Although
that direction is a high-sensitivity region for IceCube, its energy is not particularly outstanding in
the GFU sample. It was detected 222 s before the candidate GW event.

When we did the population analysis, we obtained a 𝑝-value of 0.22 for the whole dataset.
Clearly there is no significant sign of a GWHEN population in the analyzed dataset. Next, we
derived the upper limits on the rate density of the GWHEN sources as a function of the total
bolometric energy emitted in HEN (𝐸𝜈), separately for each merger type.

In Table 1, we provide the 90% upper limits on the rate density of GWHEN events we obtained
as a function of 𝐸𝜈 , assuming isotropic emission. They are the first limits put on the population of
merging compact binaries. We also show the latest estimates of the rate densities of each merger
type after O3 [20]. A GWHEN limit below these rate densities, for example for 𝐸𝜈 ≳ 1052–
1054 erg, implies that only a portion of that merger type can be emitting HEN at 𝐸𝜈 , assuming all
the emissions have the same 𝐸𝜈 . If beamed emission are assumed instead of isotropic emission,
obtained upper limits become higher and do not constrain the presence of such emissions from the
population. Energies around as 1052–1054 erg are too large for the expected total energies emitted
in HEN for such mergers. Moreover, these emissions are expected to be beamed. Hence, the first
limits on the rate density of joint GW and HEN emission from the population of merging compact
binaries are not too useful except for constraining very optimistic isotropic emission models. The
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𝐸𝜈 = 1050 erg 𝐸𝜈 = 1052 erg 𝐸𝜈 = 1054 erg GW event rate density
BNS 50000 890 348 10–1700

NSBH 20000 290 63 7.8–140
BBH 19000 220 14 17.9–44

Table 1: 90% upper limits on the GWHEN event rate densities assuming isotropic emissions for different
emitted total bolometric HEN energies. For comparison, the latest 90% credible intervals on the GW rate
densities [20] are given in the last column. Units are in Gpc−3yr−1.

improvements on these limits can come with increasing detector sensitivities and with extended
datasets.
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