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ABSTRACT

Using data from the IceCube Neutrino Observatory, we searched for high-energy neutrino emission
from the gravitational-wave events detected by advanced LIGO and Virgo detectors during their third

observing run. We did a low-latency follow-up on the public candidate events released during the detec-

tors’ third observing run and an archival search on the 80 confident events reported in GWTC-2.1 and

GWTC-3 catalogs. An extended search was also conducted for neutrino emission on longer timescales

from neutron star containing mergers. Follow-up searches on the candidate optical counterpart of
GW190521 were also conducted. We used two methods; an unbinned maximum likelihood analysis

and a Bayesian analysis using astrophysical priors, both of which were previously used to search for
high-energy neutrino emission from gravitational-wave events. No significant neutrino emission was
observed by any analysis and upper limits were placed on the time-integrated neutrino flux as well as

the total isotropic equivalent energy emitted in high-energy neutrinos.

Keywords: high-energy astrophysics, neutrino astronomy, multi-messenger astrophysics

1. INTRODUCTION

Since the initial discoveries of astrophysical high-
energy neutrinos in 2013 (Aartsen et al. 2013, 2014) and

gravitational waves (GWs) in 2015 (Abbott et al. 2016),

we have entered an exciting era of multi-messenger as-
tronomy. We now have over 10 years of IceCube neu-
trino data from the full detector configuration and 90

reported GW events with high astrophysical probabil-

ity by the LIGO Scientific, Virgo and KAGRA Col-

laborations (LVK). This abundance of multi-messenger

data allows for statistically robust searches for common

sources of GWs and high-energy neutrinos. Searches

dating back before the individual confident discoveries

of astrophysical GWs and high-energy neutrinos have

not found a significant joint emission (Aso et al. 2008;

van Elewyck et al. 2009; Bartos et al. 2011; Baret et al.

2012; Adrián-Mart́ınez et al. 2013; Aartsen et al. 2014a;

∗ also at Università di Padova, I-35131 Padova, Italy
† also at Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan

Adrián-Mart́ınez et al. 2016). Following the first con-

fident GW observation, several attempts from IceCube
and ANTARES have not found significant emission of
coincident high energy neutrinos (Albert et al. 2017a,b;

Albert et al. 2020; Aartsen et al. 2020; Veske et al.

2021b). Searches for neutrinos in the low-energy regime

have also been conducted by IceCube (Abbasi et al.

2021), Super-Kamiokande (Abe et al. 2021a), Kam-
LAND (Abe et al. 2021b), and Borexino (Agostini et al.

2017).

The discovery of such a joint emission would provide

important information about physics of the source and

improve our understanding of the sources of the indi-

vidual messengers. Currently, a joint emission is ex-

pected to come from formed jets during the GW emis-
sion, which accelerates charged particles. These charged
particles would produce mesons. From their decays and

the decays of their secondaries, high-energy neutrino

emission is expected (Fang & Metzger 2017; Kimura

et al. 2018). Moreover, the inclusion of neutrino infor-
mation to the gravitational-wave observation would help

in constraining the location of the source more precisely
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in the sky, enabling more explorations to be done on
it via the telescopes with narrow field of views. These

motivations keep the search efforts vibrant despite the

estimated low chance for joint detections with the cur-

rent detectors (Bartos et al. 2011; Baret et al. 2012; Fang
& Metzger 2017).

In this article, we present our low-latency follow-up
searches and archival searches for high-energy neutrino

emission from the GW events detected during the com-

plete third observing run of advanced LIGO and Virgo

detectors (O3). In Section 2, we describe the IceCube

detector and its neutrino data used for this analysis, and
the GW detector runs followed up in this paper. In Sec-

tion 3, we provide relevant details about the searches
done by two main analysis methods; unbinned maxi-

mum likelihood (UML) and Low Latency Algorithm for

Multi-messenger Astrophysics (LLAMA). More detailed
discussions on the methods can also be found in our
previous publication (Aartsen et al. 2020). Section 4

describes the low-latency operation of the pipelines for

following-up the candidate GW event alerts reported

during the O3 run at the Gravitational-wave Candi-

date Event Database (GraceDB) 1, and summarizes the

results. In Section 5, we present the results of our

archival searches using both LLAMA and UML meth-
ods. These archival searches were performed on the 44

confident GW events from GWTC-2.1 (The LIGO Sci-
entific Collaboration et al. 2021a) 2 and 36 GW events

from GWTC-3 (The LIGO Scientific Collaboration et al.

2021b). These analyses include a search within a time

window of ±500 s around the GW events, a dedicated

follow-up on the candidate optical flare from GW190521
(Abbott et al. 2020a; Graham et al. 2020), and an ex-

tended two-week search on the neutron star containing
events by the UML pipeline.

2. THE NEUTRINO AND GRAVITATIONAL WAVE

OBSERVATIONS

2.1. The IceCube Detector

The IceCube Neutrino Observatory is a cubic-

kilometer detector array located at the geographic South
Pole (Aartsen et al. 2017). The detector consists of 86

strings drilled deep into ice. These strings hold 60 Digi-

tal Optical Modules (DOMs) between depths of 1.5 km

and 2.5 km in the Antarctic ice. The main component of

1 https://gracedb.ligo.org/
2 Most of the events in GWTC-2.1 were already reported in
the catalog GWTC-2 (Abbott et al. 2021a). These were previ-
ously analyzed by both LLAMA and UML searches (Veske et al.
2021b). The LLAMA pipeline reanalyzed them with a refined
background distribution, while the UML results remained the
same.

the DOMs are photomultiplier tubes used to detect the
Cherenkov light emitted by charged particles produced
when neutrinos interact in ice.

There are two main event topologies seen within Ice-

Cube data: tracks and cascades. Tracks are produced
when muon neutrinos undergo charged-current interac-

tions and produce muons that travel along a straight
line and deposit Cherenkov light along its path. Cas-
cades, which mainly consist of electromagnetic showers,
are generated via charged-current interactions of elec-

tron neutrinos and neutral-current interactions of neu-

trinos of all flavors within the ice. Tracks are excel-

lent for pointing towards various astrophysical sources

since they have an angular resolution of . 1◦, which
is much better than the pointing resolution of cascades

(& 10◦)(Aartsen et al. 2014b,c).

The analyses presented here use neutrino data from

a low-latency data stream known as the Gamma-ray

Follow-Up (GFU) Online event stream. The GFU On-

line event selection is able to rapidly reconstruct neu-

trino events observed in the IceCube detector and the
data is made available within roughly 30 s, allowing for
rapid neutrino follow-ups. The GFU dataset uses track

events detected with IceCube, since their pointing reso-

lutions are well suited for follow-up analyses. The details

of the selection can be found in Aartsen et al. (2016) and

the online version of the dataset, which we use in this

article, is described further in Kintscher (2016).

The dataset consists of through-going muon tracks

originating primarily from cosmic-ray backgrounds from

the atmosphere. In the southern sky, the sample is dom-

inated by the atmospheric muons while in the north-

ern sky, the sample is dominated by atmospheric neu-

trinos. Atmospheric muons do not contribute to the

rate in the northern sky due to Earth absorption. The

all-sky neutrino event rate ranges from 6-7 mHz depend-

ing on seasonal variation of atmospheric neutrinos (Heix

et al. 2020). Overall the rate of astrophysical neutrinos

is roughly three orders of magnitude lower than that of
the atmospheric backgrounds (Aartsen et al. 2016).

2.2. The third observing run of ground-based

gravitational-wave detectors

On April 1st 2019 at 15:00 UTC the LIGO and Virgo

detectors network (Aasi et al. 2015; Acernese et al. 2014)

started their third observing run with an increased sen-

sitivity enabling the detection of gravitational waves

from compact binary coalescences at a rate of greater

than 1 merger per week (The LIGO Scientific Collab-

oration et al. 2021a,b). During the period of October

1st 15:00 UTC to November 1st 15:00 UTC the detec-

tors were not collecting data, thus separating the ob-
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In the case where the observed TS is consistent with
background, we place 90% upper limits (ULs) on the

time-integrated neutrino flux, E2F , assuming an E−2

spectrum, where F = dN/dE dA. The limits are com-

puted by injecting simulated signal neutrinos into the
sky according to the GW localization probability. We

then follow the all-sky scan procedure described above
to compute a TS for a given value of injected neutrino
flux. We run 500 trials for a given injected neutrino flux

with a random injection location chosen for each trial.

The 90% UL on the neutrino flux is then defined as the

flux for which 90% of trials produce a TS value greater

than the observed TS value for the GW event.

Upper limits to the isotropical equivalent energy (Eiso

ULs) are computed in a similar manner. Once again we

assume an E−2 spectrum and convert our injected Eiso

into a flux at Earth by sampling a location on the sky as

well as a distance to the GW source according the the 3D

localization probability provided by LIGO/Virgo. The

flux is then converted to an expected number of events

observed at IceCube using the dataset’s declination de-

pendence and effective area.
Note that all reported ULs are only valid within a

certain range of energies. The energy range of our data

sample depends strongly on declination. The central

68% energy range in the southern hemisphere is roughly

5 × 105 GeV - 107 GeV and in the northern hemisphere
ranges from roughly 5 × 103 GeV to 105 GeV.

For the follow-up of the potential optical counterpart,

AGN J124942.3+344929, we do not include any of the

GW spatial information because we are testing for neu-

trino emission from the precise location of the AGN

rather than the full GW contour. This method is equiv-

alent to the full all-sky scan method described above
except the localization skymap is a delta function at the
single pixel containing the AGN.

3.2. Low Latency Algorithm for Multi-messenger

Astrophysics (LLAMA)

The LLAMA analysis is based on the calculation of
Bayesian probabilities of the observed coincidences of

GWs and high-energy neutrinos (Bartos et al. 2019).
The odds ratio of the coincidence arising from a joint

astrophysical emission of GWs and neutrinos being un-

related, considering any of them being not astrophysical
as well, is used as a test statistic. For the analysis of
confirmed GW detections followed up in this study, the
GW events are assumed to be certainly astrophysical.

The origins of the neutrinos are quantified for astrophys-
ical or background scenarios. This requires the effective
area of IceCube, past triggers of the GFU stream (which

are predominantly of atmospheric origin), and the re-

constructed energies of the neutrinos and their sky lo-
calizations. In addition to this, an E−2 astrophysical

spectrum is assumed. The relation between the GW

and neutrinos are quantified via the difference between

their detection times, their respective sky localizations,

and the mean distance reconstruction of the GW event.

Together with the astrophysical emission energy Eiso,
which is log-uniform between 1046 − 1051 erg, the dis-

tance reconstruction of the GW event accounts for the

propagation of the neutrinos in space.

Precomputed background distributions are used for

calculating the p-values. In order to include the distance
information of the GW events appropriately, different

background distributions are constructed for different
source types (BNS, NSBH, BBH coalescences). For this
purpose, GW events are simulated for each source cat-
egory and they are randomly matched with scrambled

past GFU detections. The number of neutrinos matched

with each GW event is drawn according to a Poisson

distribution with a mean corresponding to the average

GFU trigger count in 1000 s. The 90% upper limits
on the time-integrated neutrino flux are calculated as
described in the appendix of Aartsen et al. (2020).

The neutrino follow-up on the candidate optical coun-

terpart of GW190521 assumes the described emission
model in Graham et al. (2020). The model assumes a

linearly decreasing emission intensity. The start and end

times of the emission were found from the observed light

curves by following the same model, which also includes

an optical diffusion delay obeying a Maxwell-Boltzmann

distribution. The least-squares estimations for the start

and end times of the emission were found to be 23 and

80 days after the merger respectively, the same as that

found in Graham et al. (2020). For the search, the neu-

trino emission is assumed to be linearly decreasing in

this time window, as assumed in Graham et al. (2020),

free of any diffusion effect; and coming from a point

source located at the AGN’s position.

4. LOW-LATENCY OPERATION

Both UML (Aartsen et al. 2020) and LLAMA (Coun-

tryman et al. 2019; Bartos et al. 2019) analyses de-

ployed low-latency pipelines designed to perform auto-

mated neutrino follow-up searches after receiving notices

from LVC through the Gamma-ray Coordinates Net-

work (GCN) (Keivani et al. 2019; Hussain et al. 2019).

These pipelines allow for rapid neutrino follow-ups
and the dissemination of results to the astronomical

community via GCN circulars. Low-latency neutrino

information can help inform the observing strategies of

electromagnetic observatories searching for electromag-

netic counterparts to GW events. For example, obser-
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LVC  Preliminary,07/28/19 06:59:31 UTC 
90% area: 977 deg2 

 
p-value (Maximum Likelihood): 0.17 
p-value (LLAMA): 0.092 

 

LVC Initial Skymap, 07/28/19 07:50:45 UTC 
90% area: 543 deg2 

 

p-value (Maximum Likelihood): 0.039 
p-value (LLAMA): 0.013 

LVC Update Skymap, 07/28/1920:29:15 UTC 
90% area: 104 deg2 

 
p-value (Maximum Likelihood): 0.016 
p-value (LLAMA): 0.010 

Figure 3. Evolution of the localization skymap for S190728q b and the associated follow-up results from each pipeline which
were sent via GCN circulars. As the localization is refined, the p-values from both pipeline become more significant. The
colormap in the figure represents the probability per pixel in the skymap and the green crosses show the neutrino observations.

a https://gcn.gsfc.nasa.gov/notices l/S190728q.lvc
b https://gcn.gsfc.nasa.gov/notices l/S190728q.lvc

updated skymap of GW190728 064510 with the

coincident neutrino overlaid.

• S191216ap9, 10e: This candidate BBH merger

event was one of the events for which the re-

sults of the two analyses disagreed. It was lo-

cated relatively close, at ∼ 400 Mpc. Due to

this atypically close distance for a BBH merger,

the neutrino-GW coincidence was favored by the

LLAMA search which assigned a p-value of 0.6%,

whereas the UML search obtained a p-value of 22%

9 GW event GCN notice https://gcn.gsfc.nasa.gov/notices l/
S191216ap.lvc

10 GCN circular archive https://gcn.gsfc.nasa.gov/other/
GW191216ap.gcn3

11. The most interesting response to our GCN no-

tices came after the release of the neutrino coincid-

ing with this event. HAWC observatory sent out

another notice saying their most significant sub-
threshold gamma-ray trigger coincides both with

the neutrino and GW’s localizations 12. No further

counterpart was found from the region and due to

the uncertain nature of the gamma-ray trigger the

state of the triple coincidence remained inconclu-

sive.

11 https://gcn.gsfc.nasa.gov/gcn/gcn3/26460.gcn3
12 https://gcn.gsfc.nasa.gov/gcn/gcn3/26472.gcn3
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2019). Studying these joint sources will also further ex-
pand our understanding of energetic outflows from the

mergers of compact objects. The completion of the O3

realtime observing run and the release of the update to

the second GW catalog, GWTC-2.1, followed by the re-

lease of GWTC-3 have provided a substantial increase

in the number of reported GW candidates available for
follow-up searches.

We developed low-latency pipelines which ran auto-

mated neutrino follow-ups for all GW events reported by
LVC during the O3 observing run. Two different analy-
ses, UML and LLAMA, both ran in low-latency and fol-
lowed up each of the 56 candidate events reported during

the O3 run. Four of the follow-up searches resulted in
the release of the neutrino candidate’s direction to the
public via GCN circulars. This information prompted

follow-up searches in electromagnetic observatories such

as Swift-XRT, demonstrating the power of low-latency

multi-messenger observations in informing the observ-

ing strategies of other observatories. The unresolved

triple coincidence for GW191216, involving a subthresh-

old gamma-ray trigger from HAWC observatory, trig-

gered the development of general multi-messenger search

methods for many messengers (Veske et al. 2021a).

In addition to the low-latency follow-ups, we per-
formed three offline analyses of the GW events reported

in GWTC-2.1 and GWTC-3. The first analysis searched
for neutrino emission within a ±500 s time window cen-

tered around the GW merger time. Both the UML and

LLAMA methods performed this search and no signifi-

cant neutrino emission was observed in either search.

The second analysis was a 2-week follow-up of all BNS
and NSBH candidate events with the UML search. All

the GW events followed up in this analysis had at least
one progenitor object with a mass estimate of <3 M⊙.

No significant neutrino emission was observed and 90%

ULs were placed on the time-integrated neutrino flux

from each source.

The third analysis searched for neutrino emission from
the potential optical counterpart of the BBH merger

GW190521 reported by ZTF. The UML analysis tested a

time window of 112 days following the GW merger time

which covers the entire flare in the optical light curve.

The UML analysis assumed a uniform neutrino emission

within the time window. The LLAMA analysis assumed

linearly decreasing neutrino emission in a 57 day time

window according to the contemplated emission scenario
for the optical flare. No significant neutrino emission
was observed in both analysis methods and we derived
90% ULs on the time-integrated flux and the Eiso from

the AGN J124942.3+344929.

Apart from the analyses presented here, there also ex-
ists a gravitational wave follow-up analysis with neutri-
nos of a few 10 -100s of GeV energies detected by Ice-

Cube (Balagopal V. et al. 2022). This upcoming analysis

will provide additional information, complimentary to
the analyses with high-energy neutrinos presented here.
Additionally, a search for extremely low energy neutri-

nos, with 0.5-5 GeV energies, from IceCube was con-

ducted, and found no significant emission of neutrinos

(Abbasi et al. 2021).

The low-latency and archival searches will continue

to function during the upcoming O4 run of LVK. It is
expected that the O4 operational run will demonstrate

enhanced performance, thereby increasing the rate of
expected mergers. This would provide more opportuni-
ties to conduct multi-messenger studies which may lead
to a potential discovery of neutrino and gravitational

wave correlations. Additionally, the inclusion of more

detectors from LVK will reduce the area of the sky lo-

calizations of the GW skymaps. This is also expected

to contribute towards higher significances in case of co-
incident detections.
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GWTC-2.1 LLAMA UML

Area E2F UL E2F UL
Event Type

[deg2]
p-value

[GeVcm−2]
p-value

[GeVcm−2]
Eiso UL [erg]

GW190403 051519 BBH 5589.4 0.51 0.14 0.46 0.101 1.86 × 1055

GW190408 181802 BBH 148.8 0.22 0.048 0.17 0.0512 4.85 × 1053

GW190412 BBH 20.9 0.27 0.041 0.13 0.0459 8.31 × 1052

GW190413 052954 BBH 1484.5 0.30 0.087 0.28 0.133 7.01 × 1054

GW190413 134308 BBH 730.6 0.27 0.34 0.34 0.270 2.84 × 1055

GW190421 213856 BBH 1211.5 0.81 0.46 0.56 0.393 1.40 × 1055

GW190425 BNS 9958.2 0.16 0.22 0.94 0.176 1.66 × 1052

GW190426 190642 BBH 8214.5 0.42 0.17 0.18 0.282 1.25 × 1055

GW190503 185404 BBH 94.4 0.94 0.54 0.34 0.584 4.99 × 1054

GW190512 180714 BBH 218.0 0.81 0.23 0.85 0.199 1.74 × 1054

GW190513 205428 BBH 518.4 0.99 0.043 0.94 0.0514 6.73 × 1053

GW190514 065416 BBH 3009.7 0.25 0.089 0.44 0.0453 3.96 × 1054

GW190517 055101 BBH 473.3 0.21 0.48 0.26 0.366 6.05 × 1054

GW190519 153544 BBH 857.1 0.067 0.15 0.21 0.0914 3.20 × 1054

GW190521 BBH 1008.2 0.62 0.37 0.63 0.359 1.90 × 1055

GW190521 074359 BBH 546.5 0.11 0.049 0.15 0.0451 2.36 × 1053

GW190527 092055 BBH 3662.4 0.65 0.41 0.88 0.326 1.01 × 1055

GW190602 175927 BBH 694.5 0.31 0.34 0.17 0.370 9.73 × 1054

GW190620 030421 BBH 7202.1 0.20 0.36 0.23 0.121 4.13 × 1054

GW190630 185205 BBH 1216.9 0.64 0.15 0.81 0.427 5.31 × 1053

GW190701 203306 BBH 46.1 1.0 0.039 0.87 0.0385 7.65 × 1053

GW190706 222641 BBH 653.8 0.99 0.036 0.92 0.0356 3.17 × 1054

GW190707 093326 BBH 1346. 0.43 0.24 0.63 0.202 4.74 × 1053

GW190708 232457 BBH 13675.4 0.11 0.11 0.56 0.0720 1.62 × 1053

GW190719 215514 BBH 2890.1 0.83 0.054 0.91 0.0512 4.90 × 1054

GW190720 000836 BBH 463.4 0.99 0.13 0.94 0.0872 5.34 × 1053

GW190725 174728 BBH 2292.5 0.048 0.19 0.59 0.0918 4.04 × 1053

GW190727 060333 BBH 833.8 0.89 0.38 0.74 0.324 1.53 × 1055

GW190728 064510 BBH 395.5 0.0084 0.89 0.04 0.315 6.36 × 1053

GW190731 140936 BBH 3387.3 0.25 0.93 0.61 0.385 1.81 × 1055

GW190803 022701 BBH 1519.5 0.31 0.037 0.64 0.0354 1.69 × 1054

GW190805 211137 BBH 3949.1 0.74 0.20 0.93 0.180 2.56 × 1055

GW190814 BBH* 19.3 1.0 0.24 1.0 0.259 5.68 × 1052

GW190828 063405 BBH 520.1 0.93 0.21 0.98 0.178 2.74 × 1054

GW190828 065509 BBH 664.0 0.84 0.38 0.84 0.368 3.73 × 1054

GW190910 112807 BBH 10880.3 0.22 0.45 0.77 0.177 1.90 × 1054

GW190915 235702 BBH 396.9 0.56 0.036 0.44 0.0354 3.61 × 1053

GW190916 200658 BBH 4499.2 0.52 0.16 0.85 0.108 1.22 × 1055

GW190917 114630 NSBH* 2050.6 0.20 0.19 0.72 0.203 6.37 × 1053

GW190924 021846 BBH 357.9 0.031 0.037 0.23 0.0346 4.46 × 1052

GW190925 232845 BBH 1233.5 0.39 0.11 0.59 0.0908 3.41 × 1053

GW190926 050336 BBH 2505.9 0.13 0.78 0.33 0.280 2.30 × 1055

GW190929 012149 BBH 2219.3 0.11 0.34 0.22 0.276 1.85 × 1055

GW190930 133541 BBH 1679.6 0.14 0.038 0.31 0.0427 1.05 × 1053

Table 1. Results for the events in GWTC-2.1 (The LIGO Scientific Collaboration et al. 2021a) for the 1000 s follow-up.
GW190814 is labelled as a BBH merger here although the type of the lighter object with ∼ 2.6 M⊙ is unknown (Abbott et al.
2020b). GW190917 114630 is labelled as NSBH since its estimated source properties are more like that of an NSBH event
although the event was found to be significant by a BBH template. The table also shows the area on the sky containing 90%
probabilities from the GW skymap.
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GWTC-3 LLAMA UML

Area E2F UL E2F UL
Event Type

[deg2]
p-value

[GeVcm−2]
p-value

[GeVcm−2]
Eiso UL [erg]

GW191103 012549 BBH 2519.6 0.53 0.049 0.71 0.049 1.96 × 1053

GW191105 143521 BBH 728.7 0.27 0.28 0.54 0.267 1.28 × 1054

GW191109 010717 BBH 1784.3 0.14 0.48 0.05 0.508 5.03 × 1054

GW191113 071753 BBH 2993.3 0.076 0.52 0.19 0.441 3.12 × 1054

GW191126 115259 BBH 1514.5 0.77 0.13 1.00 0.138 1.42 × 1054

GW191127 050227 BBH 1499.2 0.38 0.078 0.83 0.081 2.96 × 1054

GW191129 134029 BBH 848.3 0.25 0.35 0.30 0.425 8.95 × 1053

GW191204 110529 BBH 4747.7 0.16 0.36 0.49 0.085 1.46 × 1054

GW191204 171526 BBH 344.9 0.97 0.26 1.00 0.280 3.96 × 1053

GW191215 223052 BBH 595.8 0.98 0.26 1.00 0.211 2.98 × 1054

GW191216 213338 BBH 480.1 0.0049 0.093 0.10 0.071 2.57 × 1052

GW191219 163120 NSBH 2232.1 0.09 0.26 0.71 0.219 2.80 × 1053

GW191222 033537 BBH 2299.2 0.95 0.36 1.00 0.375 1.1 × 1055

GW191230 180458 BBH 1012.2 0.37 0.36 0.28 0.488 3.18 × 1055

GW200105 162426 NSBH 7881.8 0.20 0.13 0.81 0.095 2.98 × 1052

GW200112 155838 BBH 4250.4 0.58 0.18 0.79 0.133 8.43 × 1053

GW200115 042309 NSBH 511.9 0.34 0.038 0.45 0.045 2.12 × 1052

GW200128 022011 BBH 2677.5 0.46 0.25 0.47 0.243 9.31 × 1054

GW200129 065458 BBH 81.8 0.033 0.041 0.05 0.406 1.73 × 1053

GW200202 154313 BBH 159.3 0.0057 0.039 0.06 0.038 2.43 × 1052

GW200208 130117 BBH 38.0 0.94 0.33 1.00 0.518 9.25 × 1054

GW200208 222617 BBH 1889.2 0.41 0.045 0.90 0.043 4.98 × 1054

GW200209 085452 BBH 924.5 0.84 0.50 1.00 0.041 1.81 × 1054

GW200210 092254 BBH 1830.7 0.28 0.071 0.79 0.081 2.51 × 1053

GW200216 220804 BBH 3009.5 0.065 0.066 0.46 0.236 2.82 × 1054

GW200219 094415 BBH 702.1 0.98 0.23 1.00 0.035 9.57 × 1054

GW200220 061928 BBH 3484.7 0.23 0.22 0.05 0.357 4.23 × 1055

GW200220 124850 BBH 3168.9 0.42 0.13 0.53 0.118 6.31 × 1054

GW200224 222234 BBH 49.9 0.90 0.068 1.00 0.079 9.33 × 1053

GW200225 060421 BBH 509.0 0.0048 0.10 0.20 0.055 3.03 × 1053

GW200302 015811 BBH 7010.8 0.16 0.67 0.21 0.531 4.34 × 1054

GW200306 093714 BBH 4371.2 0.15 0.074 0.57 0.046 9.99 × 1053

GW200308 173609 BBH 18705.7 0.24 0.38 0.29 0.326 7.18 × 1055

GW200311 115853 BBH 35.6 1.0 0.047 1.00 0.076 4.38 × 1053

GW200316 215756 BBH 410.4 0.17 0.066 0.04 0.110 5.19 × 1053

GW200322 091133 BBH 31571.1 0.23 0.18 0.87 0.148 4.39 × 1055

Table 2. Results for the events in GWTC-3 (The LIGO Scientific Collaboration et al. 2021b) for the 1000 s follow-up. The
central 68% energy range of the events contributing to the limits shown here ranges from 5× 105 GeV - 107 GeV in the southern
hemisphere and 5× 103 GeV - 105 GeV in the northern hemisphere.
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Event Type p-value E2F UL [GeVcm−2]

GW190425 BNS 0.43 0.661

GW190917 114630 NSBH 0.84 0.442

GW190814 BBH 0.59 0.309

GW191219 163120 NSBH 0.67 0.347

GW200105 162426 NSBH 0.47 0.382

GW200115 042309 NSBH 0.68 0.078

GW200210 092254 NSBH 0.13 0.303

Table 3. Results for the 2 week follow-up analysis using the UML method. 3 events from GWTC-2.1 (The LIGO Scientific
Collaboration et al. 2021a) and 4 events from GWTC-3 (The LIGO Scientific Collaboration et al. 2021b) were followed up as
they were the only potential BNS/NSBH candidates.

ing cluster of the RWTH Aachen; Sweden – Swedish

Research Council, Swedish Polar Research Secretariat,

Swedish National Infrastructure for Computing (SNIC),

and Knut and Alice Wallenberg Foundation; Australia

– Australian Research Council; Canada – Natural Sci-
ences and Engineering Research Council of Canada,
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