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7Laboratório Nacional de Astrof́ısica, Rua Estado Unidos 154, 37504-364, Itajubá - MG, Brazil
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Belgium

ar
X

iv
:2

50
3.

15
42

2v
1 

 [a
st

ro
-p

h.
H

E]
  1

9 
M

ar
 2

02
5

http://orcid.org/0000-0003-3224-2146
http://orcid.org/0000-0002-7686-3334
http://orcid.org/0000-0002-2184-6430
http://orcid.org/0009-0006-4358-9929
http://orcid.org/0000-0001-8179-1147
http://orcid.org/0000-0003-3768-7515
http://orcid.org/0009-0004-9687-3275
http://orcid.org/0000-0002-8977-1498
http://orcid.org/0000-0002-4924-444X
http://orcid.org/0000-0002-8255-5127
http://orcid.org/0000-0002-2942-3379
http://orcid.org/0000-0002-1270-7666
http://orcid.org/0000-0002-3118-8275
http://orcid.org/0000-0003-4422-6426
http://orcid.org/0000-0002-9700-0036
http://orcid.org/0000-0002-8262-2924
http://orcid.org/0000-0002-5150-5282
http://orcid.org/0000-0002-2575-2618
http://orcid.org/0000-0003-2374-307X
http://orcid.org/0000-0001-5729-1468
http://orcid.org/0000-0002-3906-0997
http://orcid.org/0000-0001-5296-7035
http://orcid.org/0000-0002-7374-935X
http://orcid.org/0000-0003-4617-4738
http://orcid.org/0000-0002-7197-9004
http://orcid.org/0000-0003-1585-8205
http://orcid.org/0000-0002-7672-0480
http://orcid.org/0000-0002-0832-2974
http://orcid.org/0000-0001-7201-1938
http://orcid.org/0009-0009-2434-432X
http://orcid.org/0000-0002-8537-6714
http://orcid.org/0000-0002-7778-3117
http://orcid.org/0009-0003-1280-0099
http://orcid.org/0000-0003-2758-159X
http://orcid.org/0000-0003-0035-651X
http://orcid.org/0000-0002-5619-4938
http://orcid.org/0000-0002-5740-7747
http://orcid.org/0000-0002-0070-1582
http://orcid.org/0000-0001-5249-4354
http://orcid.org/0009-0000-4830-1484
http://orcid.org/0000-0002-8860-5826
http://orcid.org/0000-0003-0043-3925
http://orcid.org/0000-0002-4585-9981
http://orcid.org/0000-0002-0967-0006
http://orcid.org/0000-0001-6331-112X
http://orcid.org/0000-0002-3072-8671
http://orcid.org/0000-0002-0284-0578
http://orcid.org/0000-0002-2555-3192
http://orcid.org/0000-0002-1850-4587
http://orcid.org/0000-0001-9109-8311
http://orcid.org/0000-0002-6639-6533
http://orcid.org/0000-0002-6011-0530
http://orcid.org/0000-0002-9968-2464
http://orcid.org/0000-0001-5501-0060
http://orcid.org/0000-0002-9267-6213
http://orcid.org/0000-0003-4102-380X
http://orcid.org/0000-0002-8249-8070
http://orcid.org/0000-0002-4022-1874
http://orcid.org/0000-0002-8229-1731
http://orcid.org/0000-0003-2434-0387
http://orcid.org/0000-0002-0504-4323
http://orcid.org/0000-0003-1423-5516
http://orcid.org/0009-0008-9546-2035
http://orcid.org/0000-0003-1835-1522
http://orcid.org/0000-0002-9998-6732
http://orcid.org/0009-0006-2797-3808


2

35Korea Astronomy and Space Science Institute, 776 Daedeokdae-ro, Yuseong-gu, Daejeon 34055, Korea
36MIT LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

37National Research Institute of Astronomy and Geophysics (NRIAG), 1 El-marsad St., 11421 Helwan, Cairo, Egypt
38SOAR Telescope/NSF’s NOIRLab, Avda Juan Cisternas 1500, 1700000, La Serena, Chile

39Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, UK
40Syracuse University, 900 S Crouse Ave, Syracuse, NY 13244, USA

41National Astronomical Research Institute of Thailand (Public Organization), 260, Moo 4, T. Donkaew, A. Mae Rim, Chiang Mai,
50180, Thailand

42Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822, USA
43Dipartimento di Fisica, Universita di Pisa, Largo Bruno Pontecorvo, 3, 56127 Pisa, Italy
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ABSTRACT

Neutron star–black hole (NSBH) mergers, detectable via their gravitational-wave (GW) emission,
are expected to produce kilonovae (KNe). Four NSBH candidates have been identified and followed-up
by more than fifty instruments since the start of the fourth GW Observing Run (O4), in May 2023,
up to July 2024; however, no confirmed associated KN has been detected. This study evaluates ejecta
properties from multi-messenger observations to understand the absence of detectable KN: we use
GW public information and joint observations taken from 05.2023 to 07.2024 (LVK, ATLAS, DECam,
GECKO, GOTO, GRANDMA, SAGUARO, TESS, WINTER, ZTF). First, our analysis on follow-
up observation strategies shows that, on average, more than 50% of the simulated KNe associated
with NSBH mergers reach their peak luminosity around one day after merger in the g, r, i- bands,
which is not necessarily covered for each NSBH GW candidate. We also analyze the trade-o! between
observation e”ciency and the intrinsic properties of the KN emission, to understand the impact on
how these constraints a!ect our ability to detect the KN, and underlying ejecta properties for each GW
candidate. In particular, we can only confirm the kilonova was not missed for 1% of the GW230529
and S230627c sky localization region, given the large sky localization error of GW230529 and the large
distance for S230627c and, their respective KN faint luminosities. More constraining, for S230518h, we
infer the dynamical ejecta and post-merger disk wind ejecta mdyn,mwind < 0.03 M→ and the viewing
angle ω > 25↑. Similarly, the non-astrophysical origin of S240422ed is likely further confirmed by the
fact that we would have detected even a faint KN at the time and presumed distance of the S240422ed
event candidate, within a minimum 45% credible region of the sky area, that can be larger depending
on the KN scenario.

1. INTRODUCTION

Gravitational and electromagnetic observations pro-
vide complementary information on compact object
mergers, including neutron stars (NSs) and black holes
(BHs), with implications for areas as disparate as dy-
namics in the strong-gravity regime, astrophysical en-

→
LSST-DA Catalyst Fellow

vironments, cosmology, dense matter, nucleosynthe-
sis, ultrarelativistic particle acceleration and nuclear
physics (Mészáros et al. 2019; Burns 2020). This was
clearly demonstrated on August 17th, 2017, when multi-
messenger astronomy with gravitational waves (GWs)
started, with the merger of a binary neutron star (BNS)
system accompanied by a GW signal, GW170817, de-
tected by the Advanced LIGO (Aasi et al. 2015) and
Virgo (Acernese et al. 2015) detectors (LIGO Scientific
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Collaboration et al. 2017; Abbott 2017a), in coincidence
with (1) a gamma-ray burst, GRB 170817A (Goldstein
et al. 2017; Abbott et al. 2017; Abbott 2017b), de-
tected by the Fermi Gamma-ray Burst Monitor (Mee-
gan 2009) and INTEGRAL (Savchenko et al. 2017),
(2) a UVOIR transient, the so-called “kilonova” (KN)
(Abbott 2017c,d; Pian et al. 2017; Smartt et al. 2017;
Coulter et al. 2017; Metzger 2019), and (3) other coun-
terparts across the electromagnetic domain (Alexander
et al. 2017; Troja et al. 2017; Hallinan et al. 2017;
D’Avanzo et al. 2018). This first GW-based multi-
messenger event opened new opportunities for studying
various topics, from compact object physics to cos-
mology, among others (Abbott 2017a). Over the last
decade, much e!ort has been put into developing tools,
infrastructure and observing collaborations to detect
new multi-messenger events (Andrews 2024) originating
not only from BNS mergers, but also collisions between
an NS and a BH (NSBH), as the latter are also expected
to emit GWs and produce gamma-ray bursts (GRBs)
and kilonovae (KNe) (Metzger 2019; Bhattacharya et al.
2019).

Produced by either NSBH or BNS mergers, a KN is
an ultraviolet, optical, and infrared transient powered
by the radioactive decay of heavy elements synthesized
via r-process nucleosynthesis in the neutron-rich mate-
rial released by the NS disruption(s) during the compact
object merger (Metzger 2019). Bright electromagnetic
emission is not always guaranteed, especially for NSBH
mergers. For exemple, large mass ejection from NSBH
mergers is possible as long as the NS is tidally disrupted
by the BH companion outside of the innermost stable
circular orbit of that BH (RISCO) (Lattimer & Schramm
1974; Wiggins & Lai 2000; Pannarale et al. 2011; Foucart
2012). When tidal disruption occurs, most of the mat-
ter is rapidly accreted onto the BH, with a mass mrem

remaining outside of the BH in the form of an accre-
tion disk, a bound tidal tail, and unbound matter. The
subsequent evolution of the BH-disk remnant leads to
the ejection of slightly less neutron-rich material in the
form of neutrino-driven and magnetically-driven winds
but through secular ejecta and viscosity-driven winds
(Hayashi et al. 2022, 2023; Gottlieb et al. 2023). Any
ejected neutron-rich matter then undergoes r-process
nucleosynthesis, with the radioactive decay of the prod-
ucts of the r-process powering a KN (Li & Paczyński
1998; Roberts et al. 2011; Kasen et al. 2013; Metzger
2019).
The quantity of the ejecta depends on intrinsic pa-

rameters of the binary such as the mass and spin of
the NS and BH and the mass ratio of the binary sys-

tem, as well as on the equation of state (EOS) of mat-
ter above nuclear saturation density (Wiggins & Lai
1999; Lattimer & Schramm 1976; Kyutoku et al. 2013,
2015; Dietrich & Ujevic 2017). Specifically, the ratio
of the tidal disruption radius to innermost stable circu-
lar orbit (RISCO) is known to increase as the compo-
nent of the BH spin aligned with the angular momen-
tum of the binary increases, as well as the mass ratio
(Q = MBH/MNS) of the binary and/or the compactness
of the NS (CNS = GMNS/(RNSc

2)) decreases (Pannar-
ale et al. 2011; Foucart 2012; Foucart et al. 2018). Here
MBH and MNS are the BH and NS mass respectively
and RNS the NS radius. This increase facilitates tidal
disruption, mass ejection, and disk formation. For BH
spins anti-aligned with the orbital angular momentum,
on the other hand, increasing BH spins decreases the
likelihood of tidal disruption. If systems with large NS
spins exist (|ε2z| ↭ 0.3, Dudi et al. 2022), they would
also be more likely to lead to tidal disruption than sys-
tems with low or no NS spin.
KNe are widely studied, and numerous models asso-

ciated with NSBH mergers are now avialable, with the
aim of modeling di!erent aspects of their production as
accurately as possible. We focus here on Anand et al.
(2021) - Bulla (2019) model, later called An21Bu19 that
describes the KN from NSBH with two ejecta compo-
nents during and after the merger: the dynamical ejecta,
mdyn that comes from the tidal disruption of the NS
(O(ms)) and unbound material or disk wind ejecta from
the post-merger accretion disk (longer timescales, re-
ferred as mwind) (Kyutoku et al. 2015; Bhattacharya
et al. 2019).
GWs from NSBH collisions have previously been de-

tected by the LIGO-Virgo-KAGRA collaboration (LVK)
during observing run O3, with the confident event
GW200115 042309 (Abbott et al. 2021), with possible
NSBH mergers reported in real time and followed-up
(GW190426 152155 Li et al. 2020; Abbott et al. 2024
- 71 GCNs; GW190814 Abbott et al. 2020; de Wet, S.
et al. 2021 - 126 GCNs), and later with further o#ine
NSBH candidates (Abbott et al. 2021). However, no
electromagnetic (EM) counterparts were found. Under
the assumption that these signals were of astrophysical
origin, no GRB signals were observed likely because of
orientation, sensitivity, lack of sky coverage or lack of
tidal disruption. The lack of KN counterpart is either
due to a binary configuration not allowing the launch
of a KN, to a potential KN that would have been too
faint to be detectable (Zhu et al. 2021), or incomplete
coverage of the sky localization area (Keinan & Arcavi
2024; Nicholl & Andreoni 2024).
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The fourth LIGO/Virgo/KAGRA observing run O4 is
ongoing and up to 2024 July 24, one NSBH merger has
been confirmed, GW230529 (Abac et al. 2024), which
is interpreted as a confident GW signal emitted by the
merger of a NS with a compact object with mass be-
tween 2.5 and 4.5 M→. In addition, three NSBH merger
candidates were announced (up to the end of July 2024):
S230518h (LIGO Scientific Collaboration et al. 2023a),
observed during the engineering run prior to the start
of O4, S230627c (LIGO Scientific Collaboration et al.
2023b), S240422ed, being now considered as marginal
(LIGO Scientific Collaboration et al. 2024a,b). How-
ever, none of these candidates led to the discovery of
a confirmed EM counterpart despite follow-up observa-
tions, which were significant for some alerts, especially
for S240422ed, when it was still categorized as a signif-
icant event before its false alarm rate was downgraded
(LIGO Scientific Collaboration et al. 2024c). Note that
another NSBH candidate has been observed on 2025,
February 6, S250206dm (LIGO Scientific Collaboration
et al. 2025), but we do not discuss its follow-up here as
its detection occurred too recently.
However, follow-up multi-messenger observations (op-

tical with GW public information) can allow us to set
constraints on the astrophysical scenario of compact bi-
nary mergers (Coughlin et al. 2020; Ahumada et al.
2024; Paek et al. 2024). In this work, we focus on

NSBH merger candidates S230518h, GW230529,
S230627c and S240422ed and their follow-up to infer

ejecta mass of NSBH mergers from non-detectable
optical kilonovae (KN) following gravitational wave can-
didate detections. A constraint on the viewing angle of
the eject is also obtained for one of the candidates.
This multi-messenger approach is based on one hand

from GW information for each public event from raw
data for published events to information contained in
the publicly distributed LVK alerts. On the other hand,
it takes optical observations triggered by GW alerts
thank to collaboration with the Asteroid Terrestrial-
impact Last Alert System (ATLAS) (Tonry et al.
2018a; Smartt et al. 2024), the Dark Energy Cam-
era (DECam) (Cabrera et al. 2024; Kunnumkai et al.
2024b,a), the Gravitational-wave Optical Transient Ob-
server (GOTO) (Steeghs et al. 2022), the Global Rapid
Advanced Network Devoted to Multi-messenger Addicts
(GRANDMA) (Antier et al. 2020), the Gravitational-
wave EM Counterpart Korean Observatory (GECKO)
(Im et al. 2020; Paek et al. 2024), the Searches Af-
ter Gravitational Waves Using ARizona Observatories
(SAGUARO; Lundquist et al. 2019; Paterson et al. 2021;
Hosseinzadeh et al. 2024a), the Transiting Exoplanet
Survey Satellite (TESS) (Ricker et al. 2015; Mo et al.

2023), the Wide-field infrared transient explorer (WIN-
TER) (Frostig et al. 2024; Lourie et al. 2020), and
Zwicky Transient Facility (ZTF) Ahumada et al. (2024).
Deriving implications about merger properties from

public GW alerts and optical KN follow-up involves
several caveats. On the GW side, caveats arise from the
limitations of the models to describe all types of NSBH
mergers produced by the Universe. In particular, GW
models used to analyze recent NSBH events (Thomp-
son et al. 2020; Matas et al. 2020) largely rely on a
model for the disruption of the neutron star with →30%
relative error in the amplitude of the signal (Lackey
et al. 2014). These models also neglected orbital preces-
sion due to spin-orbit coupling as well as higher-order
multipoles naturally present in unequal mass systems,
though more recent work has improved on the first issue
(Thompson et al. 2024). In addition, several sources
of uncertainties undermine our ability to strongly con-
strain the estimation of the parameters. Among those,
the uncertainty about the astrophysical origin of the
candidate, the accuracy of extrinsic parameters such as
the sky localization or distance estimates, along with the
measurements of the intrinsic properties of the mergers
(chirp mass M, total masses, and spins) are the most
prominent. Similarly, merger properties inferred from
these analyses can be biased by systematic uncertainties
in KN models from semi-analytical codes or radiative
transfer codes with approximate prescriptions for the
ejecta and for key properties like heating rates, ther-
malization e”ciencies and opacities (Heinzel et al. 2021;
Bulla 2023; Tak et al. 2023, 2024; Brethauer et al. 2024;
Fryer et al. 2024; Sarin & Rosswog 2024; Jhawar et al.
2024). Finally, we can enumerate several challenges
related to the optical follow-up, such as planning and
covering the large sky localization search area down to
a su”cient sensitivity to reach the expected brightness
of the ejecta associated with the NSBH merger. More-
over, the possible diversity in KN and color evolution
of the observations across the optical wavelengths also
constitute sources of uncertainties.

In this work, we focus on NSBH merger populations
and compare them with the optical data collected by
the community on S230518h, GW230529, S230627c and
S240422ed. We take into account the di!erent caveats,
comparing theoretical predictions and multi-messenger
observations to provide an estimate for the di!erent sce-
narios of NSBH mergers. In Sec. 2, we describe the cur-
rent O4 observing campaign and highlight the NSBH
GW candidates and GW230529. We also summarize
electromagnetic observations collected from S230518h,
GW230529, S230627c, and S240422ed. In particular, we
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assess the impact and importance of observations occur-
ing at the time of predicted brightness peak, and how
it a!ects the detection. In Sec. 3, we describe various
disruption models of the NS in NSBH binaries, to evalu-
ate the range of ejecta masses that informs the r-process
synthesis and KN emission. In Sec. 4, we describe the
KN model used in our study and compare results with
both observations of GW and optical data to constrain
extrinsic and intrinsic parameters of the NSBH candi-
dates and their astrophysical origin. In particular, we
propose an indicator to evaluate the possibility of the
presence of a KN in the optical observations triggered
from the GW events. In Sec. 5, we discuss our results
from this study.

2. GRAVITATIONAL-WAVE ALERTS DURING
THE O4 OBSERVING RUN

In the following section, we describe the O4 observ-
ing run and the GW alerts that occurred during O4 up
to July 24th, 2024, and the origin of the dataset used
through this paper.

2.1. Sky localization and distance of the O4 alerts

The O4 campaign started in May 2023 with only the
two LIGO interferometers Hanford (H1) and Livingston
(L1) being operational. KAGRA also collected data dur-
ing the first 4 first weeks of O4 then exited the observa-
tion on June 20, 2023 at 23:00 UTC. The O4 campaign
is split into three parts, O4a from the end of May 2023
to mid-January 2024 with H1 and L1, O4b starting mid-
April 2024 with the Virgo detector joining the network,
up to January 28, 2025 and finally O4c is planned for
June 2025. The o”cial end is currently planned for Oc-
tober 2025. Up to July 24th, 2024 LVK identified 134
significant CBC candidates, possibly from compact bi-
nary mergers (leading to a rate of → 3 alerts per week).
Among these, 18 were retracted within approximately 1
hour. Additionally, more than 2000 sub-threshold GW
candidates were identified with a false alarm rate (FAR)
less than→ 2 per day. None of these have been confirmed
as significant or associated with any EM counterpart,
despite the e!ort of a growing number of telescopes or
networks of telescopes involved in GW follow-ups.
The O4 alert system is sending public alerts more

rapidly than previous observational campaigns, with a
latency of approximately → 29 seconds post-merger dis-
covery (Chaudhary et al. 2024). The duty cycle, with at
least two GW detectors online, was 53.4% during O4a.
The median sky localization area for Hanford-Livingston
(HL) detections was 1981 deg2, which is comparable to
previous runs. Virgo joined O4b on April 10th, 2024
with a sensitivity of 55 Mpc. This helped to significantly

reduce the sky localization area for some candidates, as
low as 8 deg2 (Bayesar, Singer & Price 2016) updated
to 5 deg2 (Bilby, Ashton 2019) for the S240615dg BBH
candidate (LIGO Scientific Collaboration et al. 2024d,e).
Unfortunately, no new BNS GW candidate has been
confidently found up until now. Four NSBH candi-
dates were detected with only one confirmed, GW230529
(Abac et al. 2024). The latter was detected by the LIGO
Livingston detector only, resulting in a poor sky local-
ization which o!ered a challenging task for EM follow-
up campaigns. Among the candidates, S240422ed was
the event with the most interest for follow-up with tele-
scopes, as the nearest candidate supporting NSBH prop-
erties in O4, although its reduction in significance has
dampened enthusiasm.
In Fig. 1, we present the 90% credible region area

versus the luminosity distance (posterior mean distance
and posterior standard deviation of distance) for all GW
events/candidates of runs O1, O2, O3 and O4 a/b up
to 2024, July 24. We note a slight disagreement be-
tween the distance and the 90 % credible region of BBH
O4 alerts and the prediction from Kiendrebeogo et al.
(2023), with at least 50% of the expected BBHs detected
with a distance below 2 Gpc, while they represent in re-
ality 35% in O4a and 42% in O4b. This is due to the
actual sensitivity of the network as well as the di!erence
in the duty cycle between prediction and reality (close
events which are rare are likely to be missed if the duty
cycle degrades). On the other hand, the fraction of lo-
calized events (below 500 deg2 as 90 % credible region)
increased from 6% in O4a to 36% alerts in O4b. In this
way, we clearly see the valuable contribution of Virgo to
the localization of GW alerts.

2.2. O4 NSBH GW candidate alerts and follow-up
campaigns

In this article, we focus on several specific cases of GW
alerts tagged as “NSBH” candidates, which prompted
observations from the optical community. Details about
a subset of optical follow-up in terms of time and spa-
tial coverage can be found in Table 1 (which corre-
sponds to o#ine results of ATLAS, DECam, GECKO,
GOTO, GRANDMA, SAGUARO, TESS, WINTER and
ZTF) which is complemented from public results (see
Appendix, Table 4). Coverage and upper limit com-
puted thanks to refined analyses provided by collabora-
tions listed Sec. 1 are used in the KN analysis of Secs.3
and 3 (Table 1). Those computed with public reports
are not used in the KN analysis (Table 4 in Appendix A).
Therefore, we present only the time and spatial cover-
age and upper limit with the refined analyses in this sec-
tion (for inclusion of public report see the Appendix A).
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Figure 1. The most recently updated 90% credible region area versus the most recently updated luminosity distance (posterior
mean distance and posterior standard deviation of distance) for all LIGO/Virgo GW events/candidates of runs O1, O2, O3,
and O4 a/b (up to 24/07/2024). O1 to O3 events belong to GWTC catalogs (Abbott et al. 2019, 2024, 2023).

Details of the GW alerts, including their properties, fi-
nal classifications using low latency investigations from
the LVK, and the subsequent multi-band follow-up cam-
paigns conducted, can be also found in Appendix A.
Additionally, we emphasize the observational optical re-
sults and the contributions of various instruments from
di!erent electromagnetic collaborations involved in this
joint e!ort.

2.2.1. Summary

S230518h—The event, discovered prior to O4 (O4a engi-
neering run), observed by the GW network on 2023-05-
18 at 12:59:08 UTC, was classified as 86% NSBH merger
(with a FAR of →1 per 98 yr). The most up-to-date
sky localization was refined to 460 deg2, and a distance
of 204 ± 57 Mpc (see Fig. 1, LIGO Scientific Collab-
oration et al. 2023c). In total, twenty teams reported
follow-up observations of the event covering the neu-
trinos, gamma-rays, X-ray, UVOIR and radio domains.
Among them, five teams reported follow-up on the event
promptly in optical to 14 days (see Appendix A). In
the optical range, there was a total of 81% coverage of
the most recently updated sky localization for a magni-
tude limit ranging from 14.5 to 23.3 in various bands.
This candidate has been particularly followed in R-band
by GECKO, which covered 48% of the Bilby skymap
(37% with KMTNet, and 11% with another telescope,
RASA36), and in o and c-bands by ATLAS, which cov-
ered 69% and 71% of the skymap, respectively. About

100 counterpart candidates were reported but not defini-
tively confirmed (see for example Paek et al. 2025, sub-
mitted).

GW230529—– This event is highly significant (FAR of 1
per 160 yrs) and detected by LIGO L1 on 2023-05-29 at
18:15:00 UTC at 201+102

↓96 Mpc, yielding a broad initial
sky localization of 24,100 deg2 (Abac et al. 2024). It
is classified o#ine as an NSBH, with a support for the
primary object being in the lower mass gap. It has been
infrequently observed by the community due to the very
poorly constrained sky localization. In total, 12 teams
reported follow-up observations on the event in neutrino,
gamma-rays, X-rays and optical. In particular, the op-
tical follow-up started 0.18 days post trigger time (T0)
with GOTO (see Appendix A). In the optical range,
there was a total of 37% coverage of the most recently
updated sky localization for a magnitude limit ranging
from 13.2 to 21.7 in various bands (see Figure 7a). This
event has been particularly followed in o-band by AT-
LAS, which covered 24% of the Bilby skymap. Several
candidates were reported as ZTF (Ahumada et al. 2024),
but not definitively confirmed.

S230627c—This event, detected by H1 and L1 on 2023-
06-27 at 01:53:37.819 UTC, was classified 49% NSBH
and 48% BBH (LIGO Scientific Collaboration et al.
2023d). Despite the follow-up by multiple observato-
ries due to its good localization (80 deg2, 90% confi-
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Filter 0 - 1 day 1 - 2 day 2 - 6 day Instruments

% c.r upper % c.r upper % c.r upper

S230518h

600 - 1000 nm 25% 16 25% 16 25% 16 TESS

R-band 21% 21.5 18% 21.5 - - GECKO

o-band 44% 18 - - 25% 19 ATLAS

c-band - - 25% 20 47% 19.5 ATLAS

GW230529

L-band 10% 20 2% 19.5 2% 19 GOTO

g-band 16% 20.5 - - - - ZTF

r-band 12% 20.5 - - - - ZTF

i-band 5% 20 - - - - ZTF

o-band 2% 18 4% 19 23% 17.5 ATLAS

S230627c

L-band 45% 19 84% 19 23% 19 GOTO

g-band 88% 21 - - - - ZTF

R-band 4% 18.5 2% 21 2% 21 GRANDMA, GECKO

r-band 88% 21 - - - - ZTF

o-band - - 18% 18.5 17% 18 ATLAS

S240422ed

g-band 53% 19.5 83% 20 <1% 22.5 GRANDMA, ZTF

L-band 96% 19 96% 19.5 94% 20 GOTO

G-band 19% % 19.5 - - - - CSS/SAGUARO

R-band 69 % 17 67% 21.5 22% 21.5 GRANDMA, GECKO

r-band 86 % 23 90% 23 71 % 23 DECam, GRANDMA, ZTF

i-band < 1% 19.5 17% 20.3 - - ZTF

o-band 99% 19 7% 18.5 99 % 18.5 ATLAS

z-band 75% 22.5 81% 22.5 71% 23.0 DECam

J-band 16% 16.5 - - - - WINTER

Table 1. Coverage fraction (% c.r) of the most up-to-date sky localization area and order of magnitude of the upper limit for
S230518h, GW230529, S230627c and S240422ed (only when totalling 2% or more from 0 to 6 days post T0 and per filter). We
use results of refined analyses of “tiling and galaxy-targeting” observations provided by collaborations listed in Sec. 1. We do
not include serendipitous coverage from the follow-up of Gravitational wave candidates as they represent quasi-null coverage.
Note that di!erences with coverage directly computed by ZTF and ATLAS collaboration likely arise from the fact that their
coverage is computed within the 90% credible region while we report the total probability coverage. In addition, ZTF also
accounts for processing e”ciency and ATLAS changed the skymap resolution to compute the coverage, which we did not do.
Finally, PS1, DDOTI and LAST observations are not reported while observations have been made. Coverages with less than
2% of sky localization area are taken into the kilonova upper limit computation if available.

dence) and its 291 ± 64 Mpc distance, no viable elec-
tromagnetic or neutrino counterparts were found. In
total, ten teams reported follow-up observations on the
event in gamma-rays, X-rays and optical range. Partic-
ularly, the optical follow-up started 2 h post T0 with
ZTF (see Appendix A). In the optical range, there was
a total of 96% coverage of the most recently updated
sky localization for a magnitude limit ranging from 16.3
to 21.3 in various bands (see Figure 8 a). In partic-
ular, GRANDMA performed follow-up with a densely
sampled galaxy-targeted strategy reaching a maximum
depth of R>21.3 (at 3-ϑ level) or GOTO observed 93%
of the total sky localization area from 0 to 6 days.

S240422ed—This event triggered the most intensive
follow-up campaign of O4 to date. This GW candidate
was detected on April 22nd, 2024, 21:35:13.417 UTC
by H1, L1, and Virgo (V1) with an initial FAR of 1
in 105 years. This trigger has a 260 deg2 localization
and a distance of 188 ± 43 Mpc. Initially classified
as > 99% likely an NSBH merger, it was, two months
later, reclassified as 93% likely non-astrophysical (LIGO
Scientific Collaboration et al. 2024c). Follow-up across
multiple wavelengths from gamma-ray to radio and
neutrinos found 46 candidate counterparts but no con-
firmed association (Kumar et al. 2024). Considering all
observations in the optical, there was a total of →99.7%
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coverage of the most recently updated sky localization
for a magnitude limit ranging from 14.1 to 23.5 in vari-
ous bands (see Fig. 9 a). S240422ed was well-followed by
DECam (Cabrera et al. 2024; Kunnumkai et al. 2024a,b)
between 0 and 6 days post-T0 with a total coverage of
84% and 83% at 23.1 mag and 22.6 mag (median), in
r and z-bands respectively (values without extinction
correction).

2.2.2. Details of optical observations used in this study

For each alert, we collected optical follow-up observa-
tions triggered by GW events from refined analyses done
by:

• ATLAS uses 4 identical telescopes as described
in Tonry et al. (2018a). The data are calibrated
with respect to the ATLAS-REFCAT2 catalogue
(Tonry et al. 2018b), and sources are processed
with the ATLAS Transient Science Server (Smith
et al. 2020). The GW follow-up is described in
Smartt et al. (2024), which uses the gocart service
and skytag codes,

• DECam, with the new survey program Gravi-
tational Wave MultiMessenger Astronomy DE-
Cam Survey (GW-MMADS) (PIs: Andreoni &
Palmese) (Cabrera et al. 2024; Kunnumkai et al.
2024b,a) and with raw data accessible from NOIR-
Lab page,

• GECKO using the KMTNet ToO program (Jeong
et al., in preparation) (Im et al. 2020; Paek et al.
2024),

• GOTO coverage using both targeted pointings as
well as serendipitous coverage of the skymaps from
the GOTO all-sky survey pointings. Depth in-
formation is derived from the GOTO kadmilos
pipeline that processes images in real-time (Lyman
et al., in preparation) using a photometric calibra-
tion against ATLAS-REFCAT2 sources. Di!er-
ence imaging is also performed using deeper tem-
plate observations. Images are then crossmatched
to the GW events using a custom routine primar-
ily built on healpix-alchemy (Singer et al. 2022) to
provide total coverage for a given skymap,

• GRANDMA (Antier et al. 2020), which uses Sky-
portal to organize the GW observational campaign
(Coughlin et al. 2023) and STDpipe web service
the detection, and photometric measurements,

• SAGUARO uses the CSS 1.5m telescope on Mt.
Lemmon Observatory to search for GW counter-
parts and other (primarily) Arizona facilities for

follow-up (Lundquist et al. 2019; Paterson et al.
2021; Hosseinzadeh et al. 2024a),

• TESS (Ricker et al. 2015; Mo et al. 2023) (only for
S230518h) using standard photometric algorithms
from https://tess.mit.edu/observations/sector-
65/,

• WINTER GW follow up (Frostig et al. 2022) us-
ing the WINTER data reduction pipeline imple-
mented using mirar [ref]. The sciences images were
subtracted using reference images built from the
UKIRT survey (Dye et al. 2017) or VISTA survey
(Leggett et al. 2020).

• ZTF from measurements using techniques pre-
sented in Ahumada et al. (2024).

These observations are summarized in Table 1 that
shows the coverage of the GW sky localization in each
observation filter, and in Appendix A.
The optimization of tiling the GW sky localization

area across one or several telescopes was performed us-
ing several algorithms such as that of Coughlin et al.
(2023), resulting in the possibility to overlap obser-
vations of a GW sky localization with multiple tele-
scopes/instruments as will be seen in Section 4; un-
fortunately, their usage does not enable the most ef-
ficient follow-up in terms of coverage due to parallel
and independent observations. However, each team re-
ported potential counterpart candidates, with a delay of
hours to days, based on an algorithm that uses multiple
detections, machine-learning, and cross-matching to a
plethora of archival catalogs (see GCNs for instance).
This non-controlled independent analysis and lack of
joint infrastructure led to a diversity of reporting with
a variety of specifications: time of the discovery, fading
criteria, contamination of the host galaxy and subtrac-
tion, localization accuracy in arcsec, spectral analysis,
etc. Therefore, this prevented the community from a
more e”cient observational campaign, despite having a
more extensive dataset from the overlap of observations.
For instance, some candidates received a lot of redun-
dant follow-up (multiple spectra confirming the same
redshift, multiple photometry points conveying no evo-
lution), although this redundancy may be good for con-
firming observations (e.g. discovery of counterparts).
For example, we note a high popularity of X-ray tran-
sient candidate counterparts compared to optical coun-
terparts. This preference may be attributed to several
factors: the X-ray domain facilitates combining detec-
tion between GW and EM with significantly larger num-
ber of orphan GRB afterglows compared to on-axis jets,

https://gocart.readthedocs.io/en/main/index.html
https://skytag.readthedocs.io/en/main/#how-to-cite-skytag
https://astroarchive.noirlab.edu/portal/search/
https://astroarchive.noirlab.edu/portal/search/
https://github.com/jmk5040/KMTNet_ToO
https://github.com/karpov-sv/stdpipe
https://github.com/winter-telescope/
https://doi.org/10.5281/zenodo.10888436
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but significantly lower candidates than the optical tran-
sient sky, and also for timing association since the peak
of detection can occur promptly to several days post GW
and ease timing association. In contrast, some candi-
dates did not receive attention to unambiguously classify
them as non-viable transients. Nevertheless, we consider
for the following that no kilonova was observed during
follow-up of the NSBH alert campaigns up to July 2024.
In the next section, we take a critical look at the over-

all follow-up strategy and investigate possible improve-
ments for future events.

2.3. Optimization of Kilonova Detection

We explore the optimization of the detection of KNe.
Here, our study focuses on the temporal e”ciency of
observations to discover KNe, rather than assessing
whether they covered su”cient sky area to ensure the
source’s location was observed (Keinan & Arcavi 2024).
We assume that the observations should seek to cover
the “peak time” e.g. the time that corresponds to
the peak luminosity of a scenario, at least once in or-
der to optimize the likelihood of counterpart detec-
tion. To do this, we compare the time of the obser-
vations taken by the community for each NSBH alert
to the peak magnitude of 891 simulated KNe computed
from An21Bu19. More precisely, we use synthetic light
curves generated in 27 filters (corresponding to the fil-
ters of observations) from POSSIS spectra (Anand et al.
2021; Bulla 2019). Here, we focus on observations
in u, g,G, r,R, o, i, z, c, L, tess, J and clear (also noted
C↑band) (and therefore compute the KNe light curves
in these filters) during the O4 observational campaign
(similar to the analysis of Almualla et al. 2021 for ZTF)
as O4 NSBH events have been predominantly followed-
up in these bands. Filters of observations and the cor-
responding filters used to compute the light curves from
POSSIS can be found in Appendix B, Table 7. Details of
the computation from An21Bu19 can be found in Sec-
tion 4. Note that we do not take into account the dura-
tion of observations here but rather check if their mid-
time falls in the peak-time bins. Here we augmented the
dataset from telescopes mentioned in Sec. 2.2 with pub-
lic information from GCNs and the Treasure Map (Wy-
att et al. 2020) of additional observations from Black-
GEM (Groot et al. 2024), Las Cumbres (Brown et al.
2013), Magellan and SWOPE (Mardini et al. 2023),
MASTER (Kornilov et al. 2011), MeerLICHT (Pater-
son 2019), PRIME (Yama et al. 2023) and Swift/UVOT
(Roming et al. 2005), assuming the times of observations
are correctly reported.
Each simulated KN defines a di!erent possible “sce-

nario” that corresponds to di!erent properties of the

dynamical and disk wind ejecta during and after the
merger and viewing angle (see Table 2). The ejecta
properties depend on the binary properties themselves.
Fig. 2 shows histograms of peak time for simulated KNe
from NSBH mergers for g,r,i and J bands in dashed
gray line. Fig. 2 shows similar histograms for u,o,z and
R bands. Distributions in other bands are provided in
Fig. 10 and Fig. 11 of Appendix C. The median of the
histogram is shown with a solid black line. Here we use
20 bins to histrogram the distributions, meaning that
for peak time distribution between →0.5 and 3 days,
each bin corresponds to 3 hours. Most simulations show
that the peak time for KNe occurs around 1 day post-
merger: 12% of synthetic KNe from the population in
the g-band, 15% in the r-band, and 14% in the i-band.
In contrast, the median of the distribution in the J-
band peaks around 2 days post-merger with 6% of the
population reaching their maximum at that time. More
precisely, observations taken from 0.9 to 1.4 days post
T0 in g, r, i-bands can cover the peak time of > 51%
of the synthetic KNe from our population, while fast
observations prior to 0.5 day post T0 represent only the
peak luminosities for 0.2% (and 0%) in r, i-bands (and
g-band). In J-band, observations taken from 1 day to 3
days after T0 will be beneficial as the peak luminosity
distribution of KNe is relatively flat (Kawaguchi et al.
2020).

We compare the observations of S230518h,
GW230529, S230627c, and S230422ed (regardless of
observation depth, which is discussed later in Sec. 4)
with the distribution of KNe peak times, as shown in
Fig. 2 and in Fig. 3 (and in Appendix C, Fig. 10 and 11).

S230518h—Observations from 0 to 6 days of S230518h
in the i-band, which occurred promptly or shortly after
the peak (e.g., >1.2 days), covered 44% of our simulated
KNe (see the first row of Fig. 2). In r-band, the begin-
ning of the histogram is well-covered (70%), with obser-
vations occurring at the maximum of the peak time dis-
tribution. Observations using the most frequently em-
ployed filter, tess filter, covered almost 100% of the peak
time of the KNe population (see Fig. 11 of Appendix C).
Finally, R- and c-bands observations of S230518h cov-
ered 34% and 28% of the peak time distribution respec-
tively as seen in the first row of Fig. 3 and of Fig. 10 in
Appendix C.

GW230529—Given the large sky localization error box,
this event was followed by fewer telescopes and obser-
vations of GW230529 from 0 to 6 days in g-band and
r-band cover only 2% of the peak time of the synthetic
KNe population (second row, Fig. 2). These observa-
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Figure 2. Comparison between the peak time luminosity of our simulated KN dataset in g (first column), r (second column), i
(third column), and J (last column)-bands and the time of optical observations (using a mixed of private and public observations
reported Table 1 and Table 4) for S230518h (first row), GW230529 (second row), S230627c (third row), S240422ed (fourth row).
The dashed gray line represents the distribution of peak time considering all mdyn-mwind-ω scenarios in the simulated dataset.
The solid vertical black line represents the median of the peak time distribution considering only bins containing more than 5%
of the distribution (grey dashed line). Observations of the community are shown in color squares.

tions primarily focus on times earlier than 0.5 days. Ob-
servations in the o-band span from 0 to 6 days post T0,
covering 37% of the peak time of the KNe population as
seen in the second row of Fig. 3. Finally, observations in
L and G-bands covered 44% and 13% of the peak time
of synthetic KNe population, respectively (see Fig. 10,
Appendix C).

S230627c—Observations of S230627c, 100 Mpc further
away than S230518h, GW230529, and S240422ed, did
not cover the peak time of our KNe population in r-
band and g-band, as they were performed prior to 0.5
days post T0 (third row, Fig. 2). Observations in o-
band and with the most frequently used filter, R-band,
cover 17% and 26% of the peak time of the KNe popu-
lation respectively (see the third row of Fig. 3. Finally,
observations in L-band covered 16% of the peak time
distributions (see the third row of Fig. 10, Appendix C).

S240422ed—Finally, observations of S240422ed covered
62%, 82%, 73%, and 18% of the peak time of our KNe
population in the g, r, i, J-bands, respectively (fourth
row, Fig. 2). Overall, this candidate has been well ob-
served in time and coverage by the community, though
the coverage is not fully optimized. For example, R

and u-band observations covered respectively 78% and
62% of the peak time distribution (see the fourth row
of Fig. 3); however, there are no observations in R-band
between 1.26 and 1.37 days, while around 10% of the
KNe from our population peak during this interval.

In summary, observations at the predicted brightness
peak of the KN are crucial for maximizing detection.
Our study highlights not only the need for prompt imag-
ing of NSBH mergers but also emphasizes the impor-
tance of 1-day post-merger observations in the UVOIR
bands, particularly for telescopes taking shallower ex-
posures. The KN brightness can vary by several mag-
nitudes between early and peak-time observations (e.g.,
in the g-band: up to 8 mag, r-band: up to 9 mag, i-
band: up to 9 mag, and J-band: up to 11 mag, in the
An21Bu19 model). Although the community has e!ec-
tively implemented prompt observation strategies, 1-day
post-T0 observations were performed in only 3 of the 4
cases (we include GW230529, although the 1-day post-
T0 observation strategy has only been done in o and
L-bands). We also advocate a more “flexible” approach
for near-infrared and infrared observations given that
the peak luminosity distribution is more uniform from 0
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Figure 3. Comparison between the peak time luminosity of our kilonova population in u (left column), o (second column),
z (third column), and R (fourth column)-bands and the time of optical observations (using a mixed of private and public
observations reported Table 1 and Table 4) for S230518h (first row), S230529ay (second row), S230627c (third row), S240422ed
(fourth row). The dashed gray line represents the distribution of peak time considering all mdyn-mwind-ω scenarios. The solid
black line represents the median of the peak time distribution considering only bins containing more than 5% of the distribution.
Observations of the community are shown in color squares. All observations in o-band are done by ATLAS.

to 4 days (Kawaguchi et al. 2020), although these bands
are crucial to di!erentiate the ejecta properties (see e.g.
a similar e!ort in Frostig et al. 2022). In principle, the
observational strategy can be further refined by taking
into account additional information from the GW signal
itself, e.g., classification probabilities, the chirp mass,
or the viewing angle. This study could also be used
in targeting follow-up, for instance, if an event is near
the detection horizon of a given telescope, then it might
be better to wait for the peak time to observe, but if
the event is closer, then observations both at early time
and at the peak may be well motivated, since constrain-
ing the rise and the fall of the light curve is important
to best capture the KN properties. This EM follow-
up coordination could be performed with tools such as
Teglon software, which prioritizes fields and strategies
for follow-up with di!erent-sized fields of view (Coulter
et al. 2024).

3. EJECTA MASS ESTIMATES

In this section, we provide constrains on the ejecta
mass produced during and after the merger of a NS and
a BH for the four events.

3.1. Definition of ejected matter and its dependance on
the source properties

For the predictions of the ejected matter, it is stan-
dard to di!erentiate between ejected matter produced
during the merger over a timescale of a few milliseconds
(dynamical ejecta) and unbound material produced af-
ter the creation of an accretion disk around the BH (disk
wind ejecta). The ejected total mass is then:

Mej, total = mdyn +mwind = mdyn + ϖ ↓mdisk (1)

where mdyn is the mass of dynamical ejecta, mwind the
mass of disk wind ejecta, mdisk is the mass in the ac-
cretion torus after disruption, and ϖ the proportion of
material from the disk that is eventually unbound. In
our study, we use fitting formulae calibrated to the re-
sult of merger and post-merger simulations to estimate
mdyn, mdisk, and ϖ. Specifically, we calculate mdyn us-
ing the fitting formula of (Eq. 9) of Krüger & Foucart
(2020). We then use the fitting formula of (Eq. 4) of Fou-
cart et al. (2018) to calculate the total mass mrem of
matter remaining outside of the BH after tidal disrup-
tion, which includes both the accretion torus and the
dynamical ejecta (which is valid with a ϑ = 0.005M→
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uncertainty of masses). Finally, we get the torus mass
using mdisk = mrem ↑ mdyn. ϖ is computed using the
average between the lower bound and upper bound from
Eq.12 of Raaijmakers et al. (2021). When using these
fits, Mej,total is a function of the binary mass ratio, di-
mensionless BH spin, NS compactness, and NS baryon
mass1. We note that an alternative formula for the dy-
namical ejecta can be found in Kawaguchi et al. (2024),
which is expected to perform similarly than Krüger &
Foucart (2020) when they apply within the range of
parameters covered by existing numerical simulations.
By comparison, the two formulae are fits using di!er-
ent functional forms, and a slightly di!erent group of
numerical simulations for calibration.
In order to remain within the expected validity regime

of the fitting formulae, we impose limits on the physical
parameters of the binary shown in Table 2. The lower
boundary of the NS is fixed at 1.2 solar mass, according
to a referential database of the pulsar measurements
(Freire & Wex 2024). The upper bound, Mmax,NS ,
depends on the EOS. For the reader’s convenience, we
highlight that the scenario yielding the largest ejecta
mass (> 0.1M→) occurs when the mass ratio is → 3, the
black hole spin is large and aligned with the orbital an-
gular momentum, and the neutron star has a low mass,
e.g. m1 = 3.6M→, ε1z = 1.0, and m2 = 1.2M→. We
might find larger ejected masses in scenario described in
Lovelace et al. (2013); East et al. (2015). By comparison
to GW170817, the multi-messenger approach presented
in Hussenot et al. (in preparation) provides an upper
bound on the total ejecta mass of 0.08M→(95% cred-
ible region). Indeed some binary systems can reach
mwind > 0.1 M→. In addition, in cases when mdyn or
mwind is below 10↓3

M→, we ignore the corresponding
component of the ejecta, as such values are consistent
with zero within the errors of the numerical fits. We
vary the spin component of the black hole aligned with
the orbital angular momentum. As the anti-aligned spin
scenario results in progressively null ejecta, we chose to
explore ε1z = [↑0.3, 0, 0.3, 0.8]. We then produce maps
for mdyn or mwind, based on (m1, m2, ε1z, EOS) to
evaluate the dependence on the ejecta of sources prop-
erties of the binary. To do this, we created a grid of
m1, m2 and for each pair, we calculated the possible
ejecta masses, assigning to each pair the median value
of the predicted ejected masses. Results for the EOSs
SLy (Chabanat et al. 1998), involving rigid neutron
stars and H4 (Glendenning & Moszkowski 1991), that

1
Our code to produce the ejecta mass quantify is available at https:

//github.com/MPillas/S240422ed/tree/main

allows high tidal disruption of the NS, are shown in
Fig. 4 2. The figure shows that the dynamical ejecta
mass increases with high mass ratio, while the wind
ejecta mass is increasing as lower mass is the neutron
star and black hole. The contribution to the wind ejecta
is greater than the dynamical ejecta in most of the cases,
but can be the reverse with ε1z=0.8, m1 > 4.2 M→.

In Table 3, we show quantaties values of mdyn, mwind

and Mej,total depending on a) the SLy and H4 EOSs
b) dimensionless BH spins of (0, 0.8) c) an estimate of
the masses given by the chirp mass $M = 0.2 M→. We
note that without significant BH spins, binary systems
with a chirp mass > 2.4 M→ do not produce enough
ejecta mass to power detectable KNe or GRBs. On the
other hand, for rapidly rotating BHs, the total ejecta
can go beyond > 0.1 M→ even for the more compact
SLy EOS. In addition, considering rapidly spinning BH,
the SLy EOS, and the chirp mass is 2.8 ± 0.2 M→ tells
us that Mej,total < 0.05M→ – less than half the maxi-
mum value that would be inferred if the chirp mass was
unconstrained. We also note that these quantities are
fluctuating significantly with the spin of the BH and the
EOS. For instance, taking again a chirp mass of 2.8 ±

0.2 M→, the total ejecta mass can vary from 0.05 M→ at
maximum for SLy to 0.11 M→ for the H4 EOS.

3.2. Upper limit on the ejecta mass

In this section, we will provide broad upper limit
(which corresponds to the optimistic scenario/less com-
pact NS) boundaries considering a binary merger sce-
nario with a high spinning BH and the EOS of matter
H4 and narrower upper limit (or pessimistic), consider-
ing a binary merger scenario with no spinning BH and
the EOS of matter SLy. We can provide the respective
ejecta masses that will be used for the computation of
synthetic light curves of KNe (see Sec. 4.2). An21Bu19
varies mdyn and mwind from 0.01 to 0.09 M→. However,
these masses can reach lower or higher values depending
on the least and most favorable NSBH configurations. In
these extreme scenarii, we use the boundaries of the grid
at 0.01 and 0.09 M→ respectively for the ejecta masses,
which can over or under estimate the brightness of the
associated KN.
Despite the fact that no further information about

the candidates S230518h, S230627c, or S240422ed are
available, which hinders us to compute precise ejecta
estimates from the ejecta mass grid in Table 3.1, one
can –under the assumption that the candidates have an

2
Note that, we also show results fixing ω = 0.3 in Appendix Sec. D,

Fig. 12.

https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
https://github.com/MPillas/S240422ed/tree/main
https://github.com/MPillas/S240422ed/tree/main
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Figure 4. Dynamical (top), wind (middle), and total (bottom) ejecta masses given a certain spin component of the BH aligned
with the orbital angular momentum. We consider no spin for the NS. The fraction ε of the disk that is eventually unbound is
calculated as a function of the mass ratio, as described in the text. We show results a) using the SLy EOS (for more compact
NS) and b) using the H4 EOS (for less compact NS).



14

Property Details

Source Properties of NSBH Event

BH Mass, m1 [Mmax,NS → 9.0]M↑

NS Mass, m2 [1.2→Mmax,NS ]M↑

Spins

• BH Spin: ϑ1z ↑
{→0.3, 0.0, 0.3, 0.8}

• NS Spin ϑ2z: None

Equation of
State of matter SLy, H4

Ejecta from the NS disruption (mdyn)

Mass Range 0.0→ 0.1M↑

Ejecta from the accretion disk (mdisk,wind)

Mass Range 0.0→ 0.15M↑

Outflow ε 5%→ 40% not accreted

Kilonova Light Curves

Ejecta

• NSBH models com-
puted with POSSIS

Anand et al. (2021);
Bulla (2019) with
mdyn,mwind ↑ [0.01,
0.09] M↑ and ω ↑ [0,
90] degrees)

• 1D bolometric

Table 2. Diversity of the NSBH population, ejecta, and
associated kilonovae studied in this work.

astrophysical origin– use EM follow-up observations to
exclude regions of ejecta mass for the di!erent alerts. In
addition to EM follow-up observation, it is also possible
to use information of GW230529 (chirp mass, individ-
ual masses, spin components aligned with the orbital
momentum, viewing angle) beyond the initial circular
to further constrain ejecta properties.
We constrain the ejecta mass (mdyn, mwind and

Mej,total) of S230518h, S230627c and S240422ed con-
sidering each event candidate’s classification (”p-astro”;
see Public Alerts User Guide) probabilities contained in
the LVK alerts. Indeed, there are several low-latency
compact-binary searches based on a matched filtering of
a bank of waveform templates (Dal Canton et al. 2021;
Aubin et al. 2021; Chu et al. 2022; Ewing et al. 2024). In
case of the detection of an event, these searches report
publicly their source classifications in Gracedb. The
method Villa-Ortega et al. (2022) used by the compact
binary coalescence search pipelines PyCBC Live (Dal
Canton et al. 2021) and SPIIR (Chu et al. 2022) pro-
vides a way to use public candidate information to con-
strain source properties and provide an upper limit on
the ejected matter during and after the merger. This

M ε1z=0.0 ε1z=0.8

[M↑]

SLy H4 SLy H4

mdyn

any < 0.01 < 0.03 < 0.06 < 0.10

1.6 < 0.01 < 0.03 < 0.04 < 0.07

2.0 - < 0.03 < 0.06 < 0.09

2.4 - - < 0.06 < 0.1

2.8 - - < 0.03 < 0.08

3.2 - - - < 0.03

mwind

any < 0.02 < 0.03 < 0.09 < 0.11

1.6 < 0.01 < 0.03 < 0.09 < 0.11

2.0 - < 0.01 < 0.06 < 0.09

2.4 - - < 0.04 < 0.06

2.8 - - < 0.02 < 0.04

3.2 - - < 0.01 < 0.02

Mej,rem

any < 0.02 < 0.05 < 0.11 < 0.16

1.6 < 0.02 < 0.05 < 0.11 < 0.14

2.0 < 0.001 < 0.04 < 0.10 < 0.14

2.4 - - < 0.09 < 0.14

2.8 - - < 0.05 < 0.11

3.2 - - < 0.01 < 0.05

Table 3. Upper bound on the ejecta masses of the dynamical
ejecta (mdyn), the disk wind ejecta (mwind) and the total
ejecta Mej,rem, in M↑, depending on the chirp mass of the
system (with an uncertainty of 0.2 solar mass), the equation
of state of matter and the spin of the primary component.

approach does not rely on assumptions regarding the
inclination angle, individual masses, or the black hole’s
spin. However, it assumes that the identifying template
directly gives a point estimate of the source’s detector-
frame (redshifted) chirp mass that is already within 1%
of the true value (Villa-Ortega et al. 2022; Biscoveanu
et al. 2019) for BNS and NSBH sources. This approach
also assumes an astrophysical origin of the event and
that distance estimate from the alert is correct.

S230518h—We set the upper boundary to be
Mej,total,H4 < 0.11 M→, and the dynamical and
wind ejected masses mdyn,H4 < 0.08 M→ and
mwind,H4 < 0.04 M→, given the PyCBC Live rela-
tive source classifications of 95.9 % NSBH and 4.1 %
BBH (see Gracedb S230518h, assuming the event is as-
trophysical) and using ε1z = 0.8. For comparison, us-
ing the SLy EOS model, we obtain, Mej,total,SLy < 0.05
M→, mdyn,SLy < 0.03 M→ and mwind,SLy < 0.02 M→.
Secondly, no ejecta mass is produced in the case of a
non-spinning BH given SLy and H4 EOSs.

GW230529—The properties of the binary system of
GW230529 have been published by the LVK collabo-
ration (Abac et al. 2024). Therefore, to estimate the

https://emfollow.docs.ligo.org/userguide/
https://gracedb.ligo.org/
https://gracedb.ligo.org/superevents/S230518h/
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ejecta masses of mdyn, mwind and Mej,total, we extract
the posterior distributions of the masses and spin of the
source computed with IMRPhenomXP waveform model
(Pratten et al. 2021)3. We artificially remove the lower
edge of m2,src distribution (< 1.2 M→) and then cut
on the upper edge of m1,src > 4.5 M→ in order to keep
a chirp mass of 1.9 M→ to be consistent with our case
study (see Table 2), since the chirp mass measurement
is very precise. We restrict the spin components aligned
with the angular momentum in [-0.8,0.8] as shown in
Table 2.
As shown in Fig. 13 of Appendix D, the posterior pri-

mary mass distribution of GW230529 is quite broad, and
the spin’s component aligned with the orbital momen-
tum posterior follow their prior distributions. We expect
a total mass ejecta SLy < 0.01 M→ and H4 < 0.01 M→
taking the median value of the distribution. We select
for our study (see Sec. 4.2), mdyn, mwind < 0.01 M→,
as it covers the standard deviation + median of the dis-
tribution (see Fig. 13).
Fixing, respectively, no spin component of the BH,

and 0.8 of the spin component aligned with the orbital
momentum, we obtain (for the median): a) for non-
spinning BH, SLy < 0.01 M→ and H4 < 0.01 M→ b)
for ε1z = 0.8, SLy < 0.06 M→, H4 < 0.1 M→. These
results are consistent with Table 34, if we set a chirp
mass M of 2.0±0.2, with SLy < 0.01 M→ and H4 <

0.04 M→ for no spinning BH and SLy < 0.1 M→ and
H4 < 0.14 M→ for high spinning BH.
Finally, fixing the most probable scenario given the

median of the masses and spin posterior distribution of
GW230529: m1,2= (3.6, 1.4), ε1z,2z= (-0.1,0), we ob-
tain mdyn,H4, mwind,H4 < 0.01 M→. By comparison,
the total ejecta mass was computed in Chandra et al.
(2024) and provided: SLy < 0.01M→, H4 < 0.07M→.
Simulations of binaries similar to GW230529 close to the
disruption limit indicate that in the regime the fitting
formulae may be slightly pessimistic for the less compact
NSs (Martineau et al. 2024), though that uncertainty is
significantly lower than the variations discussed here be-
tween systems with di!erent spins or EOSs.

S230627c—We expect a total ejecta mass (using H4 and
SLy EOSs), lower than 0.01 M→ given the PyCBC Live
pastro of 49.3 % NSBH and 50.7 % BBH (see Gracedb
S230627c, assuming the event is astrophysical). We as-

3
The posterior samples are released publicly in (LIGO Scientific

Collaboration et al. 2024f)

4
Note that the case of H4,ω1z=0.0 < 0.01 M↑ is less pessimistic

than results in Table 3, and may be explained by the fact the dis-

tribution spans from 0.0 to 0.4 M↑ and depends strongly on the

distribution of the masses which is not uniform for GW230529.

sume for further computation that Mej,total < 0.01 M→,
mdyn < 0.01 M→ and mwind < 0.01 M→.

S240422ed—We set the upper boundary Mej,total,H4 <

0.14 M→, mdyn,H4 < 0.05 M→ and mwind,H4 <

0.1 M→ given the PyCBC Live pastro of 70 % BNS
and 30 % NSBH (see Gracedb S240422ed, assum-
ing the event is astrophysical) and using ε1z =
0.8. For comparison, Mej,total,SLy < 0.11 M→,
mej,dyn,SLy < 0.03 M→ and mej,wind,SLy < 0.08 M→.
If we consider the case of non-spinning BH, we obtain
Mej,total,H4 < 0.05 M→, mdyn,H4 < 0.03 M→ and
mwind,H4 < 0.02 M→. By comparison for non spinning
and SLy EOS, Mej,total < 0.02 M→, mdyn < 0.01 M→
and mwind < 0.01 M→.
These upper limits on mdyn and mwind allows us to

reduce the number of synthetic light curves to consider
for each NSBH candidate in the section below. Note
that we are not able to constrain the viewing angle ω,
upon which the light curves strongly depend, from LVK
public alert information.

4. OBSERVABILITY OF A KILONOVA
ASSOCIATED WITH NSBH EVENTS

In this section, we assume the O4a NSBH candidates
discussed in Section 2 are of astrophysical origin and
further adopt the hypothesis that we did not detect any
KN associated with the GW events (see Sec. 2). In this
section we describe how constraints can be placed on the
ejecta mass during and after the merger, as well as on
the viewing angle, based on multi-messenger GW and
EM (optical) observations.

4.1. Method

We aim to cross-match all information related to GW
and optical observations of NSBH events to rule out
the ejecta configurations not compatible with the ob-
servations and keep the remaining scenarios of NSBH
mergers (possible masses of the compact object, view-
ing angle, ejecta masses). For each NSBH candidate,
we use as inputs: a) optical observations of each NSBH
candidate shown in Sec. 2.2, b) our sample of KN light
curves computed with the POSSIS (An21Bu19 ) model
(also used in Sec. 2.3), and c) PyCBC Live pastrooi and
the derived upper bound of the total ejecta mass, dy-
namical ejecta, and wind ejecta provided in Sec. 3.2.
The parameters of An21Bu19 model grid used here are
summarized in Table 2. Furthermore, the mdyn com-
ponent is not spherical, introducing a significant depen-
dence on the viewing angle ω; which is left as a free
parameter in the model, going from 0↑ to 90↑. Time-
and wavelength-dependent opacities are computed as
in Bulla (2019) and for the wind component estimated

https://gracedb.ligo.org/superevents/S230627c/
https://gracedb.ligo.org/superevents/S230627c/
https://gracedb.ligo.org/superevents/S240422ed/
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assuming a composition that is intermediate between
lanthanide-poor and lanthanide-rich. We note, however,
that the wind composition is a rather uncertain parame-
ter that can strongly a!ect the KN appearance. Finally,
An21Bu19 does not consider the dependence on ejecta
velocity, which can vary in other models; and sets the
half-opening angle of the lanthanide-rich component ϱ

to 30↑.
To test the models against the observations, we pro-

ceed as follows: for each field observed by an optical
telescope (defined by a specific field of view, filter, lim-
iting magnitude, and epoch), we extract the correspond-
ing pixels of the GW HEALPix skymap (Gorski et al.
2005). We extract the GW distance associated with each
of these pixels and compute the apparent magnitude of
the selected synthetic KN light curves at this distance.
We can hence compare the brightness of the simulated
KNe with the limiting magnitude of the fields at the
time of the observation. The An21Bu19 model based on
POSSIS spectra computation generates 891 light curves
in 27 di!erent bands. We provide details about filters
we used in Appendix B, Table 7. Then, if a simulated
KN luminosity in the detector frame is brighter than the
limiting magnitude of the observation, we conclude that
the simulated KN emission and properties are not com-
patible with the observations (i.e., we assume that no
such KN signal was in this location, and at this epoch).
On the other hand, if the KN luminosity is as or less
bright than the limiting magnitude of the observation,
we cannot rule out the simulated KN properties and con-
sider them as compatible with the observations. We also
conduct investigations to confirm or rule out the pres-
ence of KNe in observed regions, taking into account
time and location in the sky. We should mention that
we ignore observations performed as follow-up of tran-
sient candidates in the field of GW localization as such
follow-ups are typically performed with small field-of-
view telescopes and contribute very little to the GW
sky localization coverage.

We extract observations that occurred at time t ↔

$t = [0, 1], [1, 2] and [2, 6] days. For each time bin, we
scan the GW skymap, collecting observations in that
time+localization bin, and for each pixel we compute a
scale reflecting the possibility of a KN being present at
this location. This scale is shown in Eq. 2 where M is a
synthetic KN from An21Bu19 in the detector frame (for
instance 22 apparent mag in r), mobs is the observation
apparent magnitude (for instance 20 apparent mag in r),
filt the filter of the observations, $t the time bin consid-
ered ($t = [0, 1], [1, 2] or [2, 6] days) and ntot,KN is the
total number of synthetic KNe from the grid considered
for each event.
Figure 5 presents our final result: the fraction of in-

compatible KN scenarios as a function of the percentage
of skymap coverage that rules them out, and to illus-
trate the method, Figs 6, 7, 8 and 9 show some ex-
amples for each NSBH candidate. The top figure de-
scribes the limiting depth reached by observations over
the skymap5. In the middle figure, we only select the
field of an epoch associated with the most probable sky
localization among the localizations covered by the ob-
servations (colored diamonds) and compare its limiting
magnitude to our synthetic KN light curves population
computed at the distance corresponding to this local-
ization. Note that, due to the small number of simu-
lated light curves to consider in the case of GW230529
and S230627c, we show all light curves, contrary to
S230518h and S240422ed for which we represented only
light curves corresponding to ω = 0↑, 45.57↑, 90↑. The
bottom figure illustrates Eq. 2 over the GW skymap.
Finally, for each synthetic KN type (mdyn ↑

mwind ↑ ω), we compute the deterministic probability
P̄ω,mdyn,mwind,!t that the source is located in a region
delimited by the absence of emission from a KN of this
type. As previously, we separate cases into time ranges
$t. Thus, P̄ω,mdyn,mwind,!t can be summarized by Eq. 3.
We iterate this process for all the synthetic KNe in

the population and we repeat this work for all NSBH
cases and discuss the results in the section below.

SKN,!t,ipix =
1

ntot,KN
↓

ntot,KN∑

k=1





1 if M(filt, ω,mdyn,mwind, t) > mobs(filt, t, ipix)

0 otherwise
(2)

P̄ω,mdyn,mwind,!t =
∑

ipix

P (GW | ipix)↓





1 if M(filt, ω,mdyn,mwind, t) < mobs(filt, t, ipix)

0 otherwise
(3)

5
If several fields cover this location, we show the one with the

deepest sensitivity and ignore the shallower ones.
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4.2. Detectability of kilonovae for NSBH events

We present the results of our analysis to constrain
properties of potential KNe and their viewing an-
gles using optical observations taken during S230518h,
GW230529, S230627c, and S240422ed GW candidates
follow-up campaigns. We apply the method described
in Sec. 4.1.

S230518h—We draw our conclusion using information
on ejecta constraints derived from GW public informa-
tion (Sec. 3.2). In the [0, 1] day time epoch, the sensitiv-
ity of the observations over the sky can be seen in Fig. 6
(and later epochs in Appendix E, Fig. 14). For exam-
ple, most of the fields that overlap with the 90% credi-
ble region reach a limiting depth of 22 mag in R-band,
between 0 and 1 day post T0. We proceed to compare
these observations with the synthetic population of KNe:
Fig. 6 shows one example of the observations covering
the most probable sky localization among all the field’s
coverage on top of the light curves compatible with the
upper boundary on ejecta mass for S230518h, for di!er-
ent viewing angle ω = 0↑, 45↑, 90↑ and taken by time bin.
We then show the corresponding scale defined in Eq. 2
(1 - SKN,!t,ipix) over the mapped sky based on obser-
vations (lower panel). We set an arbitrary threshold of
0.7 to indicate the absence of a KN in the observations
(i.e., 70% of our synthetic KN population is inconsistent
with the observed data) : we rule out the presence of a
KN over an area of 0.63 deg² within the 90% S230518h
credible region within the first day post T0 and 0 there-
after. These regions correspond to areas where the GW
event is localized with 0.04% confidence from 0 to 1 day
and 0 beyond 1 day.
We present final conclusions in Fig. 5, which repre-

sents a cumulative histogram showing P̄ω,mdyn,mwind,!t,
i.e., the fraction of KNe over our synthetic population
that is incompatible with optical observations as a func-
tion of the coverage that rules them out, taken by time
bin, for each NSBH event. This histogram is derived
from Eq. 3. A fraction of 34% of KNe are incompatible
with observations covering more than 8% of S230518h
sky localization region between 0 and 1 day. While be-
tween 1 and 2 days, this number falls to 17% and to 0%
between 2 and 6 days (i.e., we cannot exclude the pres-
ence of a KN after 2 days based on the observations).
In detail, between 0 to 4 days, it has not been possi-
ble to observe KNe emitted from an on-axis collision up
to a viewing angle of ω = 25↑, assuming a minimum
confidence of 8% for the presence of the source in this
region.Finally low-mass ejecta (mdyn,mwind ↗ 0.03M→)
seem to be favored against large ejected masses since the

latter is overall incompatible with a larger region of the
skymap (on average >7%).

GW230529—In addition to the constraints placed on
GW230529 ejecta mass in Sec. 3, we extract the pos-
terior distribution of the viewing angle ω from Abac
et al. (2024), computed with IMRPhenomXP waveform
model (Pratten et al. 2021). However, the posterior
distribution on ω is broadly unconstrained, and there-
fore we select the viewing angle to be in [0↑, 90↑].In
the [0-1 day] time epoch, the sensitivity of the observa-
tions over the sky taken during the GW230529 follow-
up campaign can be seen in Fig. 7 (and later epochs
in Appendix E, Fig. 15). Given the large skymap, ob-
servations partially covered GW230529 sky localization.
For example, in g-band, observations reach a bright-
ness limit of 20.5 mag. In particular, this occurred at
the most probable sky localization among all the field’s
coverage, as shown in the middle panel of Fig. 7. We
then show the corresponding scale defined in Eq. 2 (1 -
SKN,!t,ipix) over the mapped sky based on observations
(lower panel). Over the skymap, there is no location
within the GW230529 90% credible region that rules out
the presence of a KN, using the same threshold as for
S230518h. The rare cases of scenario being incompatible
are summarized as follows: between 0 and 1 day, view-
ing angles ω = 0↑, ω = 25↑ and ω = 37↑ are incompati-
ble with observations that covered →3%, →2% and →1%
of GW230529 skymap, respectively. Other observations
that constrain the viewing angle of the source cover <1%
of the skymap. As a conclusion, given the large size
of the sky localization and the small regions covered by
these observations, we cannot place constraints with cer-
tainty. However, under the assumption that the source’s
location was covered by observations ruling out viewing
angles up to ω = 37↑ at that time, our result is consis-
tent with the ZTF analysis that ruled out ω between 0
and 26↑ (Ahumada et al. 2024).

S230627c—We draw our conclusion using information
on ejecta constraints derived from GW public informa-
tion (Sec. 3). In the [0-1 day] time epoch, the sen-
sitivity of the observations over the sky taken during
the S230627c follow-up campaign can be seen in Fig. 8
(and later epochs in Appendix E, Fig. 16). Observa-
tions reached an upper limit of 21.3 mag in r-band dur-
ing the first day. In particular, this occurred at the
most probable sky localization among all the field’s cov-
erage, as shown in the middle figure of Fig. 8. We
then show the corresponding scale defined in Eq. 2 (1
- ScaleKN,!t,ipix) over the mapped sky based on obser-
vations (lower panel). Overall, observations that as-
sess no KNe compatible with GW cover less than 1%



18

Figure 5. Cumulative histograms showing the fraction of KN scenario that are incompatible with optical observations between
0 and 1 day (left), between 1 and 2 days (middle), between 2 and 6 days (right), as a function of the GW skymap coverage
that rules them out, for each NSBH candidates (each colored line). For instance, for S240422ed between 2 and 6 days, ↓100%
of KN scenarios are ruled out by observations covering more than 45% of S240422ed skymap. The insets show the results for
S230627c between 0 and 1 day and GW230529 between 2 and 6 days as the fraction of coverage is too small to be visible in the
main figures.

of S230627c skymap as shown in Fig. 5, therefore, we
cannot place constraints on the viewing angle and ejecta
properties for S230627c.

S240422ed—As mentioned in Sec. 2.2, the significance
and classification of S240422ed was updated in June
2024, making it a low-significance candidate. Therefore,
we decided to be as agnostic as possible and consider
the entire grid of KN synthetic light curves regardless
its PyCBC Live pastro from Sec. 3. We looked at the as-
trophysical scenarios compatible with observations and
finally checked if these scenarios are consistent with the
S240422ed PyCBC Live pastro publicly available. More-
over, S240422ed GW candidate was located near the
Galactic plane therefore we corrected all limiting mag-
nitudes for Milky Way extinction with the calibration of
the Milky Way dust maps from Schlafly & Finkbeiner
(2011) (which was not the case for the other events). We
use the piscola package to compute the extinction cor-
rection and sncosmo to extract the filter transmission
functions.
In the [0-1 day] time epoch, the sensitivity of the

observations over the sky taken during the S240422ed
follow-up campaign can be seen in Fig. 9 (and later
epochs in Appendix E Fig. 17). For example, most of
the fields that overlap the 90% credible region of the
GW skymap reach a limiting depth max of 23.4 and 23.1
mag in r and z-band respectively (values computed after
the extinction correction), between 0 and 6 days post T0

(DECam upper limit). We proceed to compare these ob-
servations with the synthetic population of KNe: Fig. 9
(middle) shows one example of the observations covering

the most probable sky localization among all the fields’
coverage on top of all the light curves from the model
grid, for di!erent viewing angle ω = 0↑, 45.57↑, 90↑ and
taken by time bin. We then show the corresponding
scale defined in Eq. 2 (1 - SKN,!t,ipix) over the mapped
sky based on observations (lower panel) and use a pre-
defined threshold of 0.7. We rule out the presence of a
KN (i.e., 70% of our synthetic KN population is incon-
sistent with the observed data) over an area of 43 deg²
within the 90% credible region within the first day post
T0, 153 deg² within the 90% S240422ed credible region
between 1 and 2 days post T0, and 178 deg² thereafter.
These regions correspond to areas where the GW event
is localized with 13% confidence from 0 to 1 day, 60%
from 1 to 2 days, and 72% beyond 2 days, respectively.
We present final conclusions in Fig. 5. 59% of the

simulated KNe are incompatible with observations cov-
ering more than 45% of S240422ed skymap between 0
and 1 day. This value increases to 93% between 1 and
2 days and reaches →100% between 2 and 6 days (with
85% of simulated KNe ruled out by more than 70% of
the skymap). In conclusion, while we do not entirely
exclude the possibility of a KN located in a region of
the skymap that did not allow us to place constraints,
we can most likely rule out the presence of a KN over
S240422ed sky localization. This absence of KN is not
consistent with the PyCBC Live pastro and the upper
bound on the ejecta mass from Sec. 3 as a null ejecta
would correspond to a probability of BNS classification
at least lower than → 0.3.
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Figure 6. S230518h upper limit map over the sky. The up-
per limit corresponds to the deepest magnitude taken during
the follow-up campaign in any filter (top). Light curves com-
patible with the upper boundary on ejecta mass for S230518h
(shaded regions include all selected light curves for di!erent
viewing angle ω = 0↓, 45↓, 90↓) with the observation covering
the most probable sky localization among all the field’s cov-
erage (and therefore light curves are computed at the corre-
sponding distance), taken by time range (middle). S230518h
2-D histogram over the sky of the fraction of scenarios (in
any filter) that rule out the presence of the KN in the ob-
servations. The most up-to-date GW skymap is shown in
reddish color (bottom). Here both skymaps include observa-
tions from Table 1 taken between 0 and 1 day.

Figure 7. GW230529 upper limit map over the sky. The up-
per limit corresponds to the deepest magnitude taken during
the follow-up campaign in any filter (top). Light curves com-
patible with the upper boundary on ejecta mass and PE of
ω for GW230529 (we display each single selected light curves
due their small number considered here) with the observa-
tion covering the most probable sky localization among all
the field’s coverage (and therefore light curves are computed
at the corresponding distance), taken by time range (mid-
dle). GW230529 2-D histogram over the sky of the fraction
of scenarios (in any filter) that rule out the presence of the
KN in the observations (bottom). Here both skymaps in-
clude observations from Table 1 taken between 0 and 1 day.
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Figure 8. S230627c upper limit map over the sky. The up-
per limit corresponds to the deepest magnitude taken during
the follow-up campaign in any filter (top). Light curves com-
patible with the upper boundary on ejecta mass for S230627c
(we display each single selected light curves due their small
number considered here) with the observation covering the
most probable sky localization among all the field’s coverage
(and therefore light curves are computed at the correspond-
ing distance), taken by time range (middle). S230627c 2-D
histogram over the sky of the fraction of scenarios (in any fil-
ter) that rule out the presence of the KN in the observations
(bottom). Here both skymaps include observations from Ta-
ble 1 taken between 0 and 1 day.

Figure 9. S240422ed upper limit map over the sky. The up-
per limit corresponds to the deepest magnitude taken during
the follow-up campaign in any filter (top). All light curves
from the model grid (shaded regions include all light curves
for di!erent viewing angle ω = 0↓, 45↓, 90↓) with the obser-
vation covering the most probable sky localization among all
the field’s coverage (and therefore light curves are computed
at the corresponding distance), taken by time range (mid-
dle). S240422ed 2-D histogram over the sky of the fraction
of scenarios (in any filter) that rule out the presence of the
KN in the observations. The most up-to-date GW skymap is
shown in reddish color (bottom). Here both skymaps include
observations from Table 1 taken between 0 and 1 day.
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Although we do not exclude uncertainties being
present with KN models, this result seems to point out
that S240422ed was not of astrophysical origin, which
would be consistent with the reduced significance of this
candidate. We discuss this hypothesis in greater detail
in the next section.

5. CONCLUSION AND DISCUSSION

In conclusion, we studied three NSBH candidates
S230518h, S230627c, and S230422ed, and one confirmed
event GW230529, from the LVK O4 observing run.

On Follow-up campaign during O4—Among these, two
events have a probability exceeding 80% to be classi-
fied as NSBH systems. The four events were located
at distances ranging from 100 Mpc to 355 Mpc, consid-
ering uncertainties in localization distributions, slightly
closer than the reference event GW200105 (Abbott et al.
2021), which was measured at 280 ± 110 Mpc. The 90%
sky localization areas for three of these events ranged be-
tween 80 deg2 and 500 deg2, enabling the optical follow-
up community to achieve more than 80% total cover-
age. These observations spanned magnitudes 17 to 23
mag across multiple filters, with prompt e!orts initiated
within a latency of 0 to 2 hours, extending up to 6 days
post-detection. In contrast, GW230529, with its signifi-
cantly larger localization area above 20,000 deg2, due to
being a single-detector observation, received only 37%
observational coverage with the follow-up. Across all
four events, we cataloged participation from more than
40 collaborations/instruments across the full EM range
and neutrinos. Despite global e!orts, which collectively
reported more than 50 candidates, none of them were fi-
nally confirmed as EM counterparts to the GW events.
These observations must be contextualized within the

broader scope of GW alerts during O4 and previous de-
tections from O1 to O3. Up to July 24, 2024, the ob-
serving campaign has seen a detection rate of about→3-4
BBH candidates per week surpassing a FAR threshold
of 1 per 14 day, but with no BNS alerts reported so far.
The arrival of Virgo in April 2024 significantly enhanced
localization accuracy, with an estimated improvement of
35 %.

On Follow-up strategy—In our study, we discuss the ob-
servational strategy that the optical community has fol-
lowed regarding the O4 NSBH candidates and their ef-
ficiency. First, simulating diverse KNe, we find that the
brightness peak time can be di!erent with respect to
color and the quantity of ejected masses from the binary
system merger. More than 10% of the peak luminosity
of synthetic kilonovae in the g, r, i bands is happening
around one day, whereas the primary peak in the J-

band occurs around two days post-merger representing
6 % of the simulations. More precisely, observations con-
ducted from 0 to 1.4 days cover the peak time of more
than half of synthetic KNe in g, r, i while the first 0.5
days account for less than 1%. This highlights not only
the necessity to image promptly after the merger time
but also the importance of imaging 1 day post-merger,
especially for shallower images, as the magnitude of the
KN may significantly vary between prompt observations
to the peak time. For instance, the apparent magnitude
varies by more than 9 magnitudes in g, r, i, J bands from
prompt to peak time. The community has usually fol-
lowed a prompt strategy at a cost of a “later time” one,
although we could consider a more flexible approach for
near and infrared bands for which the maximum of the
peak time of the KN is more variable.
Furthermore, these results show that providing addi-

tional measurements from the GW signal itself, such as
the chirp mass or inclination, will be useful for the op-
tical community in estimating a narrower range of time
in which the maximum brightness is expected. This ap-
proaches the aim of maximizing the chance of a KN de-
tection since we only select a subset of KNe consistent
with the ejecta mass.

On the constraints placed for KNe emission during NSBH

alerts—Finally, we conducted an end-to-end study to
constrain the properties of KNe emitted by NSBH
merger candidates detected during the O4 observing
run, assuming their astrophysical origin as NSBHs. To
achieve this, we extracted publicly available informa-
tion on GW events, including event time, 3D localiza-
tion, and pastro. The latter was then used to estimate
ejecta masses, both dynamical and wind ejecta contri-
butions based on formulas outlined in Foucart et al.
(2018); Krüger & Foucart (2020); Raaijmakers et al.
(2021). The results were highly dependent on the BH
spin projected onto the angular momentum and the
EOS of densed matter employed – both of which re-
main highly uncertain – potentially leading to discrep-
ancies of up to a factor of two in the total ejected
mass. In light of these uncertainties, we adopted two ap-
proaches: a conservative model assuming compact NSs
with no spin e!ects, and an opportunistic model allow-
ing for more deformable NSs and significant BH spin.
From these ejecta mass estimates, we selected compati-
ble multi-band KN light curves from the synthetic popu-
lation An21Bu19. Additionally, we generated sensitivity
skymaps over time, incorporating e!ective observational
coverage while assuming the absence of detectable kilo-
nova emission in the images. Through this, we evaluated
the completeness of the observational coverage in both
time and sky localization of ATLAS, DECam, GECKO,
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GOTO, GRANDMA, SAGUARO, TESS, WINTER and
ZTF collaborations/instruments. Then, by projecting
the subset of synthetic KNe onto 3D distances provided
by LVK alerts, we measured compatibility with non-
detections and observational upper limits. This allowed
us to infer astrophysical properties of the ejecta, such as
mass and viewing angle, for NSBH merger candidates
observed during O4.
As a result, regarding the confirmed event GW230529

and S230627c candidate, we cannot place constraints on
the ejecta or viewing angle of the source, due to tele-
scope observational e”ciency: in some cases, telescopes
observed the most probable region of the GW event’s lo-
cation but lacked su”cient depth in sensitivity. In other
cases, telescopes achieved deep sensitivity but targeted
areas outside the most probable region of the GW lo-
calization. However, there was likely not enough ejecta
mass for telescopes to detect either of these events.
On S230518h and S240422ed, constraints can be

placed. For S230518h, it has not been possible to ob-
serve KNe emitted from an on-axis collision up to a view-
ing angle of 25↑, assuming a minimum confidence of 7%
for the presence of the source in this region and a low-
mass ejecta (mdyn,wind ↗ 0.03 M→) is favored against
high ejected masses. Eventually, for the low-significance
candidate S240422ed, observations ruled out the pres-
ence of a KN (with or without GWs), as all KN sce-
narios are ruled out by observations between 2 and 6
days covering more than 45% of the GW skymap. The
significance and the source classification of S240422ed
have since been changed and seem to favor a non-
astrophysical or at least a BNS rather than an NSBH
origin. Therefore, using a grid of light curves model-
ing the KN production from BNS could be appropriate
here. However, our result seems to be in favor of the
non-astrophysical origin of the candidate, which would
be consistent with the downgrade of S240422ed signif-
icance by LVK collaboration. In conclusion, based on
these four events experiences, using a comparable avail-
able time on the telescopes and sensitivity, we state that
first constraints on ejecta mass and viewing angle are
possible for events below 200 Mpc, that produced a min-
imal ejecta above 0.1 solar mass, and which sky local-
ization coverage is less 150 deg2.

Debating on assessing KNe emission—In conclusion,
while it may seem straightforward at first to determine
whether a KN associated with a GW event should have
been observed during follow-up campaigns, the reality is
much more complex. The answer depends on multiple
factors: when the observations were conducted, where
they were located, which filters and instruments were
used, and at which sensitivity. For every point in the sky,

there is quadripartite information to consider: the prob-
ability of the GW signal being present, the associated
distance (which can vary by more than 20 Mpc depend-
ing on sky location), the EM information in the observed
filter, and the latency relative to the merger event. Bal-
ancing these aspects is the challenge of predicting KN
emission, given the absence of critical properties of the
merger (that may be obtained later with o#ine anal-
ysis): these include the viewing angle, the spin of the
BH, the EOS of ultra-dense matter, and the fraction of
the disk mass converted into ejecta. These uncertain-
ties result in scenarios where a KN may or may not be
produced and where its brightness might or might not
be compatible with observations. Our results are also
KN model-dependent (although state of the art): we are
using these models to guide us in taking the best obser-
vations, however we do not expect the current models
to fully represent reality (which also motivates making
these observations). Therefore, we cannot exclude the
possibility that An21Bu19 does not fully describe the
diversity of KNe.
To address these complexities, we established thresh-

olds and developed a custom “scale” method to inter-
compare events and provide a global analysis of whether
or not we missed the opportunity to detect KN from
NSBH candidates. However, our approach is designed
to be generic and can be refined as new detections are
made. Improved localization will allow follow-up obser-
vations to be more concentrated in both time and sky
area, while reduced measurement uncertainties in GW
parameters will enable better selection of KNe consis-
tent with the events.
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Filter 0 - 1 day 1 - 2 day 2 - 6 day Instruments

% c.r upper % c.r upper % c.r upper

S230518h

clear 6% 17 - - - - MASTER

u-band 2 % 19 33 % 18.5 11 % 18.5 Swift/UVOT - MeerLICHT

i-band <1% - 33 % 19 11 % 19 MeerLICHT - SWOPE

q-band - - 37 % 20 15 % 20 MeerLICHT

S240422ed

u-band 4% 19 <1% - - - Swift/UVOT

q-band 69% 19.5 80% 19.5 82% 20 MeerLICHT, BlackGEM

i-band 5% 20.5 3% 22.0 <1% - Las Cumbres, Magellan

J-band 10% 21.5 14% 21.5 - - PRIME

Table 4. Coverage % of the most up-to-date sky localization area and order of magnitude of the upper limit for S230518h
and S240422ed (only when totalling 2% or more from 0 to 6 days post T0 and per filter) using publicly reported information
using “tiling and galaxy-targeting” observations. These observations are not included in the KN analysis. GW230529, S230627c
results are not presented here as these observations cover less than 2% from 0 to 6 days post T0 and per filter. We do not
include serendipitous coverage from the follow-up of gravitational-wave candidates as they represent quasi-null coverage. Finally,
PS1, DDOTI and LAST observations are not reported while observations have been made. Coverages with less than 2% of sky
localization area are taken into the kilonova upper limit computation if available.

APPENDIX

A. NSBH GRAVITATIONAL WAVE ALERT CANDIDATES

Below, are detailed NSBH gravitational wave alerts identified by the LIGO-Virgo-Kagra collaboration tagged as
”NSBH candidates”, which motivated follow-up with electromagnetic instruments. We describe here their alert prop-
erties and the associated follow-up made by the whole community with a combination of public and refined analysis
coverage.
In Table 4, is presented the coverage % of the most up-to-date sky localization area and order of magnitude of the

upper limit for S230518h, GW230529, S230627c and S240422ed using additional public reports on each event (not
used in the main part of the article). We only include here coverages totalling 2% or more from 0 to 6 days post T0

and per filter.

A.1. S230518h GW Alert and Observational Campaign

Please find below information related to the observational campaign of S230518h.

A.1.1. GW Alert

On 2023 May 18 at 12:59:08.167 UTC (T0), the International Gravitational-wave Network (IGWN) identified a
gravitational-wave (GW) candidate event (GPS time: 1368449966.167). The GW source was detected by both LIGO
Hanford Observatory (H1), LIGO Livingston Observatory (L1). It was identified by several online searches: GstLAL
(Ewing et al. 2024), PyCBC Live (Dal Canton et al. 2021), MBTAOnline (Aubin et al. 2021) and analysis pipelines.
S230518h was publicly circulated to the astronomical community 6, less than → 50 seconds post detection and with a
measured initial False Alarm Rate of →one in 98 years. The initial classification given by the PyCBC data analysis
pipeline demonstrated a high probability of an NSBH candidate (→86%), with a likelihood of being non-astrophysical
(→10%), a BBH (→4%), or a BNS merger (<1%). The low latency alert system classified the GW alert candidate
with an extremely high potential to have a neutron star involved in the binary system (HasNS >99%) with a very
low probability of having light associated with the creation of an accretion disk post-merger, using several equation
of states of neutron stars (HasRemnant<1%). Hence it possessed a low probability of matter being present outside

6
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https://gracedb.ligo.org/superevents/S230518h
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the final compact object, using the masses and spins inferred from the signal. In addition, there was minimal support
(<1%) that one or both components were between 3 and 5 solar masses (HasMassGap) (Chaudhary et al. 2024).
The sky localization size was initially about 1002 deg2 (90% confidence), with reference to the Bayestar skymap, on
2023-05-18 at 13:26:12 UTC. The a posteriori luminosity distance was estimated to be 276 ± 79Mpc, marginalized
over the whole sky. Further analysis of the LIGO Hanford Observatory (H1) and LIGO Livingston Observatory (L1)
data around the time of the compact binary merger was conducted, with parameter estimation done using Bilby (Ligo
Scientific Collaboration et al. 2023). Approximately 8.4 days later, on 2023-05-26 at 22:09:11, the 90% credible region
covered an area of 460 deg2 and is located with a posterior distance luminosity of 204 ± 57Mpc (LIGO Scientific
Collaboration et al. 2023c).

A.1.2. Prompt searches

Neutrino—Ice-Cube neutrino observations did not find any track-like muon neutrino events in IceCube data (Aartsen
et al. 2020) (Abbasi et al. 2023), in a time range of 1000 seconds around the alert event time, and within the preliminary
sky localization area (IceCube Collaboration 2023a). Assuming an E↓2 spectrum (E2 dN/dE), upper limits were given
from 0.03 to 1.1 GeV cm↓2. Additional searches for track-like muon neutrino events were conducted in a time range
of -0.1 day, +14 days from the alert event time. A p-value of 0.73 was reported, consistent with no significant excess
of track events, and with an upper limit from 0.03 to 1.2 GeV cm↓2 (IceCube Collaboration 2023b).

HEN, Gamma-rays, and X-rays—INTEGRAL/SPI-ACS did not find gamma-ray signal within ± 300 s around the GW
trigger time, and provided a 3-sigma upper limit on the 75-2000 keV fluence of 3.8↓10↓7 erg/cm2, in a region that
covers 50% of the bayestar sky localization (Savchenko et al. 2023b). Konus-Wind (KW) also observed the whole sky
localization area of S230518h and found no significant (>5ϑ) excess over the background in 2 hours before and after
T0 and provided an upper limit of 7.6 ↓ 10↓7 erg/cm2 for a 3 s integration period in 20 - 1500 keV (Zhu et al. 2021).
Moreover, no CALET Gamma-ray Burst Monitor (CGBM) onboard trigger occurred around T0 and prior or after 60s,
and very limited overlap with the sky localization area (Yoshida et al. 2023). Glowbug observatory (Grove et al. 2020)
observed less than < 1 % of the sky localization area ± 30 s around T0, and reported an upper limit of 10↓6 erg/cm2/s
in the 50-2000 keV. In addition, AGILE/MCAL found no significant event candidates within a time interval covering
± 2 sec from T0 and obtained a 2 sigma upper limits, in the 0.4-1 MeV energy range, of the order of 10↓8 erg/cm2

for a 300 s integration time (Verrecchia et al. 2023). Similarly, AstroSat CZTI reported an upper limit of gamma-ray
signal within 1000s post-GW trigger, in 8.25↓10↓6 ergs/cm2 in 20 - 200 keV using a 10 s time window search. In
complement, Fermi-GBM did not detect any gamma-ray signal within a 30 s time window, and provide an upper limit
at 3-sigma at 10↓7 erg/s/cm2 in the 1 keV - 10 MeV (Waratkar et al. 2023b).

Optical—TESS imaged 25% of the sky localization area promptly to 11h post T0 every 200s and reported an upper
limit of 16 mag in the 600-1000 nm wavelength range (Jayaraman et al. 2023).

A.1.3. Tiling

X-rays—MAXI/GSC imaged 70 % of the bayestar sky localization from 0.4h to 1.3h post-GW trigger in 2-20 keV and
did not find any significant X-ray detection brighter than 20 mCrab (Serino et al. 2023). Similarly, Swift/XRT also
carried out 60 observations for a total of 6.0 deg2 coverage on the sky, e.g 2% of updated GW sky localization and
reported 8 X-ray sources candidates (Evans et al. 2023). Among them, two are not referenced in X-ray catalogs, and
four are cataloged, such very unlikely to be associated with the GW trigger, due to prior detections before the GW
signal.

Optical—Tiling observations were conducted by MASTER-Net (around 6% of the Bilby skymap covered in clear),
GECKO (37% of the Bilby skymap in the R band by KMTNet and additional 11% in r-band by RASA36), Meerlicht
(37%, 33%, 33% of the Bilby skymap covered in q, u, i-bands, respectively), Swift/UVOT (2% of the Bilby skymap),
ATLAS (69% and 71 % of the Bilby skymap covered in the o and c-band), Swope (1% of the bilby skymap covered
in the i-band). The total coverage of the Bilby S230518h skymap was 25% in TESS filter, 37% in q↑band, 34% in
u↑band, 37% in R↑band, 69% in o↑band, 71% in c↑band, 33% in i↑band and 6% with no filter.
In space, Swift/UVOT observed 2% of the bilby skymap from 0.1 to 0.4 day post T0 in u-band. On the ground,

Master trigger follow-up observations 3h post-GW trigger time, and cover 6% of the GW sky localization of Bilby in
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24 hours at sensitivity around 17 mag7. About one hour later, the GECKO telescopes observed from 4.5 hrs up to 1.2
days after T0 ((37% of the Bilby skymap in the R band by KMTNet and additional 11% in r-band by RASA36, the
latter not being reported here), with an upper limit of 22 mag in R band (Paek et al. 2023a; Paek et al. 2025, ApJ, in
press): they did not report any GW candidate counterpart. A few hours later, ATLAS observed 44% of the bilby sky
localization (from 9.4 to 10.1 h after T0) with an upper limit in o-band around 17.5 to 18.5 mag. ATLAS team did
not report any significant new transient in their field (Fulton et al. 2023). At the same time, the Swope 1-m telescope
triggered 10 h after T0 and covered in 1h about 1 % of the sky localization area in i-band, with a depth of the order of
21.3. Swope reported three candidate counterparts: SSS23a (i-mag:20.9+/-0.2), SSS23b (i-mag:21.1+/-0.2), SSS23c
(i-mag:20.1+/-0.2) (Coulter et al. 2023). Finally, Meerlicht observed from 1.15 to 2.2 days post T0 in q, u, i-band
reported in Wyatt et al. (2020).

A.1.4. Galaxy-targeting

GECKO’s Lee Sang Gak Telescope (Im et al. 2015) performed galaxy-target observations of 12 host galaxy candidates
to depths of 19.0 to 20.8 in r-band and publicly reported the candidates seven hours after the merger (Cook et al.
2023a), but no transients were found around these galaxies (Paek et al. 2025).

A.1.5. Candidates

Swift X-ray candidates—The Australia Telescope Compact Array (ATCA) telescope conducted radio observations on
the X-ray source S230518hX8 on 2023-05-20 with 2x2048 MHz bands centered on 5.5 and 9 GHz and found a radio
source consistent with the candidate with flux densities of →350 uJy and →500 uJy at 5.5 GHz and 9 GHz. This source
was also detected by the Rapid ASKAP Continuum Survey in observations on 2019-08-03, suggesting it is unrelated
to S230518h (Dobie et al. 2023).

Swope candidates—TESS observed 11 h after T0 the candidates and obtained an upper limit of 16 on average in 600
cm - 1000 nm (Jayaraman et al. 2023). Similarly, Swift/UVOT observations of the candidates SSS23a, SSS23b, and
SSS23c began 1.5 days after T0(Oates et al. 2023), and led to the non-detection in the UVOT photometric system and
provide upper limit the m2 filter of 20.2, 20.1, and 19.6 mag for SSS23a, SSS23b, and SSS23c respectively.

MeerLicht candidates—Swift/UVOT imaged AT2023ixg and AT2023iyb, 73 hours after T0, did not find any bright
flux in the UV band and report 3-ϑ upper limits in w2 >20.4 mag for AT2023ixg and w2 >20.7 mag for AT2023iyb
(Breeveld et al. 2023). Similarly, TESS images of the candidate, did not find any optical significant excess at 18 mag
in average or brighter (Jayaraman et al. 2023). Finally, ATCA reported an upper limit (3-ϑ) ranging from 90-120 uJy
at 5.5 GHz and 50-90 uJy at 9 GHz for Swope candidates (Dobie et al. 2023).

A.2. GW230529 (initially named S230529ay) GW Alert and Observational Campaign

Please find below information related to the observational campaign of GW230529.

A.2.1. GW Alert

On 2023 May 29 at 18:15:00.7 UTC the international Gravitational-wave network (IGWN) identified a gravitational-
wave candidate (gps time: 1369419318.746) (Abac et al. 2024). The GW source was detected by multiple pipelines
with a false alarm rate of less than one per thousand years and circulated to the public 15 seconds post T0. The
last localization had a 90% credible area of 24 100deg2 due to only being observed by a single detector (L1) and the
posteriori luminosity distance of 201+102

↓96 Mpc. GW230529 is the source of interest because the estimated primary
mass is about 3.6 solar mass (sub-solar BH?), the secondary mass is between 1.2 and 2.0 solar mass (NS regime). The
nature of this event (NSBH, or BNS) is extensively discussed in Abac et al. (2024).

A.2.2. Prompt searches

Neutrino followup—IceCube looked for track-like muon neutrino events with a sky localization consistent with GW
sky localization area between -0.1 days and +14 days from the alert event time. IceCube reported a p-value of 0.38,
consistent with no significant excess of track events, and with an upper limit from 0.03 to 1.2 GeV cm↓2 (IceCube
Collaboration 2023c).

7
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HEN, Gamma-rays, and X-rays—No CALET Gamma-ray Burst Monitor (CGBM) onboard trigger in the 10 - 100 GeV
occurred around T0 and prior or after 60s in the overwrap region with the LVK high probability localization region :
the upper limit is 1.2↓10↓5 erg/cm2

/s in the 20 c.r region (Sugita et al. 2023a). INTEGRAL/SPI-ACS did not find
gamma-ray signal within ± 300 s around the GW trigger time, and provided a 3-sigma upper limit on the 75-2000 keV
fluence of 3.4↓10↓7 erg/cm2, in a region that covers 50% of the bayestar sky localization (Savchenko et al. 2023a).
Moreover, In addition, AGILE/MCAL found no significant event candidates within a time interval covering ± 15 sec
from T0, and within 60 % of the 90 % LVK skymap and obtained a 2 sigma upper limits, in the 0.4-1 MeV energy range,
of the order of 10↓6 erg/cm2 for a 300 s integration time (Longo et al. 2023). Similarly, AstroSat CZTI reported an
upper limit of gamma-ray signal from T0+1001 to T0+5139 seconds, in e-06 ergs/cm2 in 20 - 200 keV using 10 s time
window search over the full sky (Waratkar et al. 2023a). In complement, Fermi-GBM did not detect any gamma-ray
signal with a 30 s time window, and provide an upper limit at 3-sigma at 10↓7 erg/s/cm2 in the 1 keV - 10 MeV
(Ronchini et al. 2024) in 100 % of the sky localization. Finally, the Swift Burst Alert Telescope (BAT) observed 97.4%
of the localization probability at the time of the merger and found no evidence of a signal was found during this search
(Ronchini et al. 2024). In the joint search BAT+GBM, Ronchini et al. (2024) excludes with 90 % of confidence, the
presence of a a top–hat jet structure and on-axis with an isotropic luminosity above 10E48 erg.s-1, in 1 keV–10 MeV.

A.2.3. Tiling

X-rays—MAXI observed 90 min (up to 1.4h) after T0 90 % of the 90 % c.r localization of the bilby skypmap and did
not detect any significant X-ray counterpart at the level of 20 mCrab in the 2 - 20 keV (Sugita et al. 2023b).

Optical followup—Due to the large size of the sky localization, the event was poorly followed-up in the optical band. The
total coverage of the Bilby GW230529 skymap was 16% in g↑band, 12% in r↑band, 24% in o↑band, 5% in i↑band;
L-band 14%, and <1% with no filter. The SAGUARO program performed unfiltered serendipitous observations of
1.4% of the Bilby skymap using the 1.5m Catalina Sky Survey (CSS) telescope, from 9.5h to 2.6 days after T0, median
limiting magnitudes around 20 (Hosseinzadeh et al. 2024b) in G-band. Followed by MASTER-Net that conducted
observations between 9.84h to 6 days after T0, with an upper limit up from 17 to 20 mag without filter and covered
less than 1% of the skymap during the first 24h (Lipunov et al. 2023a). ATLAS covered 24% of the bilby skymap
in o-band considering observations from 0 to 6 days. GOTO covered 14% of the bilby skymap in L-band from 0.18
days to 6 days. Finally, ZTF obtained images in the g, r, i, bands about 10 hours up to 6 days after the event
time, covering 16 %, 12% and 5% in g, r,i of sky localization area, with a median limiting magnitudes were g,r = 21
and;i=20. One candidate was found, AT2023jtt (Karambelkar 2023), inside the 95% error region, with an upper limit
up to 20.49±0.23 in r-band. Five other optical candidates were investigated by the ZTF but rejected (Ahumada et al.
2024).

A.2.4. Galaxy Targeting

No public follow-up using galaxy targeting was published for this event.

A.2.5. Candidates

ZTF23aamnpce/2023jtt—– ZTF23aamnpce/AT2023jtt did not received additional observation (unless PS1, see TNS).
Since, it is 0.5” from a galaxy with a photometric redshift of 0.22+/-0.06, suggesting it is probably not associated with
the GW230529.

A.3. S230627c

Please find below information related to the observational campaign of S230627c.

A.3.1. GW Alert

On 2023 June 27 at 01:53:37.819 UTC, the International Gravitational-wave Network (IGWN) identified a
gravitational-wave (GW) candidate event (gps time:1371866035.819) (LIGO Scientific Collaboration et al. 2023b).
The GW source was detected by both LIGO Hanford Observatory and LIGO Livingston Observatory. It was iden-
tified by several online searches: CWB (Klimenko et al. 2016), MBTA (Aubin et al. 2021), GstLAL (Ewing et al.
2024), oLIB (Lynch et al. 2017), PyCBC Live (Dal Canton et al. 2021), and SPIIR (Chu et al. 2022) analysis pipelines.
S230627c was publicly circulated to the astronomical community8, less than 50 seconds post-detection and with a

8
https://gracedb.ligo.org/superevents/S230627c

https://www.wis-tns.org/object/2023jtt
https://gracedb.ligo.org/superevents/S230627c
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measured initial False Alarm rate of one per →100 years. The event was first classified as BBH (>99%) and NSBH
around 0.7% by the GstLAL data analysis pipeline, whereas PyCBC Live demonstrated a probability of a Neutron
Star-Black Hole candidate of (49%), Black Hole-Black Hole candidate of (48%) with a relatively small likelihood of
being non-astrophysical (3%), or a Binary Neutron Star Merger (<1%) (Tsukada et al. 2023; Kapadia et al. 2020).
The low latency alert system classified the GW alert candidate as having relatively low potential to have a neutron
star involved in the binary system (HasNS <1%) as well as light associated with the creation of an accretion disk
post-merger, using several equation of states of neutron stars (HasRemnant <1%) (Chatterjee et al. 2020; Chaudhary
et al. 2024). Hence it possessed a low probability of matter being present outside the final compact object, using the
masses and spins inferred from the signal. In addition, there was some support (14%) that one or both components
were between 3 and 5 solar masses (HasMassGap) (Chaudhary et al. 2024). The refined 90% credible region is well fit
by an elongated ellipse with an area of 82 deg2 and is located (if astrophysical) with a posterior distance luminosity
of 291 ± 64Mpc.

A.3.2. Prompt searches

HEN, Gamma-rays, and X-rays—Fermi-GBM did not detect any gamma-ray signal with a 30 s time window, and
provided an upper limit at 3-sigma at 1.10↓7 erg/s/cm2 in the 1 keV - 10 MeV, and in a 1s time window (Dalessi
& Fermi-GBM Team 2023). Moreover, Swift/BAT was observing 99.2% of the GW localization probability using the
Bilby skymap at merger time, with the entirety of the GW 90% credible region contained inside the coded FoV. After
a search for emission on 8 timescales from 0.128s to 16.384s in the interval [-20,+20] seconds around the merger time,
no evidence for a signal was found with a 5-sigma upper limit at 3.6↓8 erg/s/cm2 in the 15 - 350 keV, and in a 1s time
window(Raman et al. 2023).

X-ray followup—X-ray observations (2-20 keV) were conducted by MAXI/GSC, which covered 64% of the 90% credible
region of the Bayestar sky map from T0+0 to T0+1.5h, and which did not find any detection at 1-ϑ averaged upper
limit with a level of 140 mCrab at 2-20 keV (Kawai et al. 2023).

A.3.3. Galaxy-targeting

Cook et al. (2023b) reported, seven hours post-detection, a list of promising host galaxy candidates for the event. The
GRANDMA network conducted a search of at least 45/1858 compatibles galaxies within the Bilby skymap, focusing
on galaxies within the distance range 0.69–0.84 from T0 (Lamoureux et al. 2023). This e!ort involved galaxy-targeted
observations of the LVK event using multiple telescopes, including the Abastumani-T70, UBAI-AZT-22, UBAI-NT60,
UBAI-ST60, OST-CDK, NOWT, and OPD-60cm. The target galaxies were selected from the MANGROVE catalog
(Ducoin et al. 2020), based on compatibility within a 3ϑ distance range consistent with the GW event. Despite this
targeted approach, no significant candidates were detected.
The GRANDMA galaxy-targeted observations overlaid on the S230627c skymap, covered an area of less than 4% of

the Bilby localization region. In addition, the LOAO and KHAO telescopes from the GECKO network (Paek et al.
2023b) observed the seven highest-ranking host galaxy candidates identified from the GLADE+ catalog (Dálya et al.
2022), beginning 0.11 days post-T0.

A.3.4. Tiling

Optical followup—The total coverage of the S230627c Bilby skymap from 0 to 6 days was <1% in clear (median 15.7
mag), 88% in g↑band (median 21.0 mag), 88% in r↑band (median 21.0 mag), 8% in R↑band (median 19.7 mag),
28.4% in o↑band (median 18.4 mag) and 93% in L↑ band (median 19 mag). Among the earliest observations of the
GW localization region were those by the Zwicky Transient Facility (ZTF), utilizing the Palomar 48-inch telescope
equipped with the 47 square-degree ZTF camera. ZTF acquired images in the g- and r-bands within the Bilby skymap,
starting approximately 2.2 hours after the LVK trigger. This coverage spanned 88.4% of the probability enclosed in
the localization region, based on the Bilby skymap9. ZTF initially reported four candidates (details to follow) and, in
an o#ine analysis, identified a complete list of nine candidates, none of which showed significant evidence of interest
(Ahumada et al. 2024). Further, optical follow-up was conducted by GECKO with the Chungbuk National University
Observatory (CBNU) optical telescope (Im et al. 2021), where one tile, representing the highest probability region,

9
This coverage slightly di!ers from the reported 72% of the 90%

credible region (Ahumada et al. 2024).
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ZTF Name IAU Name RA (deg) DEC (deg) Filter Mag Mag Err Description

ZTF23aaptsuy AT2023lxu 160.20196 +41.96817 r’ 20.20 0.08 2.7” away from WISEA

J104048.69+415805.3 with a
spectroscopic z=0.092961 (luminosity
distance of 440Mpc), which is at the edge
of the 3-ϖ boundary of the LVK line of
sight distance estimate.

ZTF23aapttaw AT2023lxt 164.68981 +60.95459 r’ 21.11 0.20 0.236” away from an LS source with a
photo-z =0.254± 0.12, outside of the
LVK volume

ZTF23aaptudb AT2023lxs 166.55661 +78.55964 r’ 20.86 0.16 0.07” away from a galaxy that has a
Legacy Survey DR8 (LS; Duncan, 2022)
photo-z =0.118± 0.07, suggesting lack of
association with the LVK trigger.

ZTF23aaptusa AT2023lxx 162.04457 +71.84141 g’ 20.89 0.19 0.75” away from a galaxy with an LS
photo-z =0.175± 0.044, suggesting lack of
association with the LVK trigger. The
centroid position showed a slight
dispersion in the three detections.

Table 5. ZTF candidates to S230627c.

was observed on 2023-06-27T12:21:49 (0.44 days post-T0) (Paek et al. 2023b), reaching a median depth of 20.7 mag
in the Johnson-R filter. Additionally, MASTER reported observations in clear band with a limiting magnitude of 15,
achieving less than 1% of the sky localization area, starting observations 0.18 days post-T0 (Lipunov et al. 2023b).
GOTO covered 93% of the bilby skymap in L-band post T0 to 6 days. Finally, ATLAS commenced observations one
day post-T0, extending to six days post-T0, covering 28.5% of the Bilby sky localization area.

A.3.5. Candidates

Four sources met the ZTF criteria and were located within the 95% error region, as detailed in Table ?? of the online
analysis. These sources were subsequently observed by the community. A second epoch of ZTF observations revealed
a flat evolution, e!ectively ruling them out as viable candidates for counterparts.
.

A.4. Low-significance candidate S240422ed

Please find below information related to the observational campaign of S240422ed.

A.4.1. GW Alert

On April 22, 2024, at 21:35:13.417 UTC, the International Gravitational-wave Network (IGWN) identified a
gravitational-wave candidate event (gps time: 1397856931.42) (LIGO Scientific Collaboration et al. 2024a). The
GW source was detected by both LIGO Hanford Observatory (H1), LIGO Livingston Observatory (L1), and Virgo
Observatory (V1), which contributed to the localization. It was identified by several online searches: GstLAL (Ew-
ing et al. 2024) and PyCBC Live (Dal Canton et al. 2021) analysis pipelines. MBTA Online and CWB were online
but did not find triggers above the public threshold10. S240422ed was first publicly distributed to the astronomical
community 11, less than → 50 seconds post detection and with a measured initial False Alarm rate of FAR = one per
105 years. The initial classification given by GstLAL demonstrated a high probability of an NSBH candidate (> 99%)
(Tsukada et al. 2023; Kapadia et al. 2020), and with a great potential to have light associated with the creation of an
accretion disk post-merger, using several equation of states of neutron stars (HasRemnant > 99%) (Chatterjee et al.
2020; Chaudhary et al. 2024). The most updated sky localization area of the 90 % credible region was 259 deg2 and its
distance of 188 ± 43 Mpc. However, LVK also reported noise transients in both LIGO Livingston and LIGO Hanford
detectors data within 10 seconds of the event time, which may impact the measurement of the FAR. Two months

10
https://emfollow.docs.ligo.org/userguide/

11
https://gracedb.ligo.org/superevents/S240422ed

https://gracedb.ligo.org/superevents/S240422ed
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later, S240422ed was classified as low significant (below the public threshold) with a revised False Alarm Rate by one
in thirty-five days and with a refined classification of being non-Astrophysical (93%) (LIGO Scientific Collaboration
et al. 2024c). If Astrophysical, the classification tends to be more a BNS merger than an NSBH. Further investigation
with o#ine analysis will help to understand the nature of this event.

A.4.2. Prompt searches

Neutrinos—Ice-Cube neutrino observations did not find any track-like muon neutrino events in IceCube data, in a time
range of -0.1 day, +14 days from the alert event time. A p-value of 0.41 was reported, consistent with no significant
excess of track events, and with an upper limit from 0.014 to 0.57 GeV cm

↓2 (IceCube Collaboration 2024).

HEN, Gamma-rays, and X-rays—Fermi-GBM observed 100% of the bilby localization probability at the event time,
however, there was no onboard trigger +/- 30 s around T0, with a 3-sigma flux upper limits over 10-1000 keV of
10↓7 erg/s/cm2 (Roberts & Fermi-GBM Team 2024). AstroSat-CZTI also did not find any evidence of hard X-ray
transients in the 20–200 keV energy range during a 100-second window around the trigger time and provided upper
limits in e-07 erg/cm2 using 10 s time window search (Waratkar et al. 2024). Similarly, INTEGRAL/SPI-ACS did
not find a gamma-ray signal within ± 300 s around the GW trigger time and estimated a 3-sigma upper limit on
the 75-2000 keV fluence of 1.9e-07 erg/cm2 within the 50% probability containment region of the source localization
(Savchenko et al. 2024). GECAM-C monitored the full localization region and no candidates were found to 3-sigma
upper limits of the GRB energy flux in 10 keV-2000 keV, in of 10↓7 erg/s/cm2 (Tan et al. 2024). GRID searched for
GRB candidates in a 50-sec window around the trigger time and did not find any GRB transients, to a 3 sigma flux
upper limits over 10-1000 keV, weighted by GW localization probability in 10↓7 erg/s/cm2 (Wang et al. 2024).

A.4.3. Tiling

Gamma-rays—HAWC collaboration searched the 95% probability containment area from T0-5dt to T0+10dt, and no
significant gamma-ray detection above the background was observed (HAWC Collaboration 2024).

X-rays—MAXI/GSC covered 100% of the 90% credible region of the bayestar skymap from (T0+0.9h to T0+1.0
h) and did not find any significant X-ray detection in the one-orbit scan observation with a typical 1-sigma upper
limit of 20 mCrab at 2-20 keV (Kawai et al. 2024). Swift-XRT observed the LVC error region from 10-90 ks after
the trigger, covering 10.1 deg2 of the sky (e.g 6% of the sky credible region of the bilby skymap), and identified 3
rank 2 candidate counterpart sources (Evans et al. 2024). These sources were followed up greatly by the community.
EP-WXT covered 90 deg2 of the 90% credible region of the updated LVK sky localization 830 s before the trigger
time and no significant X-ray counterpart was detected with flux upper limits in 0.5-4 keV at the 90% confidence level
(Zhang et al. 2024). EP-FXT reported then the detection of a possible X-ray counterpart candidate, EP240426a,with
an absorption-corrected flux in 0.5-10 keV of 9.2 x 10 ↓13 erg/s/cm2 (Sun et al. 2024).

Optical—The total coverage of the S240422ed Bilby skymap from 0 to 6 days was <1% in B↑band (median 20.5 mag),
84%, in g↑band (median 19.5 mag), 88% in q↑band (median 19.7 mag), 92% in r↑band (median 23.1 mag), 81% in
R↑band (median 16.7 mag), 99% in o↑band (median 18.7 mag), 23% in i↑band (median 22 mag), 4% in I↑band
(median 16.8 mag), 83% in z↑band (median 22.6 mag), 29% in J↑band (median 16.5 mag), 97% in L-band (median
mag 19.5), 19% in G-band (19.5 median mag) and <1% with no filter.
In details12, MASTER-Net conducted observations between 2 min to 1 day after T0, with an upper limit around 17

mag without filter (Lipunov et al. 2024). MeerLICHT observed promptly post T0 and BlackGEM started observations
about 1h and half post T0: they covered respectively 84% of the bilby skymap in q-band from 0 to 6 days in 19.5
upper limit and 85 % from 0 to 6 days in 19.8 (Groot et al. 2024). GOTO observed directly after T0 up to 6 days in
L-band with an upper limit of 19.5, and cover 97% of the bilby skymap (Ackley et al. 2024). ATLAS observed 99.5%
of the bilby skymap in o-band from 0.8h to 6 days (Srivastav et al. 2024). DECam observed around 84.3% of the bilby
skymap in r-band with an median upper limit of 23.1 mag, 83.2% of the bilby skymap in z-band with an upper limit
of 22.6 mag from 2h post T0 to 6 days (Palmese et al. 2024) and reported various candidates (Hu et al. 2024). DDOTI
observed around 42% of the Bayestar skymap in w-band with an median upper limit of 19 mag (Becerra et al. 2024).
GRANDMA conducted tiled observations of the 11.7% credible area utilizing the FRAM-Auger telescope, from 2.5h

12
Note that all percentages of the credible sky localization area

have been calculated from this original work.
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post T0 in 2 hours with no filter and with an upper limit of 16.7 (Andrade et al. 2024). WINTER imaged 15.7% of
the Bilby sky area in J-band (in 16.5 mag upper limit with 5 sigma), started 5.5h post T0 for 2.5h (Karambelkar et al.
2024). KMTNet of GECKO observed 3h post T0 to 6 days maximum and covers 78% of the sky localization area in
R-band with a magnitude of 21.5 (Jeong et al. 2024). ZTF obtained images in the g, r, i, bands about 6 hours up
to 6 days after the event time, covering 84 % , 83% and 17 % in g, r, i-bands of sky localization area, with a median
limiting magnitudes were g, r, i ↘ 20 (this work, (Ahumada et al. 2024)). Magellan took observations in i-band from
few hours to 6 days with a median of 22 mag as upper limit and reported one candidate (Piro et al. 2024b,a). PS1
took data 8h post T0 and during 2h and the night after, and covered a sky region totalling 66% of the sky localization
area in i, z-bands with respective depth of 20 mag in i and 19.6 in z the first night and of 20.5 mag in i and 20.5 in
z the first night (Smith et al. 2024a,b). LAST collaboration reported a total coverage of the sky localization area of
70 % without filter with an upper limit of 18.5 (Konno et al. 2024). SAGUARO/CSS observed about 5 hours post T0

19.2% of the sky localization area with an upper limit of 19.5 (Gaia G) (Hosseinzadeh et al. 2024b). Finally PRIME
started observation on 2023-04-23 17:01 with an upper limit of 21.5 in J-band and totalizing 21% credible region of
the bilby skymap.

A.4.4. Tiling

A.4.5. Galaxy Targeting

Cook et al. (2023a) reported, 15 min post-detection, a list of promising about 4000 host galaxy candidates for the
event (in the first skymap) and around 1500 host galaxy in the LVK S240422ed-4-Update sky localization (Cook et al.
2024). GRANDMA conducted a search of at least 45/2245 galaxies compatibles with the Bilby skymap (Lamoureux
et al. 2023) using ASTEP, LesMakes-T60, KAO, TRT in Thailand, and amateurs telescopes from Kilonova-catcher
(KNC-BBO,KNC-T30) (Ducoin et al. 2024). Kumar et al. (2024) also searched for counterpart located in galaxies
coincident with the 3D localization and found two optical counterpart candidates but finally rejected. Subaru/MOIRCS
conducted near-infrared imaging observations of 105 galaxies contained in the bayestar localization area in Y and Ks

(Morokuma et al. 2024a,b). Finally, Las Cumbres Observatory targeted potential host galaxies in a total of 17 deg2

(Pellegrino et al. 2024).

A.4.6. Candidate Follow-up

Overall, among the several candidate counterparts detected, approximately 46 were identified preliminarily. The
optical counterparts, detected by DECam (28 candidates), GECKO (10 candidates), and Mallegan (3 candidates)
instruments, characterized by faint magnitudes ranging from 19 to 21 (AB), were accompanied by limited photometric
data.
X-ray follow-up investigations were conducted by, MAXI/GSC, Swift/XRT, EP-WXT, and EP-FXT. A rigorous

vetting process was conducted involving numerous observations to estimate redshifts and analyze archival surveys for
photometric activity preceding the merger event. For instance, SAGUARO performed a detailed vetting analysis of
DECam candidates (Rastinejad et al. 2024), and several teams vetted S240422ed’s candidate counterparts in the optical
band including WINTER, DECaPSs2, NOT, GRANDMA, GECKO, BLACKGEM, MeerLICHT, ENGRAVE/VLT,
MOSFIRE, ANU 2.3m, 2.5m PRL Telescope, GOTO, BOOTES-4/MET, Swope, DDOTI, DBSP, GMOS-S, P200,
and analysis of archival data in radio. Despite these extensive analyses no confirmed counterpart was identified or
conclusively linked to S240422ed. Table 6 outlines all the candidate counterparts to S240422ed.
In Table 6 below, are reported all transients: the text is extracted from all GCN reports related S240422ed.

Candidate GCNs Discovery
Date

Findings and Comments

Optical-band

AT 2024hdr 3 2024-04-22
23:42:30.196

ATLAS forced photometry detections extending over 200 days before the GW event
examined. Host galaxy z=0.0416 based on weak emission line features. Considering the
characteristics of nuclear transients and ruling out their association with the GW event:
the candidate is not a GW counterpart. Not GW Counterpart

AT 2024hdo 5 2024-04-22
23:48:39.928

Associated (Pcc = 0.002) with host galaxy WISEJ080327.75-260039.2 from GLADE at
z=0.09± 0.02 (D=↓404 Mpc). Inconsistent host galaxy photometric redshift with distance
inferred from the GW event. The spectrum revealed strong emission lines at z=0.0658 and
broad P-Cygni H-alpha emission consistent with Type II SN at the same z. Unlikely GW
association
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AT 2024hdq 3 2024-04-22
23:50:15.764

Nuclear transient. ZTF detections indicated periodic behavior since 2022. Not GW
Counterpart

AT 2024hfj 1 2024-04-22
23:51:46.851

One candidate host is situated within 1 arcmin: WISEA J075010.62-261059.0. Source was
not fast fading (>0.2 mag/day) and did not exhibit significant color evolution. Likely
unrelated to the GW event

AT 2024hdp 3 2024-04-22
23:53:19.570

Associated (Pcc = 0.001) with the host galaxy WISEJ080210.31-271529.7 from GLADE at z
= 0.09± 0.02 (D=↓411 Mpc). ATLAS forced photometry detections were recorded ↓3-18
days before the GW event. Unlikely GW Association

AT 2024hdw 1 2024-04-23
00:09:22.464

Two candidate hosts situated to the north within 1 arcmin: WISEA+J080141.03-292637.1
and WISEA+J080142.38-292621.8. Source was not fast fading (>0.2 mag/day) and did not
exhibit significant color evolution. Likely unrelated to the GW event

AT 2024hdk 2 2024-04-23
00:52:49.715

Three marginal (↓ ϖ) ATLAS forced photometry detections observed ↓3-5 days before the
GW event, which ruled the candidate unrelated to the GW event alongside color and
spectroscopic information. Unrelated to S240422ed.

AT 2024hel 1 2024-04-23
00:59:08.448

Candidate host is identified at a small o!set: WISEA J083612.37-164424.5. Source was not
fast fading (>0.2 mag/day) and did not exhibit significant color evolution. Likely unrelated
to the GW event.

AT 2024hfr 3 2024-04-23
01:06:53.381

Source located within 0.3 arcsec from the object WISEA J084103.91-183532.4. Galaxy
2MASS photometric z=0.049. No indication of a fast (superior at 0.3 mag/day) rise/fade
in its light curve based on preliminary photometry. Likely not associated with GW event.

AT 2024hek 1 2024-04-23
01:23:00.960

Candidate host is identified at a small o!set, known as WISEA J082713.16-201301.5.
Source was not fast fading (>0.2 mag/day) and did not exhibit significant color evolution.
Likely unrelated to the GW event.

AT 2024hdn 5 2024-04-23
01:23:01.223

Color ((r-J)corr ↓0.15± 0.1 mag and five ATLAS forced photometry detections 4-24 days
before the GW event, indicated an unrelated status to the GW event. The 2D spectrum
showed two emission lines at ↓10161 and ↓10679 Å, observed to originate from a star
formation knot or background galaxy, north of the candidate host. Not GW Counterpart.

AT 2024hdm 4 2024-04-23
01:23:01.223

Color ((r-J)corr↓0.15± 0.1 mag) and marginal (¡5ϖ) ATLAS forced photometry detections
recorded ˜2 months - 4 days before the GW event indicate an unrelated status to the GW.
The candidate was found to be close to a galaxy with photometric z=↓0.048 (suggests abs.
mag.(Mr)= -16 at the time of discovery. Candidate detected with an apparent mag.(mJ)=
20.4± 0.1. Observations suggest consistency of transient with SN event. Disfavored as GW
counterpart.

AT 2024hfs 3 2024-04-23
01:23:01.223

No indication of a fast (> 0.3 mag/day) rise/fade in its light curve based on preliminary
photometry. Likely unrelated to the GW event.

AT 2024hit 1 2024-04-23
01:32:17.953

Transient was not recovered after subtracting VISTA reference images. Spectrum obtained
with DBSP between 3800-9000Åmatches that of an S0 galaxy at z=0.060± 0.003,(z is ↓3-ϖ)
away from the GW mean distance). Possible spurious detections were observed in DECam

images at the location of AT2024hit. Hence, it is likely AT2024hit is unrelated to
S240422ed. Not GW Counterpart.

AT 2024hfo 2 2024-04-23
03:02:10.736

ATLAS forced photometry pre-detections observed with (SNR↓10-100). No ZTF forced
photometry pre-detections in the last 12 months. Lightcurve appears flat and source is
o!set from its host galaxy. No available redshift information. Disfavored as GW
counterpart.

AT 2024hdl 6 2024-04-23
03:26:35.635

Marginal (↓4-ϖ) ATLAS forced photometry detection recorded ↓4 days before the GW
event. Multiple ATLAS forced photometry pre-detections found at the source location (SNR
↓4-120). No ZTF forced photometry pre-detections in the last 12 months. The source is
estimated to have an abs. mag.=↓-17.3 mag in the DECam z-band using NED photometric
z=0.0552 (D=255 Mpc). Host galaxy z=0.0416. A weak source was visible near AT2024hdl,
with a host z=0.0659 based on AGN features. The light curve appears flat. Disfavored as
GW counterpart. Ruled out by the ZTF based on ATLAS force photometry.

AT 2024hiw 1 2024-04-24
00:10:30.996

Source is positioned 2.3 arcsec away from a galaxy.

AT 2024hiu 1 2024-04-24
01:01:31.429

Source located 3.8 arcsec away from a galaxy. Based on Gaia DR3 data and visual
inspection: the source is presumed to be either a star superimposed on top of the galaxy or
located very close to it. Check GCN 36351
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AT 2024hfq 2 2024-04-24
00:22:27.689

Source located within 0.4 arcsec of the galaxy WISEA J082508.82-244345.9. Does not
show a fast (>0.3 mag/day) rise or fade in its light curve from preliminary photometry.
Likely not associated with GW event.

AT 2024hga 2 2024-04-24
05:51:11.232

Multiple ATLAS forced photometry pre-detections identified at source location (SNR↓5-60).
No ZTF forced photometry pre-detections in the last 12 months. The source appears to be
located in the nucleus, with a flat light curve. No photometric z information is available.
Color index (i-z)=↓0, indicating little variation between these wavelengths. Disfavored as
GW counterpart.

AT 2024hgb 2 2024-04-24
05:54:56.736

Multiple ATLAS forced photometry pre-detections identified at source location (SNR↓4-50).
No ZTF forced photometry pre-detections in the last six months. The source is estimated to
have an abs. mag.=-19.8 in z-band using a NED photometric z=0.099940 (D=475 Mpc).
Disfavored as GW counterpart.

AT 2024hft 2 2024-04-24
05:59:38.400

Multiple ATLAS forced Photometry pre-detections noted (SNR↓4-9). Abs. mag.=↓ -18.9
mag in z-band using NED photometric z=0.091 (D=430 Mpc). No ZTF forced photometry
pre-detections in the last 12 months. Source located within 0.4 arcsec of the galaxy WISEA

J082508.82-244345.9. Disfavored as GW counterpart.

AT 2024hfu 3 2024-04-24
06:03:25.632

Source is o!set from its host galaxy, with a NED photometric z=0.092748. Detected as
ZTF24aakvqha, with approximated abs. mag.=-18 in the r-band, using the same NED

photometric z. Lack of evolution observed in the r-band. The host galaxy z=0.126.
Disfavored as GW counterpart.

AT 2024hgc 2 2024-04-24
06:06:15.840

ATLAS forced photometry pre-detections observed (SNR↓10-50). No ZTF forced photometry
pre-detections in the last 12 months. The source is located on the host galaxy, but no
photometric z information is available. The light curve appears flat. Disfavored as GW
counterpart.

AT 2024hfx 5 2024-04-24
06:28:18.624

Presence of a single clear archival detection at the position of AT2024hfx in ZTF on April
19, 2021, labeled as ’bogus’ in the ZTF Stamp Classifier, coincided with the position of
AT2024hfx. Multiple forced photometry detections were made by ATLAS and ZTF. PS1 STRM

classified AT2024hfx as a QSO. Consistent with a CV/dwarf nova event considering its
rising lightcurve, faint host, and i-z color close to 0. Disfavored as GW counterpart.

AT 2024hgl 2 2024-04-24
17:32:29.000

Pre-detections confirmed in ATLAS forced photometry (SNR↓4-19), and the latest
detections on Jan. 7, 2024, and Mar. 18, 2024. Pre-detection observed in ZTF on Nov. 10,
2023. Inspection of the public ATLAS archive shows no recent brightening or flaring at the
source location. Despite pre-detections, no source was detected at the candidate position
with 5-ϖ forced photometry by GOTO-S. Not GW counterpart.

AT 2024hbf 1 2024-04-23
00:12:28.224

Multiple uncatalogued galaxies present within 1 arcmin, visible in DECaPS imaging. Galaxy
2MFGC 06268 is situated at a 2-arcmin o!set with a spectroscopic z=0.059677, consistent
within ↓3-ϖ) with the GW distance. Source was not fast fading (>0.2 mag/day) and
didn’t exhibit significant color evolution. Likely unrelated to the GW event.

GECKO24a 1 - Comparable brightness and decay rate with AT2017gfo-like kilonova during early epochs.
In the vicinity of a galaxy association with ↓1.7 arcsec separation. Not excluded yet.

GECKO24b 1 - Ruled out as a kilonova candidate due to brightness and/or decay rate. Unlikely GW
association.

GECKO24c 1 - Identified as a moving object. Unlikely GW association.

GECKO24d 1 - Identified as a moving object. Unlikely GW association.

GECKO24e 1 - Ruled out as a kilonova candidate due to brightness and/or decay rate. Unlikely GW
association.

GECKO24f 1 - Ruled out as a kilonova candidate due to brightness and/or decay rate. Unlikely GW
association.

GECKO24g 1 - Its comparable brightness and decay rate with AT2017gfo-like kilonova during the early
epoch and vicinity of a galaxy makes it unlikely to be associated with the GW. Ruled out
as kilonovae candidates due to brightness and/or decay rate.

GECKO24h 1 - Its comparable brightness and decay rate with AT2017gfo-like kilonova during the early
epoch and vicinity of a galaxy makes it unlikely to be associated with the GW. Excluded
as a candidate by the historical ATLAS activity.
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GECKO24i
(2024hea)

1 2024-04-23
00:12:51.552

Its comparable brightness and decay rate with AT2017gfo-like kilonova during early epoch
and vicinity of a galaxy makes it unlikely to be associated with the GW.

GECKO24j
(2024heb)

1 2024-04-23
00:12:51.552

Its comparable brightness and decay rate with AT2017gfo-like kilonova during the early
epoch and vicinity of a galaxy makes it unlikely to be associated with the GW.

Mag24a 6 - Estimate brightness in the i-band was estimated as 23.3 mag at 20240423.98 UT. It is o!set
2.1” west and 8.6” north from its apparent host galaxy, WISEA J075605.75-225400.0,
which has a photometric redshift of z = 0.049 (D=213 Mpc)(i.e., within the current Bilby
measured volume). At this distance with a Milky Way extinction of Ai = 0.748 mag and no
host-galaxy extinction, the absolute magnitude is Mi = -14.1 mag. At this distance, Mag24a
is o!set by 9.2 kpc from the assumed host galaxy in projection. Not GW Counterpart.

X-ray bands

EP240426a 14 2024-04-26
07:18:25

Preliminary forced photometry suggested possible faint detection. The location of the
transient is close to the nucleus (↓0.36 arcsec). Variability due to possible AGN activity
could not be excluded. No transient was found within an uncertainty of 10 arcsec.
Observation on Apr. 26 revealed a residual source close to the nucleus of galaxy 2MASX

J08072584-2927344, with a mag.(z)= 21.3± 0.2. Together with archival K-band NIR data
and radio data, this suggested the source is due to AGN activity. Not GW Counterpart.

S240422edX190 7 2024-04-24
05:52:25

No transient source found within XRT error circle in any of the fields. XRT detected an
object that was determined not to be a real X-ray object. Source’s PSF: not consistent
with that expected for the reported count rate. Not GW Counterpart.

S240422edX61 10 2024-04-24
05:46:49

Initially detected with a count rate of 8.3± 3.0x10↔2ct s↔1. Undetected in latest
Swift-XRT observation, with a 3-ϖ) upper limit of 1.02 x10↔2 ct s↔1. Within a radius of 20
arcsec, no new source was detected at the 5-ϖ) depth of 16.6 mag in J-band infrared
observations by WINTER and NOT telescopes. Not GW counterpart.

S240422edX101 8 2024-04-24
05:49:29

No transient source or significant X-ray counterpart found within the XRT error circle.
Not GW Counterpart.

S240422edX255 1 - Observation of EP240426a 28.8 ks after its discovery by EP-FXT revealed this source’s
detection located 6.2” from the localization reported by EP-FXT. The source did not surpass
the RASS 3-ϖ) upper limit, indicating consistency with background noise levels.

Infra-red Counterparts

JGEM24a 5 2024-04-23 Discovered by NIR Y-band observations targeted for galaxy GL080850-243120. The optical
spectrum of the potential host galaxy of J-GEM24a revealed spectral lines (Ca II H and K
and Na I D) identified at z=0.055. This z was inconsistent with the estimated GW
distance, 170± 42 Mpc at the 2 ϖ level. Source was not detected. Not GW Counterpart.

Table 6. Summary of all optical and X-ray candidates found during
S240422ed follow-up.

B. SYNTHETIC LIGHT CURVES OF KILONOVAE

The Bulla 2019 - Anand 2021 model computes the synthetic kilonova light curves for 27 di!erent bands. We compare
these observations with the synthetic light curves to the observations by selecting the corresponding filters (see Table 7).

C. OPTIMISATION OF THE DETECTION OF THE KILONOVA: ADDITIONAL FILTERS

Below, please find Fig. 10 and 11, observational strategy figures similar to Fig. 2 and Fig 3 but with additional
filters. We show observations of S230518h in tess filter separately in Fig. 11 as TESS follow-up is not included for
GW230529, S230627c and S240422ed analysis but only for S230518h. We have decided to present this result as TESS
covered almost 100% of the peak time distribution.

D. EJECTA MASSES

Below, please find additional ejecta masses plots using SLy and H4 but with a fixed ϖ proportion of unbound
material from the disk.
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Filter of observations Filter of KN model

u,g,r,i,z u,g,r,i,z (sdss)

J swope2::J

Johnson R bessellr

Gaia G gaia::g

TESS filter tess

C/open ps1:open

L (GOTO) gotol

c (ATLAS filter) atlasc

o (ATLAS filter) atlaso

XRT -

q -

Table 7. Filters of fields and corresponding ones in which the light curves from POSSIS are computed. These filters and their
associated transmissions function can be found in https://sncosmo.readthedocs.io/en/stable/bandpass-list.html (Barbary et al.
2016).

Figure 10. Comparison between the peak time luminosity of our kilonova population in C (left column), c (second column), L
(third column), and G (fourth column)-bands and the time of optical observations for S230518h (first row), S230529ay (second
row), S230627c (third row), S240422ed (fourth row). The dashed gray line represents the distribution of peak time considering
all mdyn-mwind-ω scenarios. The solid black line represents the median of the peak time distribution considering only bins
containing more than 5% of the distribution. Observations of the community are shown in color squares. All observations in
c-band are done by ATLAS.

Figure 13 represents the posteriors distributions and computation of the Dynamical and Wind ejecta mass from
posterior samples of masses and spins components aligned with the orbital momentum of GW230529 (Abac et al.
2024).

https://sncosmo.readthedocs.io/en/stable/bandpass-list.html
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Figure 11. Comparison between the peak time luminosity of our kilonova population in tess filter and the time of optical
observations for S230518h. The dashed gray line represents the distribution of peak time considering all mdyn-mwind-ω scenarios.
The solid black line represents the median of the peak time distribution considering only bins containing more than 5% of the
distribution. Observations of TESS are shown in color squares.

E. COVERAGE OF GW SKYMAPS

Below, please find the GW skymaps with pixels colored by the observation’s deepest magnitude covering them and
by the fraction of scenario incompatibles with observations for the time taken between 1 and 2 days and 2 and 6
days. Fig. 14 corresponds to S230518h, Fig. 15 to GW230529, Fig. 16 to S230627c and Fig. 17 to the low-significance
candidate S240422ed.
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b)  equation of stateH4
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Figure 12. Ejecta masses (top, Dynamical middle Wind and bottom Total given a certain spin component of the black hole
aligned with the orbital angular momentum. We consider no spin for the NS. ε the proportion of unbound material from the
disk fixed to 0.3. a) Using SLy equation of state of matter (for more compact NS) b) Using H4 equation of state of matter (for
less compact NS).
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Figure 13. Parameter estimation of GW230529 from IMRPhenomXP waveform model: Masses distributions (left), spins
components aligned with the orbital momentum (middle), resulting computation of ejecta mass (right).

Figure 14. S230518h skymap with pixels colored by the observation’ deepest magnitude covering them (left) and by the
fraction of scenarios incompatible with observations covering them (right). The initial GW skymap is shown in reddish color.
Observations are taken between 1 and 2 days (top) and between 2 and 6 days (bottom).
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Figure 15. GW230529 skymap with pixels colored by the observation’ deepest magnitude covering them (left) and by the
fraction of scenarios incompatible with observations covering them (right). The initial GW skymap is shown in reddish color.
Observations are taken between 1 and 2 days (top) and between 2 and 6 days (bottom).
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Figure 16. S230627c skymap with pixels colored by the observation’s deepest magnitude covering them (left) and by the
fraction of scenarios incompatible with observations covering them (right). The initial GW skymap is shown in reddish color.
Observations are taken between 1 and 2 days (top) and between 2 and 6 days (bottom).
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Figure 17. S240422ed skymap with pixels colored by the observation’s deepest magnitude covering them (left) and by the
fraction of scenarios incompatible with observations covering them (right). Observations are taken between 1 and 2 days (top)
and between 2 and 6 days (bottom) and fully cover S240422ed skymap.
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