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Abstract

With GW170817 being the only multimessenger gravitational-wave (GW) event with an associated kilonova
detected so far, there exists a pressing need for realistic estimation of the GW localization uncertainties and rates,
as well as optimization of available telescope time to enable the detection of new kilonovae. We simulate GW
events assuming a data-driven distribution of binary parameters for the LIGO/Virgo/KAGRA fourth and fifth
observing runs (O4 and O5). We map the binary neutron star (BNS) and neutron star—black hole (NSBH)
properties to the kilonova optical light curves. We use the simulated population of kilonovae to generate follow-
up observing plans, with the primary goal of optimizing detection with the Gravitational Wave Multi-Messenger
Astronomy DECam Survey. We explore the dependence of kilonova detectability on the mass, distance,
inclination, and spin of the binaries. Assuming that no BNS was detected during O4 until the end of 2024, we
present updated GW BNS (NSBH) merger detection rates. We expect to detect BNS (NSBH) kilonovae with
DECam at a per-year rate of 0-2.0 (0) in O4 and 2.0-19 (0-1.0) in O5. We expect the majority of BNS detections
and also those accompanied by a detectable kilonova to produce a hypermassive NS remnant, with a significant
fraction of the remaining BNSs promptly collapsing to a BH. We release GW simulations and depths required to
detect kilonovae based on our predictions to support the astronomical community in their multimessenger follow-
up campaigns and analyses.

Unified Astronomy Thesaurus concepts: Gravitational waves (678); Transient detection (1957); High energy

astrophysics (739); Observational astronomy (1145)

1. Introduction

In 2017, a binary neutron star (BNS) merger event was
detected in gravitational waves (GWs), GW170817
(B. P. Abbott et al. 2017b), and it was accompanied by
multiple electromagnetic (EM) counterparts (B. P. Abbott
et al. 2017d). The detection of its EM counterparts, namely the
gamma-ray burst (GRB) GRB 170817A (B. P. Abbott et al.
2017c; A. Goldstein et al. 2017; V. Savchenko et al. 2017;
A. S. Pozanenko et al. 2018), the kilonova (KN) AT2017gfo
(I. Arcavi et al. 2017; D. A. Coulter et al. 2017,
P. S. Cowperthwaite et al. 2017; L. Hu et al. 2017; S. J. Smartt
et al. 2017; M. Soares-Santos et al. 2017; N. R. Tanvir et al.
2017), and later the afterglow (W. Fong et al. 2019;
S. Makhathini et al. 2021), opened a new era of multi-
messenger astronomy (R. Margutti & R. Chornock 2021).

KNe (S. Rosswog 2005; J. Barnes & D. Kasen 2013;
D. Grossman et al. 2014; B. D. Metzger 2019) are transients
ranging from the infrared to the ultraviolet powered by the
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radioactive decay of heavy nuclei synthesized in the highly
neutronized material ejected during neutron star (NS) mergers.
These transients are considered to provide smoking-gun evidence
for BNS or neutron star—black hole (NSBH) mergers. The
detection of the KN AT2017gfo enabled hundreds of multi-
messenger analyses on the theory of gravity (E. Belgacem et al.
2018), the Universe’s expansion (B. P. Abbott et al. 2017a;
K. Hotokezaka et al. 2019; M. Bulla et al. 2022; A. Palmese
et al. 2023, 2024), the formation and fate of compact objects
(P. K. Blanchard et al. 2017; A. Palmese et al. 2017; Y.-D. Tsai
et al. 2021; C. D. Kilpatrick et al. 2022), thanks to its precise
localization in the sky, which allowed us to pinpoint the host
galaxy of the GW merger (B. P. Abbott et al. 2017d;
P. K. Blanchard et al. 2017; D. A. Coulter et al. 2017; J. Hjorth
et al. 2017; A. Palmese et al. 2017). Moreover, KN observations
themselves provide us with information on the physics of NS
mergers, including but not limited to their composition
(D. Watson et al. 2019; N. Domoto et al. 2021; S. Anand
et al. 2023; K. Hotokezaka et al. 2023; A. Sneppen &
D. Watson 2023; N. Vieira et al. 2023), equation of state
(EOS; M. W. Coughlin et al. 2018a; B. Margalit & B. D. Metzger
2019; T. Dietrich et al. 2020; M. A. Pérez-Garcia et al. 2022), fate
of the remnant object (Y.-W. Yu et al. 2018) and origin of heavy


https://orcid.org/0009-0000-4830-1484
https://orcid.org/0000-0002-6011-0530
https://orcid.org/0000-0002-6121-0285
https://orcid.org/0000-0002-8255-5127
https://orcid.org/0000-0003-2374-307X
https://orcid.org/0000-0001-7041-3239
https://orcid.org/0000-0003-3768-7515
https://orcid.org/0000-0002-8977-1498
https://orcid.org/0000-0002-1270-7666
https://orcid.org/0000-0002-9700-0036
http://astrothesaurus.org/uat/678
http://astrothesaurus.org/uat/1957
http://astrothesaurus.org/uat/739
http://astrothesaurus.org/uat/739
http://astrothesaurus.org/uat/1145
https://doi.org/10.3847/1538-4357/ae0336
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ae0336&domain=pdf&date_stamp=2025-10-22
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 993:15 (19pp), 2025 November 1

elements (generated by r-process nucleosynthesis in the neutron-
rich ejecta of the KNe D. Kasen et al. 2017; E. Pian et al. 2017).
The wide variety of possible multimessenger analyses from the
identification of a KN motivates us to optimize the follow-up of
BNS and NSBH merger events to characterize multimessenger
sources beyond GW170817.

Currently, the international GW network consisting of the
advanced LIGO (B. P. Abbott et al. 2018), advanced Virgo
(F. Acernese et al. 2015), and KAGRA (T. Akutsu et al. 2021)
interferometers (LVK) is carrying out its fourth observing run
(O4). Although the LVK detected a few BNS (B. P. Abbott
et al. 2020a) and NSBH (R. Abbott et al. 2021, 2023)
candidates at different confidence levels in O3, there has been
no clear multimessenger KN detection since the second
observing run (O2) (S. Gomez et al. 2019; S. Anand et al.
2021; I. Andreoni et al. 2020). This is despite the improved
detector sensitivity beyond O2, which should lead to a larger
number of NS merger detections with an increased signal-to-
noise ratio (SNR). Despite the fact that EM counterparts other
than KNe have been claimed to be associated with GW events
(M. Graham et al. 2020; A. Moroianu et al. 2023), their
association is uncertain (G. Ashton et al. 2021; A. Palmese
et al. 2021; M. Bhardwaj et al. 2024; S. J. Smartt et al. 2024;
I. Magafia Hernandez et al. 2024; D. Radice et al. 2024). There
have also been no multimessenger KN detection in O4 so far
despite the follow-up efforts (T. Ahumada et al. 2024; L. Hu
et al. 2025, in preparation; M. Pillas et al. 2025). The lack of
KN detections can mainly be attributed to both NS merger
rates likely to be at the lower end of the 90% credible interval
range previously estimated in R. Abbott et al. (2023a), the lack
of Virgo operations during the first part of O4, and, related to
this point, the greater uncertainty in the sky localization of NS
mergers from GWs than what was predicted in forecasts
including Virgo and often KAGRA (see, e.g., A. Colombo
et al. 2022; P. Petrov et al. 2022; V. G. Shah et al. 2024). This
calls for a more realistic estimation of the localization
uncertainties of NS mergers and a revised observing strategy
to follow up events. To support such efforts, observing
scenarios are simulated to accurately predict the source
localization and detection of GW events.

In this work, we make end-to-end simulations of GW events
during the current O4 run and the upcoming OS5 run (expected
to start in 2028) using updated LIGO/Virgo/KAGRA (LVK)
detector sensitivities to assess the ability of the network to
reconstruct the sky localization of the source and to accurately
forecast the detection rates of EM counterparts. Moreover, we
make use of the latest data-driven population for the GW
source properties to inject mergers into our simulations
(M. Fishbach et al. 2020; A. Farah et al. 2022; R. Abbott
et al. 2023a). This ensures that the important features in the
mass and spin distributions of black holes (BHs) and NSs are
properly incorporated in the simulations, since these can have
a significant effect on the EM counterpart detectability. First,
since the astrophysical GW population of NSs in BNS and
NSBH mergers possibly shows a broader and flatter mass
distribution than observed from EM observations in the Milky
Way (R. Abbott et al. 2023a), and because the mass of the
binary components has a strong impact on the KN ejecta
properties, taking into account the GW population to the best
of our knowledge is essential to optimize our follow-up
strategy of both BNS and NSBH mergers. Second, the mass
distributions considered in M. Fishbach et al. (2020), A. Farah
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et al. (2022), R. Abbott et al. (2023a), and A. Ray et al. (2023)
allow for a dip between the expected NS and BH mass
distributions, which is not necessarily an empty gap; hence, it
can accommodate objects such as those in GW190814
(R. Abbott et al. 2020). A population model that takes into
account objects in the gap may result in a more promising
scenario for multimessenger KN detections from NSBHs
(A. G. Abac et al. 2024; K. Kunnumkai et al. 2024) than was
previously thought (S. Biscoveanu et al. 2022). We then
compute KN light curves for each modeled BNS and NSBH
merger and develop follow-up strategies based on the KN
magnitude distributions.

The full set of GW simulations we present in this work,
including the injection parameters, the detection statistics, and
the sky maps, is publicly available via Zenodo at doi:10.5281/
zenodo.14207687 (K. Kunnumkai et al. 2024). These simula-
tions, discussed in detail in Section 2.1 and combined with
predictions presented in this work, are intended to aid the
astronomical community in accurately planning observation
programs to minimize wastage of precious telescope time.
Specifically, we consider the case of optimizing EM counter-
part searches for one of the most powerful optical-to-near-
infrared instruments currently available to follow up GW
events, the Dark Energy Camera (DECam; B. Flaugher et al.
2015). This is designed for our Gravitational Wave Multi-
Messenger Astronomy DECam Survey (GW-MMADS; pro-
posal ID: 2023B-851374; PIs: Andreoni & Palmese; see, e.g.,
T. Cabrera et al. 2024), which is carrying out follow-up of GW
events during O4. This is an effort to complement previous
works (B. P. Abbott et al. 2018; A. Colombo et al. 2022;
P. Petrov et al. 2022; R. W. Kiendrebeogo et al. 2023;
C. R. Bom et al. 2024; R. Kaur et al. 2024; V. G. Shah et al.
2024) in various ways, namely by taking into account the
reduced Virgo sensitivity compared to what was previously
considered for O4, considering a specific follow-up campaign,
accounting for uncertainties in the inference of the mass
distribution of compact binary mergers, and employing
different KN models.

This paper is structured as follows: In Section 2, we describe
the methods used to produce the simulations for the O4 and O5
runs, to attach simulated KN light curves to the GW events,
and to schedule simulated follow-up campaigns of the events.
In Section 3, we report the results of our simulation runs,
evaluate the KN detection efficiency under our fiducial
strategy, and investigate how it depends on various binary
parameters. We present our discussion and conclusion in
Sections 4 and 5, respectively.

2. Methodology
2.1. Simulation of GW Signals

We produce realistic simulations of GW events with LVK
04 and OS5 sensitivities. We use BAYESTAR, a rapid sky
localization code, to localize the mergers in sky and distance
(L. P. Singer & L. R. Price 2016; L. P. Singer et al. 2016);
tools from LALSuite (LIGO Scientific Collaboration 2018) to
make simulations of GW events; and the public software
ligo.skymap to generate and visualize the GW sky maps.
We make three different simulations. Both simulation 1 and
simulation 2 assume LIGO detectors at O4 sensitivity, but the
latter assumes Virgo at O3 sensitivity in addition to the LIGO
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detectors. For simulation 3, we use all LVK detectors at the
expected OS5 sensitivity.

The mass and spin distributions are chosen as described in
the POWER LAW + DIP + BREAK (PDB) model (M. Fishbach
et al. 2020; A. Farah et al. 2022; R. Abbott et al. 2023a). It
assumes a broken power law in mass with a notch filter to
enable a mass gap between ~2 and 8 M, that is allowed to
vary in depth. The model also adds a low-pass filter to the
upper end of the BH mass to allow for possible tapering of the
mass distribution. The masses of both components (i.e.,
primary and secondary mass, m; and m,) are described by
this functional form, and a pairing function is employed to
account for the fact that, within a given binary, the
components’ masses tend to be similar.

Draws are taken from the hyperposterior of the PDB model
fit to the third GW Transient Catalog (GWTC-3; R. Abbott
et al. 2023b). These hyperposterior draws describe the
probability of obtaining a system with masses m; and m;:
p(my, my). The masses are then drawn from p(m;, m,). Note
that this differs from the population assumed in R. W. Kiendr-
ebeogo et al. (2023), although that work also employed the
PDB model: here we take into account the uncertainties in the
population inference, as we consider the full population
posterior, effectively marginalizing over these uncertainties,
instead of assuming a fixed population from the maximum
a posteriori parameters. This is especially important for EM-
bright NSBHs, as the PDB posterior mode from GWTC-3
happens to have a nearly empty mass gap, but the uncertainties
on the depth and location of the gap are large, so that
considering the entire range of possibilities allowed by the data
may have a significant impact.

Our model additionally assumes an isotropic orientation and
a uniform magnitude for component spins. Objects with a mass
less than 2.5 M, have spin magnitudes in the range [0, 0.4],
while objects with higher masses have spins defined as in the
range [0, 1]. As described in R. Abbott et al. (2023a), these
spin ranges were established by the sensitivity estimates
available in GWTC-3.

We draw 10° compact binary coalescences (CBCs) from a
sample following the PDB model. We draw the masses and
spins of the CBCs from the distribution described above,
uniformly distribute the samples in comoving volume, and
isotropically distribute them in the orbital orientation and sky
location. We assume an isotropic distribution of angular
momentum directions. We follow P. Petrov et al. (2022) and
assess the detectability of GW events with individual detector
and network SNR thresholds of 1 and 8, respectively, for the
population of NS mergers. If at least one of the detectors
detects the signal above these thresholds, it is counted as a GW
event. For all of the simulations discussed in this work, we use
a duty cycle of 70% for each detector and employ a Gaussian
filter to recover the signal from the noise. The statistics of the
sources detected, grouped by subpopulation, are shown in
Table 1. The noise power spectral density (PSD) curves are
considered for each detector per observing run. For the LIGO
network at O4 sensitivity, we use the PSD curve aligo_0O4-
high.txt (B. P. Abbott et al. 2020b), and for the Virgo detector
at O3 sensitivity, we use avirgo_O3actual.txt (B. P. Abbott
et al. 2020b). For the OS5 run, we assume an A+ sensitivity for
the LIGO detectors, avirgo_OSlow_NEW.txt for Virgo, and
kagra_128Mpc.txt for KAGRA, all from https://dcc.ligo.org/
LIGO-T2000012-v1 /public.

Kunnumkai et al.

Table 1
Number of Detected BNS and NSBH Mergers from Different Simulations Out
of the 10° Compact Binary Coalescences Drawn from the Distribution of
A. Farah et al. (2022)

Simulation Observing Network BNS NSBH
Number Run

1 04 HL 720 1090
2 04 HLV 900 1320
3 05 HLVK 2400 4160

Note. For simulation 1 we used the LIGO detectors at O4 sensitivity,
simulation 2 consists of the Virgo detector at O3 sensitivity in addition to the
LIGO detectors at O4 sensitivity, whereas simulation 3 has all LVK detectors
at OS5 sensitivity. H, L, V, and K stand for LIGO Hanford, LIGO Livingston,
Virgo, and KAGRA detectors, respectively.

The distribution we use does not rely on binary classifica-
tion, allowing us to define mass ranges for the three
astrophysical subpopulations in which we are interested:
BNSs, NSBHs, and binary black holes (BBHs). The maximum
mass of a nonrotating NS Mgy is calculated using the
Tolman—Oppenheimer—Volkoff (TOV) limit (V. Kalogera &
G. Baym 1996), which, according to the maximum posterior
EOS from S. Huth et al. (2022b) assumed in this work, is
2.436 M,,. A rotating NS can exceed this limit. To account for
this, we compute the maximum mass the components can have
in each BNS and NSBH system based on the spin a of each
component, using the equation given in C. Breu & L. Rezzolla
(2016) and E. R. Most et al. (2020):

2 4
Mmax = Ad’]'OV(1 + AZ( a ) +A4( a ) } (1)
AdKep AKep

where A, = 0.132, A4, = 0.071, and for our fiducial EOS the
dimensionless spin at the mass shedding limit is ag., = 0.606.
It is defined in E. R. Most et al. (2020) and C. Breu &
L. Rezzolla (2016):

aKep =

24—1 + a2+ Crov. ()

TOV

Here oy = 0.045, ap, = 1.112, and Crgy is related to the

TOV mass and radius by the equation Croy = @. For the
TOV
purposes of classification, we use the maximum NS mass M,x

defined in Equation (1). Labeling the more massive object in
each system as m; and the less massive object as m,, the BNS
systems are then binaries with my, my < My,.x, and NSBHs are
those with my, < M. and my > Mp,y.

In what follows, we also explore the detectability of KN
assuming the lower and upper 95% credible intervals of the
EOS constraints from S. Huth et al. (2022b), hereafter referred
to as softer and stiffer EOSs, to assess the impact of the EOS
on our results. We define “softer,” “fiducial,” and “stiffer”
EOSs based on the 2.5%, 50%, and 97.5% quantiles of the
marginalized posterior distribution of the tidal deformability of
a 1.4 M., NS (\;4). This distribution is derived from the EOS
ensemble released by S. Huth et al. (2022b), where each EOS
is associated with a probability weight based on its
astrophysics and nuclear-physics-based constraints. For each
EOS in the ensemble, the A4 value is computed by
interpolating the relation between mass and tidal
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deformability. The resulting list of \; 4 values is plotted as a
histogram using the posterior weights provided at Zenodo'?
(S. Huth et al. 2022a). The EOSs at the lower and upper 2.5%
percentiles of this weighted distribution are designated as
“soft” and “stiff,” respectively. Moy for softer, fiducial, and
stiffer EOSs used in this work are 2.069, 2.436, and 2.641 M,
respectively.

2.2. Simulation of EM Counterparts

For modeling KN light curves from BNS and NSBH
mergers, we use the Bu2019Ilm and Bu2019nsbh surrogate
models implemented in the Nuclear physics and Multi-
Messenger Astronomy (NMMA; T. Dietrich et al. 2020;
P. T. H. Pang et al. 2023) framework. These models are
constructed from KN grids computed with the time-dependent
three-dimensional Monte Carlo radiative transfer code POS-
SIS (M. Bulla 2019) for BNS (T. Dietrich et al. 2020) and
NSBH (S. Anand et al. 2021) mergers and allow us to simulate
KN light curves for arbitrary combinations of the BNS and
NSBH binary parameters.

The main outflow properties to model a KN with the
aforementioned models are the dynamical ejecta mass (Mqyn)
and the disk wind ejecta mass (My;,q)- Dynamical ejecta are
launched during the merger owing to hydrodynamical forces
that squeeze the material at the interface between the merging
objects (A. Bauswein et al. 2013b; K. Hotokezaka et al. 2013),
while the wind ejecta originate from the disk of material
accreted around the central remnant. The relative importance
of these processes depends on parameters of the binary such as
the chirp mass, the mass ratio (g = m,/m;), and the EOS, with
asymmetric mass ratio systems (¢ < 1) typically leaving
significantly larger amounts of unbound material than more
symmetric mass ratio binaries in BNS systems (A. Bauswein
et al. 2013b).

For BNS mergers, My, depends on the compactness of the
merging stars and their mass ratio. We follow the relation from
C. J. Kriiger & F. Foucart (2020) to model Mgy,

Mgy _
1073

4 +b(ﬂ) + ccl)nu +(1=2. 3

G m
Here C; = Gm, /Rlcz, and the best-fit parameters from
C. J. Kriiger & F. Foucart (2020) are a = —9.3335,
b = 11417, ¢ = —337.56, and n = 1.5465. The fitting

formula in Equation (3) is calibrated against numerical
simulations and exhibits residuals that are modeled as a
Gaussian distribution centered at 0 with standard deviation
o = 0.004 M, (C. J. Kriiger & F. Foucart 2020). We call a a
random variable drawn from this distribution to capture model
uncertainty. Thus, the dynamical ejecta mass is modeled as

Mgy = Mpnii + a, 4

where a ~ N (0, 0.004 M,). Mggs is truncated at zero (no
negative values are allowed). Such uncertainties in model arise
from the limited coverage of the parameter space by existing
numerical simulations and also from ignoring or approximat-
ing some important physics (C. J. Kriiger & F. Foucart 2020),
e.g., neutrino radiation.

The disk mass for BNS mergers depends on the total mass
and the threshold mass My, (which is the limiting total binary

'2 https: / /zenodo.org/records /6106130
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mass M, beyond which the BNS system would undergo
prompt collapse into a BH; A. Bauswein et al. 2013a;
M. Agathos et al. 2020) and follows the relation from
T. Dietrich et al. (2020):

logio(Mga>) = max(3, a(l + b tanh [%])) _

d
(%)
Here My, = ke, Mtov (K. Hotokezaka et al. 2011), where kg,

is a function of Moy and the EOS (A. Bauswein et al. 2013a),
and a and b are functions of the mass ratio g and given by

a=ag+ O,x;
b =by + bpx;
x; = 0.5tanh(B(q — ¢q,)), (6)

where gy = —1.581, by = —0.538, ¢ = 0.953, d = 0.0417,
0, = —2.439, 6, = —0.406, 5 = 3.910, and g, = 0.900. The
fraction of disk mass ejected as wind is given by the parameter
¢, which, when multiplied by MEYS, gives MENS. Although the
true value of ( is unknown (E. Nakar 2020), we draw from a
Gaussian centered at 0.3 with a standard deviation o of 0.15;
see Section 2.2 of G. Raaijmakers et al. (2021) for a more
detailed discussion.

For NSBH mergers, Mgy, is a function of the mass of the
components, their spins, the baryonic mass of NS Mg, and the
compactness of the secondary component. It is given by the
following equation from C. J. Kriiger & F. Foucart (2020):

MNSBH 1 - 2G R
D = QIS e R ()
MNS CNS nmy

where the best-fitting parameters are a; = 0.007116, a, =
0.001436, a, = —0.02762, n; = 0.8636, and n, = 1.6840. Here
O = my/my and Risco is the radius of the innermost stable
circular orbit (ISCO) of the BH with mass m; and spin ygy. The

baryonic mass of the NS is given by Mg = m2(1 + 5 O‘ZCSN; )
— U NS

(J. M. Lattimer & M. Prakash 2001). Again, negative values of
Mdl\;rSlBH are assumed to be zero. In our simulations, we add the
uncertainty on the dynamical ejecta mass «, which is a truncated
Gaussian with ¢ = 0 and o = 0.0047 (C. J. Kriiger &
F. Foucart 2020).

For NSBH mergers, the remnant mass, which is used to
refer to the baryon mass outside the BH ~10 ms post-merger,
is calculated using the component masses, spins, and
compactness of the NS from the fitting formula by F. Foucart
et al. (2018):

1+d
B [max(al —1712/3CNS _b RISCO% + ¢, 0)] :

®)
Here n = Q/(1 + 0?) is the symmetric mass ratio, M =
MNSBH/pibe and @ = 040642158, b = 0.13885773,

¢ = 0.25512517, d = 0.761250847. The disk mass M52 is

. ~ NSBH .
calculated by subtracting M({\YI,SIBH from M,., . Of course, if

the remnant mass is zero, this also corresponds to no tidal
disruption. We draw ( from a Gaussian centered at 0.3 with
width o = 0.15 and multiply it by MA32H to obtain the wind

ejecta mass ngiﬁdBH. Following C. Barbieri et al. (2019) and
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L. W. P. Mathias et al. (2024), we further require Mgy, to be
less than 50% of M., to be consistent with results found by
numerical simulations. For BNS (NSBH) mergers, an ejecta
mass cutoff point of 107> M., (10~* M) was used to consider
the KN as produced.

We use these outflow properties to simulate KN light curves
for all BNS and NSBH events in u, g, r, i, z, y bands. For g and
i bands, we check whether the simulated KN is detectable for
those events for which the pointings covered by our observing
plans match the true sky location of the event. This provides an
estimate of the KNe that can be detected in these two bands
using DECam during the O4 and OS5 runs. Here detection
means that at least one observation in the simulated light curve
is above the 50 depth. We use AB magnitudes throughout
our work.

2.3. Simulated Observing Strategy

We consider the case of optimizing EM counterpart searches
for DECam; however, most of our results can be applied to other
instruments with similar filters. DECam is a wide-field high-
performance CCD camera mounted on the 4 m Blanco Telescope
at Cerro-Tololo Inter-American Observatory in Chile. We take
DECam to have a base sensitivity of 24.3 AB mag in g band and
23.9 AB mag in i band (at 5o depth at 7 days from new Moon)
for our fiducial strategy. To simulate follow-up observations, we
use the Gravitational-Wave Electromagnetic Optimization code
(gwemopt; M. Coughlin & C. Stubbs 2016; M. W. Coughlin
et al. 2018b) with DECam tiling.

We calculate the exposure time (ET) in g and i bands (ET,
and ET;, respectively) as the time needed to reach a 5o depth at
the magnitude given by the 90th quantile of the KN
magnitudes in our simulations. We use magnitudes at 1 day
from the merger for BNS events and at 2 days from the merger
for NSBH events since this is when the KN magnitude peaks.
This is done in bins of luminosity distance. For the calculated
exposure times, we then compute the number of tiles N, that
can be observed as

_ 4 hr
ET, + ET, + 60 s

©)

t

where we assume a maximum observing time of 4 hr and a
telescope overhead time of 60s (30s per exposure). This
simulated follow-up requires the air mass to be less than 2.2,
and factors such as the field of view and sensitivity of the
telescope are taken into consideration. Our final goal is to use
the simulations to choose an ideal observing time that is not
necessarily similar to that of what we consider our fiducial
strategy throughout this work, but that maximizes our chances
of detecting a KN at a specific distance.

3. Results
3.1. GW Localizations and Rates

In this work, we focus on the results for BNS and NSBH
mergers from our simulations, although BBH simulations are
also produced. Since the GW source localization is determined
by the sky area and the comoving volume contained within
some probability, as well as the luminosity distance, we show
cumulative distributions of these quantities for the different
simulations considered in Figures 1 and 2. At the 90% credible
level, the median sky localization area for BNS events does not
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change significantly between O4 and OS5. For NSBH systems,
the median area slightly increases from 1740 deg” in O4 to
1930 deg” in O5 (Figure 1). As shown in Figure 2, the median
localization volume is of the order of 10" Mpc® for 04
simulations and of the order of 108 Mpc3 for O3, as a result of
the increased distance reach. The median luminosity distance
for BNS events increases from 300 Mpc in O4 to 600 Mpc in
05, while for NSBH systems the median distance goes from
400 to 900 Mpc.

We also report the percentage of well-localized events (based
on area and volume) in Table 2. As expected, the inclusion of
Virgo even at the sensitivity of O3 results in the detection of a
higher number of well-localized events (90% C 1 area <100 degz)
at distances <100 Mpc as can also be seen in Figure 3 based on
area and in Figure 2 based on localization volume. For example,
as shown in Table 2, events with 90% C1 area within 100 dc:zg2
see a fourfold increase in numbers with the inclusion of Virgo.
This is in part because increasing the number of detectors would
positively impact event localization owing to the slight difference
in arrival time of the signal. This is crucial for typical follow-up
campaigns, which may focus on the better localized events by
imposing a cut in area. Less distant events produce higher SNRs
and, therefore, smaller localization regions compared to further
events with the same chirp mass. Thus, as we go to larger areas,
we probe more distant events, making the improvement in
localization less prominent. For O4 with Virgo we find that
events localized to within 100 deg® occur at distances
<220 Mpc (<490 Mpc), while those localized to <500 deg?
occur at distances <360 Mpc (<580 Mpc) for BNS (NSBH)
events.

Compared to the two O4 detector configurations, the O5
network detects events out to larger distances and detects a
larger number of well-localized events, in terms of both area
and volume. As expected, due to the larger distances of most
detections, the median volume of events appears to be larger
than or similar to that of O4, despite the growing number of
detectors. In OS5, events localized to within 100 deg2 occur at
distances <960 Mpc (<1400 Mpc), while those localized to
<500 deg? occur at distances <1100 Mpc (<2400 Mpc) for
BNS (NSBH) events.

We assume a volumetric merger rate of 1707319 yr—! Gpc—3
for BNSs and 2773} yr=! Gpc=3 for NSBHs, following the
merger rates in Table II of R. Abbott et al. (2023), where NSs and
BHs in this case are delineated at 2.5 M.,. The volumetric merger
rate is more precise for BNS events compared to NSBH events,
likely due to the higher number of NSBH detections compared to
BNS detections. We expect ~2-20 (~2-10) BNS (NSBH)
detections per year in O4 and 31-270 (19-110) BNS (NSBH)
detections per year in O5. These rates are obtained based on
observations during the first three observing runs. We update
these predictions based on the fact that no high-significance BN'S
alert has been issued in O4 up to the end of O4b.

Following this, the updated 90% CT1 rate interval for BNSs in
the PDB model becomes 14—-124yr—' Gpc™ based on O4b.
Therefore, our preliminary GW BNS detection rates based on the
nondetection up to O4b is 1-6 yr~' for O4 and 9-76 yr ' for O5.

In Table 2 we also report the fraction of events with a
volume localization of <1000 Mpc®, corresponding to a
volume within which we expect to find less than one galaxy
cluster (~0.1 based on E. S. Rykoff et al. 2016) with halo mass
>10"* M. This is interesting because short gamma-ray
bursts have also been observed to occur in galaxy clusters
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Figure 1. Cumulative distribution of sky localization area at 50%, 70%, and 90% credible intervals for simulations 1 (black line), 2 (red line), and 3 (blue line) for
BNS (top) and NSBH (bottom) events. The median localization area for each configuration is annotated in the respective panel.

Table 2
Percentage of Events with Localization Precision below a Given Threshold, for the Different Network Configurations Considered

Network Binary Type A < 1000 A < 500 A < 100 A <10 Voo < 10° Ago,e gan Vo0 median D nedian
(deg”) (deg?”) (deg?) (deg?) (Mpc?) (deg”) (10° Mpc?) (Mpe)

HL O4 BNS 22% 8.8% 1.0% 0% 0.10% 1820 19 259

NSBH 19% 7.7% 0.90% 0% 0% 2110 83 384

HLV 04 BNS 28% 14% 3.8% 0.59% 0.47% 1670 22 276

NSBH 27% 15% 4.5% 0.46% 0.10% 1930 96 416

HLVK 05 BNS 37% 26% 13% 2.9% 0.53% 1690 220 614

NSBH 39% 28% 14% 3.4% 0.34% 1740 610 901

Note. Columns (3)—(6) show the percentage of detected GW events with 90% C I localization area below 1000, 500, 100, and 10 degz, respectively; column (7)
shows the percentage of events with a 90% C I volume below 10° Mpc3; columns (8), (9), and (10) show the median values of the 90 C1 area, volume, and

luminosity distance, respectively.

(e.g., A. E. Nugent et al. 2020), and GW170817 occurred in a
galaxy group. Although such well-localized events are
extremely rare, it is possible that one of these could be
observed in O5 given the yearly detection rates combined with
the potentially long (few-year) duration of OS.

3.2. Kilonova Detectability

In what follows, we explore the KN detectability depend-
ence on various binary observables in order to inform our
follow-up strategy. At first, we do not consider coverage by
gwemopt (which is considered in the next subsection); rather,

we consider the event as detectable if the KN light curve in a
given filter is brighter than the DECam detection limit (24.3
mag in g band and 23.9 mag in i band for the fiducial exposure
time). We choose to show the results from the O5 simulations
in the figures, as these include a larger number of objects, and
the corresponding O4 plots would be mostly repetitive. Note
that in what follows O4 is used to denote simulation 2 and O5
is used to denote simulation 3. Two quantities that can
typically be easily constrained from the GW data are chirp
mass and distance, so we start by focusing on combinations of
these parameters.
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3.2.1. Chirp Mass Dependence

In Figure 4 we show the chirp mass versus luminosity
distance for all events that we classify as BNS (left) or NSBH
(right) in our OS5 simulations. We limit the luminosity distance
to less than 2000 Mpc since the KN detectable with the
projected O4/05 sensitivity is well within this distance range.
Because our ejecta masses, Mgy, and Myng, are allowed to
reach zero, not all BNSs and NSBHs detected in GWs will
have an associated KN. We find that for the fiducial EOS
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~T8% (77%) of our BNS events and ~6% (7%) of our NSBH
events have an associated KN with either Mgy, or
Moing > 1077 M, for BNS events and Mgy, or Myng > 10°*
M, for NSBH events in O4 (O5).

One of the many factors that favor KN detection is a lower
chirp mass (hence lower total mass) of the merging binaries,
which is expected, at least for the chosen EOS, as lower-mass
stars are typically more easily disrupted. An interesting point
to note is that the chirp mass appears to be a more significant
discriminator between detection/nondetection than the lumin-
osity distance, at least within the O4 and OS5 distances probed
by our simulations. This is because even at distances <1 Gpc a
high chirp mass may result in no KN production. This is
especially evident in the NSBH scenario, where higher chirp
mass would imply that the NS is engulfed before significant
tidal disruption. Moreover, due to its higher sensitivity, g band
lets us detect BNS KNe at >1000 Mpc, slightly better than i
band, as shown in the top distribution of Figure 4. The 90th
percentile of the KNe detected from BNS merger is expected
to have a chirp mass of <1.7 M, (1.6 M.,) and are expected
to be at a distance <1140 Mpc ( <1040 Mpc) in g band
(i band).

On the other hand, NSBH KN detections peak at ~460 Mpc
in g band, but for distances 2780 Mpc, NSBH KNe are more
often detected in i band than in g band, which is reasonable
considering the larger redshifts and the fact that NSBHs can be
red owing to a small squeezed Myy, component and the red
wind ejecta component (D. Kasen et al. 2017). In fact, the
different dynamical ejecta geometry and composition are taken
into account in the KN models used: the NSBH KN models do
not feature the lanthanide-free polar component assumed for
the BNS KNe, thus producing intrinsically redder transients
than the BNS KNe (S. Anand et al. 2021; T. Dietrich et al.
2020). The 90th percentile of the detectable KNe from OS5
NSBH mergers is expected to have chirp mass <2.4 M, and to
be at a distance <765 Mpc (<905 Mpc) in g band (i band).

3.2.2. Mass Ratio Dependence

In Figure 5, we show the mass ratio and chirp mass of the
BNS and NSBH systems for which GWs are detectable and the
subset for which a KN is also detectable. Although the chirp
mass is a good proxy for KN detection efficiency, the mass
ratio also provides a good discriminator. Although GW
detectors are more sensitive to symmetric mass ratio binaries,
KN detection favors asymmetric systems owing to their greater
likelihood of producing significant ejecta. Among GW-
detected BNS mergers, ~77% of systems with g < 0.8 have
detectable KNe, compared to 65% for symmetric systems
(g > 0.8). While KNe from symmetric binaries are similarly
likely to be detectable once produced (86%—90% of KNe are
detectable for mass ratios greater or smaller than 0.8), they are
less likely to generate KN emission in the first place given our
ejecta mass requirements.

For NSBH mergers, the mass ratios follow the distribution
shown in Figure 5. We interpret the peak at ¢ ~ 0.5 with
NSBHs consisting of a BH close to the low-mass edge of the
dip in the PDB model (where the KN production and
detectability peak as expected). For masses below that edge,
there are close to no BHs (although note that the transition is
smooth in our model), while in the dip the merger rate decays,
hence the peak in the observed mass ratio distribution. Because
KN production is favored for low-mass BHs and low-mass
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detected in GWs; the cyan squares show all mergers for which a KN is produced according to our model and fiducial EOS. Out of all the KNe, those with a black
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Figure 5. Mass ratio vs. chirp mass for the BNS merger events (left panel) and NSBH mergers (right panel) from the O5 simulation. The color scheme is the same as

in Figure 4.

NSs, they can only be detected at lower distances. For these
reasons, the 90th percentile of detectable NSBH KNe lies in a
specific region of the mass ratio—distance space (g € [0.2-0.7]
and distance <1 Gpc). The rest of the NSBH mass ratio
distribution follows from the extension of the BH mass
distribution out to masses much larger than the NS mass. KN
production is highly suppressed in this regime (g < 0.1) since

the highly asymmetric mass ratio would imply that the BH is
large enough to engulf the NS before it is tidally disrupted.

3.2.3. Component Mass Dependence

Compared to the distribution of GW BNS events, those that
result in the detection of a KN clearly show a preference
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Figure 6. Component masses of BNS (left) and NSBH (right) systems and their effect on KN detection. We limit m; to 8y, in the plot for visualization purposes.

The color scheme is the same as in Figure 4.

toward lower values of m, as shown in Figure 6. For BNS
mergers, the KN detection efficiency peaks around m; ~ 1.6 M,
with events having m; < 1.6 M., detected with an efficiency of
89% in both g and i bands. For m,, the detection efficiency peaks
at 1.3 M, where events with m, < 1.3 M, are detectable at an
efficiency of 91% (92%) in g (i) band. As a result of the
increased compactness of the secondary component at higher
masses, tidal disruption would not be strong enough to produce
significant ejecta mass. The compactness and mass are indeed
parameters that explicitly enter in our Mgy, Equation (3)
prescription, so the existence of a KN detectability dependence
on secondary mass is not surprising. The higher sensitivity in g
band compared to i band makes it easier to detect some of these
events in the former, simply because these events tend to be at
larger distances than those closer to the peak of the mass
distribution (higher-mass BNSs have a lower volumetric merger
rate than lower-mass NSs in our model).

In the NSBH case, the compactness of the NS also
determines the launch of ejecta (again, it is explicitly entered
in our Myy, Equation (7) and M,;,q Equation (8) prescrip-
tions). Of course, the BH mass also plays an important role in
defining the ISCO radius. In our simulations, the 90th
percentile BH masses for all NSBH mergers that produce a
KN, as well as those with detectable KN emission in both g
and i bands, are below 6 M. Even though the astrophysical
BH distribution we assume (A. Farah et al. 2022) has a dip
around 2.2-6 M., we do not see a noticeable decrease in
number of detected NSBH mergers with m; around 2.2-6 M,
compared to a larger number of NSBHs with primary mass
above this range. This is because the pairing function
assumed in A. Farah et al. (2022) to construct the NSBH
population favors nearly equal mass binaries. As a result, in

our simulation BHs with mass above the dip are less likely to
be in NSBH systems, and they mostly form BBH systems.

3.2.4. Viewing Angle Dependence

In Figure 7 we show the viewing angle of BNS binaries
versus their distance. There is a marginal dependence of KN
detectability on viewing angle: systems that are closer to on-
axis are seen out to farther distances than those more edge-on.
This trend is more prominent in g band than in i band,
particularly for face-on systems at larger distances. This is
expected for BNS mergers, as the KN ejecta includes a
lanthanide-poor polar component (driven by shock and
neutrino-driven winds), which produces bluer and brighter
emission along the polar axis (D. Kasen et al. 2015;
M. Bulla 2019; T. Dietrich et al. 2020). This component
dominates the observed signal when the binary is viewed close
to face-on.

For NSBH systems, as shown in Figure 7, we find that
detectability is primarily driven by the binary’s distance. The
NSBH KN model we adopt (based on M. Bulla 2019) includes
a planar, lanthanide-rich dynamical component, with no
squeezed polar dynamical ejecta (K. Kawaguchi et al. 2016;
M. Bulla 2019; F. Foucart 2023), resulting in emission that is
generally redder than in the BNS case. This leads to different
viewing angle dependencies in the blue band: BNS KNe are
more easily detected when viewed face-on, whereas NSBH
KNe may appear brighter at intermediate viewing angles
owing to the geometry of their ejecta. Consequently,
detectability in the i band tends to exceed that in the g band
for NSBH mergers. For NSBH KNe within 1 Gpc, the
detection efficiency varies modestly with viewing angle: face-
on systems (0°-30°) yield detection efficiencies of 31% in g
and 33% in i, intermediate angles (30°-60°) increase to 46% in
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Figure 7. Viewing angle of the BNS (left) and the NSBH (right) mergers vs. their distance for the O5 simulations. The color scheme is the same as in Figure 4.

g and 48% in i, while edge-on systems (60°~90°) drop to 20%
in g and 21% in i.

3.2.5. Spin Dependence

The spin of the BNS events does not have an impact on KN
production and detection, as it is not taken into account in our
ejecta prescriptions, which is generally justified by the
expected small dimensionless spin of the individual stars
within BNS systems (X. Zhu et al. 2018). Meanwhile, for
NSBH mergers, the BH spin has a significant effect on KN
production and detection. The radius of the ISCO of a BH is
given by

GMBH

Risco Zf(XBH)C—z, (10)

where 6 < f(xgn) <9 for an orbit in which ygy is antialigned
with the direction of angular momentum (counterrotating) and
1 <f(xsn) < 6 when xpy is aligned with the direction of angular
momentum (corotating; J. M. Bardeen et al. 1972; N. Sarin et al.
2022). For tidal disruption to occur, the disruption radius should
be Zgisrupt = Risco- This means that tidal disruption is favored for
systems with corotating BH spins. In Figure 8 we show the
dependence of a GW observable, the effective spin
Xett = (MiX1z + maxa.)/(my + my) (Where Xi., xo. are the
components’ spins along the binary angular momentum direc-
tion), on the detectability of events in our simulations, since the
BH spin magnitude, which directly affects the ISCO radius, is
typically harder to constrain from GW observations. Because the
effective spin is mass weighted, the BH component has a larger
contribution to its value than the NS. We can see that both KN
production and detection favor —0.2 < y.g < 0.7. This is a KN
selection effect, not a GW one, as GW selection effects only
slightly skew the effective spin distribution (K. K. Ng
et al. 2018).

10

3.2.6. Fate of the Central Remnant

The fate of the central remnant and the properties of the
ejecta are all related to the masses and spins of the components
of the BNS system (M. Shibata & K. Taniguchi 2006). In
Figure 9 we show the total (wind and dynamical) ejecta mass
in the simulated BNS mergers versus the summed (total)
component masses, along with the expected mass ranges for
the formation of different kinds of remnant. A hypermassive
NS (HMNS) is a massive NS remnant, supported mainly by its
differential rotation, that will collapse to a BH within tens to
hundreds of milliseconds following the merger as mass
accretion continues (D. M. Siegel et al. 2013). A supramassive
NS (SMNS) is a less massive NS supported by its solid-body
rotation and can survive a few hundreds of milliseconds until
the remnant spin downs to a point of collapse (B. D. Metzger
2019). Above the threshold mass, we expect prompt collapse
to a BH. Note that GW170817-like events result in an SMNS
remnant using our fiducial EOS, whereas with our softer EOS
such events are expected to produce an HMNS remnant.
Previous work on GW170817 (R. Gill et al. 2019) excludes the
possibility of a long-lived stable NS remnant, since a BH is
most likely required (L. Rezzolla & P. Kumar 2015) to
facilitate a relativistic outflow that would power a short GRB,
but they could not exclude the possibility of an SMNS remnant
with a magnetar-like surface dipole magnetic field powering a
GRB (B. Zhang & P. Mészaros 2001; W.-H. Gao &
Y.-Z. Fan 2006; B. D. Metzger et al. 2008) before it would
ultimately collapse into a BH. Other works (L. Piro et al. 2019)
mention the possibility of a remnant SMNS if Mgy > 2.16
M., which corresponds to the case of the fiducial EOS used in
this work (Mtoy = 2.436 M). The possibility of an SMNS
remnant is also explored by B. Margalit & B. D. Metzger
(2017), whose work points to GW170817 producing either an
HMNS or a short-lived SMNS.

The threshold mass My, depends primarily on the EOS used
(K. Hotokezaka et al. 2011; A. Bauswein et al. 2013b) but also
on mass ratio. Symmetric mass ratio systems have higher My,



THE ASTROPHYSICAL JOURNAL, 993:15 (19pp), 2025 November 1

x1073
1.6
all NSBH
08 .aII KN
i-band KN
g-band KN
0.8
ud s 3
- -.. . .
0.4 . '-i A ) .
-, vdls mstn
s . ? Il g
= . . .
A [Lealall ¥ 1] ] -
N 0.0 -e.ﬁ- o a
- . e
-0.4
-0.8
0 500 1000 1500 2000 0.8 1.6
D, [Mpc]

Figure 8. Effective spin Y. vs. luminosity distance for our OS5 simulated
NSBH mergers. The color scheme is the same as in Figure 4.

(by ~0.1-0.3M. for a mass ratio of 0.6) compared to
asymmetric mass ratio BNS systems. This follows from the
fact that symmetric mass ratio binary systems have higher
angular momentum at a given orbital separation compared to
more asymmetric binaries assuming the same M, (A. Bauswein
et al. 2017), which facilitates stabilization of the remnant against
collapse. For our fiducial EOS, My, takes a value of 3.62 M,
and we ignore the effect of mass ratio since our pairing function
strongly disfavors asymmetric BNSs with g < 0.5.

We compare the proportion of each remnant category in the
injected BNS population to the GW-EM-detected sample.
While the injected population is dominated by HMNS (~45%)
and has a slightly lower fraction of prompt collapse systems
(25%—-28%), the GW-EM-detected sample shows an even
higher prevalence of HMNS (49%-52%) and a reduced
prompt collapse fraction (17%-21%). This reduction arises
because prompt collapse systems tend to have higher total
masses and thus a lower probability of producing an
observable KN. In contrast, HMNS, SMNS, and stable NS
remnants, despite being less common in the injected popula-
tion, have a significantly higher likelihood of producing bright
EM counterparts, which boosts their representation in the KN-
detected sample. As shown in Table 3, most BNSs we will
detect in GWs are likely to result in an HMNS, but a
noticeable fraction of multimessenger sources will promptly
collapse into a BH. In our simulation, ~2% of both the BNS
KN detections and the GW detections arise from a system that
likely results in stable NS remnants, while we expect at least
27% of the O4 KN detections to be from sources that would
likely produce SMNS remnants and at least 49% from sources
that result in HMNS remnants. This number comes to about
28% in OS5 for SMNS remnants and 51% for HMNS remnants.
Around 20%-21% of the KN detections in the O4 simulations
and 17%-19% of KN detections from the OS5 simulations are
from sources that would undergo a prompt collapse. Although
the finding that most BNS mergers will produce an HMNS is
in agreement with B. Margalit & B. D. Metzger (2019), they
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find that a negligible fraction of objects will undergo prompt
collapse. This is a result of the different mass distributions
assumed, as B. Margalit & B. D. Metzger (2019) use a narrow
symmetric mass distribution motivated by Galactic binaries.
Such distribution is significantly lighter than the one used in
this work, which accommodates for events such as GW190425
(B. P. Abbott et al. 2020a), not easily explained by the Galactic
binary population.

It is worth noting that, at least in our GW population, the
volumetric merger rate of compact objects in the NS mass
regime decreases with mass. Hence, the most massive systems
are rarer than lower-mass objects. For this reason, and because
of the larger volume probed by the O5 network, a larger
fraction of GW detections are expected to promptly collapse in
a BH, which diminishes the fraction of objects producing an
SMNS or an HMNS (see the last columns of Table 3).

3.3. Sky Tiling and Overall Detection Rate

For each simulated event, we use gwemopt to produce an
observing plan, which determines whether our default
observing strategy would cover the true location of the
merger. Combined with the detectability results from the
previous subsection, this provides an estimate of the percent-
age of events that may have a KN detected in the O4 and O5
observing runs.

For example, Figure 10 shows the DECam tilings for an
example BNS event from simulation 2 at 174 Mpc localized to
37 deg”® at 90% C1. In O4, only 3% of the BNS events are
expected to be so well localized. We find that DECam is able
to cover the 90% probability region for this well-localized
event almost entirely with only ~17 pointings. Our baseline
case assumes that the follow-up is performed 1 day after the
GW trigger.

The results shown above only assume a single value of the
depth for all events. The KN detection efficiency out of the
total GW detection is shown in Table 4. In reality, we want to
adjust the depth (and filters) based on the Moon phase and
findings of this work for the KN population at different
distances. For this reason, we provide the quintiles of our KN
population at different distances and times in Table 7 for BNS
events and in Table 8 for NSBH events (see Appendix A), as
well as the violin plots of KN brightness as a function of chirp
mass and time for both BNS (Figure 11) and NSBH
(Figure 12) events, so that these can be used to inform the
depth of follow-up campaigns with DECam and other
instruments.

For our case, we run gwemopt assuming these different
depths of up to 24.3 and 23.9 in g and i, respectively, and a
maximum on-sky time of 4 hr. With these optimized settings,
in 04 (O5), we expect to cover about 32% (38%) of all BNS
KNe within 1 day of explosion and 29% (32%) of NSBH KNe
within 2 days of explosion. Refer to Table 5, which
summarizes the detection efficiency using gwemopt in the g
and i bands across all scenarios. These percentages now reflect
both the fact that the location of the KN is observable and
covered by the scheduler and that the KN luminosity was
above the flux limit. Considering the observability constraints
that we place on air mass and moon distance, it is reasonable
that ~38% of KNe from BNS events are covered by our
DECam scheduler in O5. NSBH KNe result in a lower
coverage probability because the depths needed to detect the
EM counterpart are significantly larger, hence the longer
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Figure 9. Total ejected mass from BNS mergers vs. their total mass. Vertical dashed lines delineate between different merger remnants’ fates, with the threshold
masses and radii derived assuming the EOS from S. Huth et al. (2022b). Here Moy = 2.436 M, Rroy = 11.7 km, and My, = 3.616 M. The color scheme is the
same as in Figure 4, except that by construction we do not have BNSs that do not produce a KN here. The pink and yellow lines indicate the fate of GW170817 and
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Table 3

Percentage of BNS Mergers That Fall into Each of the Remnant Categories as Predicted by the Assumed Fiducial EOS in LVK O4 and O5 Runs

GW BNS Detections

Detectable KNe

Remnant Binary Mass Range
04 05 04 05
g i g i
Stable NS Mot < Mrov 2.0% 1.9% 2.0% 2.0% 1.9% 2.0%
SMNS Mroyv < My < 1.2Mrov 27% 28% 27% 28% 28% 30%
HMNS 1.2Mrov < Mot < My, 49% 50% 49% 50% 51% 52%
Prompt BH Mot > My, 21% 20% 21% 20% 19% 17%

Note. The “GW BNS Detections” column refers to the percentage of GW BNS injections that are “detected” in GWs in our simulation and fall into each category.
The “Detectable KNe” column shows the fraction of objects with a detectable associated KN for each category, out of all objects with an associated KN.
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Figure 10. Simulated DECam tiling follow-up of a well-localized BNS event.
The solid and dashed lines indicate the 50% and 90% C I area of the event,
respectively. It can be seen that the 90% probability region of the event is
covered almost entirely by DECam with ~15 pointings.

Table 4
KN Detection Efficiencies (Out of the Total GW Detections) Using Our
Observing Strategy for a Fiducial Depth of g = 24.3 and i = 23.9 and the
Fiducial EOS

KN Detectability

Run Binary Type
g Band i Band
(%) (%)
04 BNS 77 77
NSBH 6 6
05 BNS 69 66
NSBH 3 3

Note. Here O4 refers to simulation 2.

exposure times required, resulting in smaller sky areas being
covered in the fixed time window, despite the GW localiza-
tions of BNS and NSBH mergers appearing similar in our
simulations.

Next, we consider the total time required to follow up one
event over multiple epochs to understand whether a down-
selection of events is needed to use a reasonable amount of
telescope time. For O4 the GW detection rates are low enough
that a down-selection of events is unnecessary, so we consider
the case of O5. For a fiducial cadence of three epochs (days 1,
2, and 4 post-merger), we assess the feasibility of follow-up
within realistic observing constraints, using the GW-MMADS
time allocation of ~13 hr per month for BNS/NSBH events.
We restrict our analysis to events with chirp mass M < 3 M,
sky localization area <2000 deg?, and at least 5% of the sky
localization probability covered by the simulated follow-up
(using gwemopt). For BNS events satisfying these criteria,
we find that one event requires a median of ~7 hr of telescope
time, with the 90th percentile requiring <17.5 hr for full three-
epoch coverage. These events compose approximately 23% of
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the BNS events detectable in O5, corresponding to an expected
~2-17 events per year. Given the 13 hr monthly observing
allowance, this translates to the practical feasibility of
following up ~1 such BNS event per month. For NSBH
systems, the estimated O5 detection rate is ~19-110yr .
Applying the same selection criteria, we find that a typical
NSBH event requires a median time of ~4.6 hr for follow-up,
with the 90th percentile requiring <12hr. These represent
approximately 8% of the detectable NSBH population, or
~1.8-8.9 events per year. Therefore, even for NSBH mergers,
a limited but meaningful subset of events can be feasibly
observed within the available time.

Next, we compute how many events we expect to detect in
GW and also jointly with a KN, based on the GW detection
rates and our KN detection efficiency. For DECam-like
instruments, we estimate a BNS (NSBH) KN detectability
rate of 1-16yr~' (0-1yr ') in O4 and 18-194 yr ' (04 yr ")
in O5. These ranges take into account the uncertainty on the
latest rate estimates and on the EOS, with the rates
contributing the most to the final uncertainty. These rates
drop if corrected for our gwemopt observability efficiency,
which can be calculated from Tables 9 and 10 in Appendix B
as ~0-5yr ' Oyr'") and ~7-76yr' (~0-1yr ') for
multimessenger BNS (NSBH) detections in O4 and OS. If
we consider the nondetection of BNS mergers in O4 until the
end of O4b (see Table 6), the BNS KN detectability rate drops
to 0-5yr ' in O4 and 5-55 yr~ ' in O5; when corrected for our
gwemopt observability efficiency, the rate drops to 0-2 yr '
in 04 and 2-21 yr~' in O5.

We note that even though the O4 GW BNS merger rates we
find may appear large given the nondetection of high-
confidence BNS candidates in O4, our detection rate (as also
in other works such as R. W. Kiendrebeogo et al. 2023) is
based on an SNR cut that does not correspond exactly to the
04 search pipelines selection criteria, based on false-alarm rate
(FAR) instead. Therefore, our selection may include events
that would be considered subthreshold in the actual O4
searches. However, the expected number of multimessenger
sources is likely to be closer to what we will actually find in
04, modulo the uncertain rates that may push us toward the
lower limits we report, given that those sources are typically
better localized and more nearby and will have the largest SNR
and lower FAR of the entire BNS population. In our simulation
release, we include detector and network SNRs, so our
findings can easily be rescaled in light of the new findings
from the O4 search pipelines and the relation between their
FARs and SNRs, as well as in light of updated rates.

Lastly, we point to the fact that different EOSs will predict
slightly different KN emissions and therefore detection rates
(e.g., S. Rosswog et al. 1999; M. W. Coughlin et al. 2018a;
C. Zhao et al. 2023). We find that the detection rate is only
mildly dependent on the EOS, so that the uncertainty on our
detection rate is dominated by the underlying compact object
volumetric merger rate uncertainty rather than by changes in
the EOS.

4. Discussion

Although we have assumed the same relations to map BNS
properties into ejecta masses regardless of the fate of the
central remnant, some differences may be expected for
different remnants (K. Kawaguchi et al. 2020), especially
when a stable NS is formed. The major difference is expected
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Figure 11. BNS KN magnitude distributions at 0.5, 1, 2 and 4 days as a function of chirp mass bins. The top panel shows the results in g band; the bottom panel

shows the results in i band.
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Figure 12. NSBH KN magnitude distributions at 0.5, 1, 2 and 4 days as a function of chirp mass bins. The top panel shows the results in g band; the bottom panel

shows the results in i band.
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Table 5
Detection Efficiencies Using gwemopt for Different Scenarios Assuming the
Fiducial EOS and Our Fiducial Observing Strategy

R By Type  quemope Cowrage KN Detectbliy
g Band i Band
(%) (%) (%)
04 BNS 32 97 88
NSBH 29 99 100
05 BNS 38 98 9
NSBH 32 7 08

Note. The KN detectability columns shows the percentage of KNe covered by
gwemopt that is detectable in g or i band given our fiducial depth. Results for
the softer and stiffer EOSs are shown in Appendix B.

Table 6
Expected BNS and NSBH Detection Rates from Our LVK O4 and O5
Simulations and the Associated Multimessenger KN Detection Rates in g and i
Bands, Assuming Different EOSs

KN Detectability

Run Binary Type GW Detection Rate
g Band i Band
o h o h yrh
04 BNS 0.60-5.7 0.40-4.6 0.40-4.6
NSBH 1.7-9.8 0.11-0.66 0.10-0.70
05 BNS 8.6-76 5.3-55 5.1-53
NSBH 19-110 0.45-3.6 0.54-4.3

Note. The BNS rate calculation assumes that there were no BNS detections in
04 until the end of 2024.

to be in the wind/outflow mass ejecta rather than in the
dynamical ejecta. However, this accounts for <2% of all BNS
systems considered in both O4 and O3, and it is therefore only
expected to be a minor perturbation for our results.

Next, we compare our work with previous efforts on GW
localizations and KN detectability. Compared to B. P. Abbott
et al. (2018), we consider more up-to-date detector sensitivities
and simulate KN light curves. The main differences from the
studies in A. Colombo et al. (2022, 2024) and V. G. Shah et al.
(2024) are that we assume a mass distribution driven by GW
observations and provide the depth needed to detect a
significant fraction of BNS and NSBH KNe.

In R. W. Kiendrebeogo et al. (2023) the aim is to understand
how multimessenger observations will help in estimating the
Hubble constant with a focus on optimizing follow-up using
the Zwicky Transient Facility (ZTF) and Rubin Observatory.
Simulated follow-up with ZTF is modeled in g, r, i bands,
whereas for Rubin Observatory simulated follow-up is
modeled in u, g, r, i, z, y bands. Follow-up decisions for
going deep or wide are made based on GW candidate
properties such as FAR and presence or absence of an NS
remnant. An event satisfying the “go-deep” criteria merits
triggering a target-of-opportunity observation for three nights
in g and r bands for 300s exposure, whereas an event
satisfying “go-wide” criteria would prompt reweighing the
ZTF survey field to observe the event for five nights of 30s
exposures. Instead, our approach of simulating GW KNe
directly from a population model marginalized over GWTC-3
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uncertainties and using the predicted light curves to infer their
expected magnitude allows the depth and likelihood of
detection to be continuously determined by physical para-
meters such as binary chirp mass, EOS, viewing angle, and
distance rather than applying preassigned depth tiers. More-
over, by marginalizing over the GW population uncertainty,
we get a different and more numerous mass gap NSBH
sample, as the population hyperparameters used in R. W. Kie-
ndrebeogo et al. (2023) predict an almost empty mass gap.

We also add to the work presented in C. R. Bom et al.
(2024), which focuses on DECam follow-up in O4, by using
more updated GW simulations, physically motivated KN light
curves, and the addition of O5 forecasts. C. R. Bom et al.
(2024) design DECam strategies based on blue and red
isotropic KN models from D. Kasen et al. (2017) and optimize
for cadence and depth to improve detection efficiency across
g, 1, I, z bands. On the other hand, in this work we capture
population level uncertainty from the GW sources and use
different KN models with geometries motivated by numerical
relativity simulations and with properties informed by the GW
sources.

S. Biscoveanu et al. (2022) also explore multimessenger
prospects for NSBH mergers based on the findings from
GWTC-3. A major difference from that work is that they
impose an empty lower mass gap, while we allow it to be
populated with mass gap NSBHs, which is reasonable based
on the detection of GW230529 (A. G. Abac et al. 2024). This
is expected to produce a larger number of NSBHs giving rise
to an EM counterpart in our work. On the other hand, given the
lack of NSBH detections with BH mass >20M, their
population of NSBH binaries has a BH mass cutoff at
>20 M. Because the GW population assumed in our analysis
does not distinguish between compact object binary types and
can therefore include higher-mass BHs following A. Farah
et al. (2022), our BH cutoff is effectively at 60 M., for NSBH
binaries. Although this choice may reduce the fractional
number of multimessenger NSBH sources compared to a lower
BH mass cutoff, the pairing function would rarely allow for the
presence of extreme mass ratio pairings between a >20 M,
BH and an NS (it can be seen from Figure 6 that m; in our
NSBH population has already tailed off at 13 M.). In our
simulations, as we go from softer to stiffer EOS, we find that
~6%—-8% of NSBHs in O4 are expected to produce a KN, of
which 0.3703 to 0.3793 per year would be detectable in 04
given our fiducial depth. In OS5, we find that ~6%-9% of
NSBH events are expected to produce a KN depending on the
EOS and 1.27}4 to 2.07}3 per year would be detectable given
our fiducial depth. As a result, our prospects for detecting
multimessenger NSBH events are promising.

Comparing the rate estimates from similar works, P. Petrov
et al. (2022) report BNS detection rates of 9-88 yr~ ' in O4 and
47-478 yr~ ' in O5 and NSBH rates of 34—147 yr ' in O4 and
180-720 yr " in O5. A. Colombo et al. (2022) provide O4 rate
estimates of 2-20 yr—' for BNS events, and A. Colombo et al.
(2024) report a rate of 6-39 ylf1 for NSBH events and OS5 rate
estimates of 56292 yr—' for NSBH events. Our estimates are
lower, particularly for O4, as we incorporate the nondetection
of BNS mergers through the end of O4b, providing a more
stringent and up-to-date constraint based on the LVK public
alerts to date.

Our findings reveal strong dependencies of KN detection
efficiency on the binary masses and, for NSBHs, on the spin
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parameters. This is not surprising, as our mapping between
binary parameters and ejecta mass explicitly includes these
quantities. However, this also indicates that a significant EM
selection function will be at play and should be taken into
account when multimessenger studies of populations of BNSs
and NSBHSs, such as EOS and standard siren measurements,
will become possible.

To conclude, if spins and mass ratios were to be released in
public GW alerts in addition to chirp mass, this would be an
invaluable tool for the astronomical community to further
inform their follow-up (B. Margalit & B. D. Metzger 2019)
and, for example, prioritize NSBH mergers with larger
effective spin. A caveat is that we have considered detecting
any KN that is brighter in at least one band than the magnitude
limit considered in our baseline observing strategy. In reality,
one would typically require at least two detections of the
transient in order to discriminate between moving objects (a
major contaminant in transient searches) and static variables,
while also identifying transients that most resemble the colors
and evolution of a KN. Various tools and methods can be used
to rapidly identify them, even with a few data points (e.g.,
E. O. Ofek et al. 2024).

5. Conclusions

In this work, we describe an end-to-end simulation of GW
merger events for the fourth and fifth LIGO/Virgo/KAGRA
observing runs to optimize follow-up strategies with our GW-
MMADS DECam Survey program. We focus on mergers
containing at least one NS. We study both the BNS and NSBH
parameters and their effect on KN production and detect-
ability, finally optimizing our observing strategy based on the
expected KN population. The implications of this simulation
study can be summarized as follows:

1. Including Virgo, even at O3 sensitivity, the O4 detector
network results in larger detection rates of well-localized
events at distances <100 Mpc. Approximately 15% of
the BNS and NSBH events are likely to result in a
localization that is <500 deg” in O4, increasing to 26%
for BNS mergers and 28% for NSBH mergers in OS5.
More than 10% of the NS merger events will have an
area localized to <100 deg” in O5.

2. For our baseline strategy (without considering the
gwemopt coverage), we find that in OS5, out of all
GW detections, KNe are detectable for ~69% (66%) of
BNS mergers and ~3% (3%) NSBH mergers, at a depth
of 24.3 and 23.9 mag in g and i, respectively. These
depths can be optimized for a specific follow-up given an
event’s distance; we provide tables with quantiles of the
magnitudes for our expected KN population to allow
for that.

3. The majority of BNS sources detected in GWs, as well as
those that have a KN detection, are expected to produce
an HMNS remnant, while a significant fraction of the
remaining detections are likely to undergo prompt
collapse to a BH.

4. We show the dependence of KN detectability on GW
parameters, providing a realistic population of GW
detections. In particular, we show the importance of
releasing even tentative chirp masses and mass ratios to
the EM follow-up community to inform their triggering
criteria and follow-up strategy. The release of binned
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chirp masses in O4 is an important step in that direction.
We provide the expected KN magnitude as a function of
chirp mass bins to further inform the GW-EM follow-up
efforts.

5. The 90th percentile of multimessenger BNS detection
rate is expected to be below a chirp mass of <1.7 M, and
at distances less than 1140 Mpc. The KN detection
efficiency out of the GW detections is also higher for
mass ratios <0.8 compared to more symmetric BNSs.
For NSBH mergers, the 90th percentile of the detectable
KNe has a chirp mass <2.4 M, mass ratios of [0.2, 0.6],
and effective spin —0.2 < x.¢ < 0.7, ie., strongly
favoring coaligned BH spins with respect to the angular
momentum of the binary.

6. For DECam-like instruments, considering the nondetec-
tion of BNS mergers in O4 up until the end of O4b, we
estimate a KN detectability rate of ~0-5yr~' from BNS
mergers and 0—1 yr' from NSBH mergers in O4. In OS5,
our estimated KN detectability rate is ~5-55yr ' from
BNS mergers and ~0—4yr ' from NSBH mergers.
Taking into account our typical gwemopt coverage, this
leads to ~0-2 (~2-21)yr ' multimessenger BNS
detection and probably no (~0-1yr ') multimessenger
NSBH detection in O4 (O5). Our expectation is that there
is a significant probability of detecting an EM counter-
part to an NSBH merger in OS5.

These findings can be useful to inform a variety of follow-
up efforts, especially those that will soon be carried out by the
Rubin Observatory (I. Andreoni et al. 2024).
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Appendix A
Kilonova Magnitude Table

We show the expected 50th and 90th percentile quantiles of
KN magnitude distributions from 0.5 to 5 days following BNS
(Table 7) and NSBH (Table 8) mergers at O4 and OS5
sensitivities.
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Table 7
50th and 90th Quantiles of the KN Magnitude Distributions at 0.5, 1, 2, 3, 4, and 5 Days for the BNS Mergers at O4 and OS5 Sensitivities

Kunnumkai et al.

Distance  Observing Run ~ Band magso magoo
(Mpc) 12 hr lday 2days 3days 4days 5 days 12 hr lday 2days 3days 4days 5 days
<100 04 g 19.0 18.4 19.5 21.0 22.3 232 20.2 20.3 214 22.6 23.6 24.5
i 19.0 18.2 19.3 20.2 21.0 21.7 20.0 19.3 19.9 21.1 219 227
05 g 19.8 19.8 20.1 21.1 22.0 22.8 20.2 20.3 21.4 22.8 239 249
i 19.5 18.7 19.1 19.7 20.3 20.8 20.3 19.6 19.9 21.1 22.1 229
100-150 04 g 20.3 19.8 20.7 22.1 233 24.2 21.2 21.2 21.8 23.2 24.4 25.4
i 20.5 19.7 20.4 21.2 22.0 22.7 21.2 20.6 21.0 223 232 239
05 g 19.8 19.1 19.9 21.3 22.6 23.6 20.6 20.4 21.7 22.7 23.6 24.5
i 20.3 19.5 20.3 21.0 21.6 22.3 20.8 20.4 20.7 21.8 227 23.4
150-200 04 g 20.7 20.1 21.1 22.4 237 24.7 21.7 21.4 222 23.5 249 25.9
i 20.9 20.1 21.1 22.0 22.8 23.5 21.5 20.8 21.6 229 23.8 24.6
05 g 21.0 20.3 214 22.7 24.1 25.0 21.9 21.8 23.0 242 25.0 25.8
i 21.1 20.3 21.3 222 23.0 23.8 21.8 21.4 21.6 22.8 23.7 24.4
200-250 04 g 21.4 20.7 21.6 23.0 24.2 25.1 22.1 21.8 22.8 242 25.3 26.3
i 215 20.7 21.4 222 23.1 23.8 22.0 21.3 22.1 23.3 242 25.0
05 g 21.6 21.0 21.9 23.1 244 25.1 222 222 23.0 244 254 26.3
i 21.7 20.9 213 21.9 22.6 232 22.5 22.0 22.0 232 24.1 24.8
250-300 04 g 21.8 21.0 22.0 234 24.6 25.5 224 22.0 23.1 24.5 25.7 26.8
i 21.9 21.0 21.7 22.6 23.4 24.0 22.5 21.7 224 23.7 247 25.4
05 g 21.9 21.3 222 23.4 24.6 25.5 22.5 22.4 23.2 24.5 25.7 26.7
i 22.1 21.2 21.8 22.5 232 23.8 22.7 222 224 23.6 24.5 253
300-500 04 g 225 21.7 22.5 239 25.1 26.1 233 229 23.8 25.1 26.4 274
i 22.6 21.7 224 233 24.1 24.8 232 224 232 244 253 26.0
05 g 22.7 21.9 22.8 24.2 253 26.2 23.6 23.3 24.0 25.3 26.5 27.5
i 229 22.0 22.5 233 24.0 24.7 23.6 229 23.3 24.5 25.5 26.2
Table 8
50th and 90th Quantiles of the KN Magnitude Distributions at 0.5, 1, 2, 3, 4 and 5 Days for the NSBH Mergers at O4 and OS5 Sensitivities
Distance ~ Observing Run ~ Band magso magoo
(Mpc) 12 hr lday 2days 3days 4days 5 days 12 hr lday 2days 3days 4days 5 days
<200 04 g 22.6 21.6 21.6 21.9 22.8 23.6 23.1 222 222 22.7 23.6 244
i 20.7 20.1 20.0 204 20.9 21.4 21.9 21.1 21.0 21.2 21.7 22.3
05 g 223 21.4 214 21.8 22.6 235 22.6 21.7 21.8 22.4 23.1 23.8
i 20.6 19.9 19.9 20.2 20.5 21.0 21.1 20.5 20.4 20.5 20.9 21.4
200-300 04 g 23.6 22.5 22.6 23.1 23.8 24.6 24.0 229 23.0 23.6 243 25.1
i 21.7 213 21.1 214 21.8 222 22.3 21.7 21.6 22.1 225 232
05 g 24.0 229 23.0 23.5 242 25.0 24.3 233 233 239 24.7 25.5
i 22.1 21.4 214 21.8 22.1 22.6 23.4 225 224 22.4 22.8 23.4
300-400 04 g 24.2 23.0 23.1 23.6 24.3 25.0 24.5 233 234 239 24.6 25.4
i 22.4 21.7 21.7 22.0 224 22.8 229 222 222 22.5 23.0 23.5
05 g 24.5 23.5 235 24.0 24.7 255 25.0 239 23.8 24.3 25.1 26.0
i 22.8 22.1 22.0 22.4 22.8 233 237 23.0 229 23.3 23.8 24.3
400-500 04 g 25.0 23.8 24.0 24.5 25.1 25.8 25.4 24.0 24.1 24.6 253 26.1
i 23.0 224 22.3 22.6 23.0 23.4 232 22.8 22.8 232 23.6 242
05 g 24.8 23.8 23.8 24.2 24.9 25.6 253 24.0 24.1 24.6 253 26.0
i 23.0 224 22.3 22.6 23.0 234 23.6 229 229 232 23.8 24.4
500-600 04 g 25.4 242 242 24.6 25.2 259 25.8 24.4 245 25.0 25.7 26.5
i 235 23.0 229 232 234 23.8 24.3 23.4 234 23.8 243 25.0
05 g 254 243 24.3 24.8 254 26.1 25.7 245 24.5 25.0 25.7 26.5
i 235 22.8 22.8 23.1 234 23.8 243 234 234 23.7 24.1 24.7
600-700 04 g 25.5 244 24.4 24.9 25.5 26.2 259 24.6 24.7 252 259 26.6
i 23.6 23.0 229 233 23.7 242 24.1 233 233 23.7 242 24.8
05 g 25.6 244 24.5 249 255 26.1 25.8 24.7 24.6 25.1 25.8 26.6
i 23.8 23.1 23.0 233 235 239 244 235 234 23.8 243 25.0
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Appendix B
Detection Efficiency Estimate

We calculate the gwemopt coverage and the associated KN
detectability for the simulated events also assuming our softer
and stiffer EOSs. The results are shown in Tables 9 and 10.

Table 9
Detection Efficiencies Using Our Observing Strategy for Different Scenarios
and Binaries Using the Softer EOS

Rin By Ty ouenope Coverage KN Detccabiy
g Band i Band
(%) (%) (%)
04 BNS 30 98 95
NSBH 26 90 99
05 BNS 37 99 88
NSBH 28 65 93
Table 10

Detection Efficiencies Using Our Observing Strategy for Different Scenarios
and Binaries Using the Stiffer EOS

Run Binary Type gwemopt Coverage w
g Band i Band
(%) (%) (%)
04 BNS 33 99 99
NSBH 31 98 100
NSBH 33 72 100
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