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Abstract

The detection of gravitational waves (GWs) from a binary neutron star (BNS) merger by Advanced LIGO and
Advanced Virgo (GW170817), together with its electromagnetic counterpart, the short gamma-ray burst
GRB 170817A, heralded the birth of multimessenger astronomy. The detection of TeV emission from GRBs
motivates follow-up observations with the Cherenkov Telescope Array Observatory (CTAO), which is ideal for
detecting such signals due to its unprecedented sensitivity, rapid response, and wide-field survey capabilities. The
aim of this work is to evaluate GeV-TeV GW follow-up strategies for CTAO using a multistep simulation
pipeline and to estimate the expected rate of joint GW—GRB detections during observing run O5. Using a
simulated sample of BNS systems with corresponding GW detections, gamma-ray emission is simulated through
phenomenological prescriptions based on the observed population of short GRBs, including off-axis jet scenarios.
CTAO observations are simulated to account for instrument response, sky tiling strategies, integration times, and
varying observing conditions. Strategies with variable and constant integration times are investigated. We find
that, via an optimized follow-up strategy, about 5% of simulated GW-associated short GRBs produce GeV-TeV
radiation detectable by CTAO. Detectability is strongly influenced by the jet opening angle and viewing angle,
suggesting that even rough estimates of the viewing angle in GW alerts could enhance targeting. This framework
motivates future follow-ups of GW-detectable events, including neutron star—black hole mergers, and further
supports the development of advanced strategies incorporating galaxy distributions and synergies with future
detectors such as the Einstein Telescope.

Unified Astronomy Thesaurus concepts: Gamma-ray transient sources (1853); Gamma-ray telescopes (634);
Gravitational wave astronomy (675); High energy astrophysics (739); Gamma-ray bursts (629); Gravitational
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wave sources (677)

1. Introduction

On 2017 August 17 a gravitational wave (GW) signal from
the inspiral of a binary neutron star (BNS) merger was observed
for the first time (B. P. Abbott et al. 2017a) by Advanced LIGO
(LIGO Scientific Collaboration et al. 2015) and Advanced Virgo
(F. Acernese et al. 2015); ~2 s after this GW event, Fermi
(A. Goldstein et al. 2017) and INTEGRAL (V. Savchenko et al.
2017) detected a short gamma-ray burst (GRB) in GRB
170817A. The association of GW170817 and GRB 170817A
represents the first direct evidence that BNS mergers can
produce short GRBs (sGRBs), confirmed by the very long
baseline interferometry (VLBI) observations of a successful,
structured jet (G. Ghirlanda et al. 2019). Long GRBs produce
gamma-ray photons reaching TeV energies, as proven by the
recent observations of GRB 190114C, GRB 201216C, and GRB
201015A by MAGIC (MAGIC Collaboration et al. 2019a;
H. Abe et al. 2024; O. Blanch et al. 2020); GRB 180720B
and GRB 190829A by H.E.S.S. (H. Abdalla et al. 2019;
H. E. S. S. Collaboration et al. 2021); and GRB 221009A by
LHAASO (Z. Cao et al. 2023; LHAASO Collaboration et al.
2023). Delayed by bright moonlight until 1.33 days postevent,
observations of GRB 221009A using LST-1, the first large-sized
telescope of the upcoming Cherenkov Telescope Array
Observatory (CTAO), reached a significance of 4.10, resulting
in the derivation of upper limits (K. Abe et al. 2025a). Finally,
MAGIC observed the short GRB 160821B, obtaining a hint of
TeV emission at a 3o level (V. A. Acciari et al. 2021). Motivated
by these results, the scope of this work is to determine not only
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the prospects of joint GW—-GRB detections with CTAO but also
how the choice of observational strategy affects these prospects.

1.1. The Cherenkov Telescope Array Observatory

CTAO is poised to be the next generation of Imaging
Atmospheric Cherenkov Telescopes (IACTs), covering a range
in the very-high-energy (VHE) gamma-ray regime between
20 GeV and 300 TeV (see B. S. Acharya et al. 2013). So far,
no VHE emission coincident with a GW event has been
observed in the VHE band by any IACT. Upper limits were
derived in the case of GW170817, both several hours
(H. Abdalla et al. 2017) and months postmerger (H. Abdalla
et al. 2020; O. S. Salafia et al. 2022b). Instead, in the case of
GRB 211211A, a joint detection of kilonova emission was
reported at a distance of ~350Mpc, closely resembling
AT2017g, the kilonova counterpart to GW170817, together
with GeV emission by Fermi-LAT (J. C. Rastinejad et al.
2022). During this period, the GW interferometer network was
undergoing commissioning toward observing run O4, and
consequently no GW detection was possible.

CTAO will provide an order of magnitude improvement in
sensitivity compared to the current generation of IACTs, swift
slewing capabilities reaching 180°/20 s, and a large field of
view (FoV) between 4° and 10° depending on the telescope:
these characteristics make it an ideal instrument to search for
VHE emission from short GRBs associated to GW events.

1.2. LIGO-Virgo-KAGRA and IACTs

The fourth LIGO-Virgo—-KAGRA (LVK) observing run
started on 2023 May 24 and finished on 2025 November 18.'*
Upgrades of Advanced LIGO, Advanced Virgo, and KAGRA

188 https: / /observing.docs.ligo.org/plan/
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(T. Akutsu et al. 2019) interferometers will improve the
broadband sensitivity toward the fifth LVK observing run, OS5,
which is currently planned for the beginning of 2028, a
timeline consistent with the schedule of CTAO. The increased
sensitivity will allow us to explore a much wider volume of the
Universe, with the consequent increase in the GW detection
rate (P. Petrov et al. 2022) and potentially in the multi-
messenger detection rate with respect to the previous
observing runs.

Yet, even with improved sensitivity in current and next-
generation GW interferometers, significant localization uncer-
tainties will persist for a large fraction of detections, largely
depending on the size of the detector network. Improvements
throughout the years on observation strategies (e.g., L. P. Singer
et al. 2025) and observation campaign coordination tools (e.g.,
S. D. Wyatt et al. 2020) are key to maximizing the detection
odds of the counterparts of GW detections, such as those from
compact binary coalescences (CBCs). These automatic handling
and scheduling strategies are crucial in small and medium-sized
FoV telescopes, as in the case of the IACT, and have been
optimized to cover rapidly large regions in the sky, as shown in
H. Ashkar et al. (2021). In addition, recent GW follow-ups by
IACTs have been shown to have the potential to cover a large
portion of the uncertainty region of GW, as shown by the
combined LST-1 and MAGIC observations of S241125n
(D. Paneque et al. 2024), putting upper limits on the gamma-
ray emission above 300 GeV, proving the capabilities of TeV
observations to set useful constraints to the emission models.
(MAGIC and LST-1 collaborations 2026 , in preparation).

1.3. GW Follow-up Campaigns

The capability of CTAO to perform the electromagnetic
(EM) follow-up of GW events, as well as possible observa-
tional strategies, has already been studied in a few works
(I. Bartos et al. 2018, B. Patricelli et al. 2018). In particular,
B. Patricelli et al. (2018) investigated the prospects for joint
GW and VHE EM observations with Advanced Virgo,
Advanced LIGO, and CTAO, based on detailed simulations
of BNS merger accompanied by short GRBs, with a focus on o
n-axis sources. These refer to GRBs observed within the
opening angle of the jet, as opposed to off-axis, which are
those observed from outside the opening angle of the jet. They
proposed an optimized observational strategy for CTAO EM
follow-up of GW events, involving increasing exposure times
for consecutive observations, and demonstrated that this
approach enhances the likelihood of detecting VHE EM
counterparts. Other works (I. Bartos et al. 2014, 1. Bartos et al.
2019, B. Banerjee et al. 2023, T. Mondal et al. 2025) explored
the capability of CTAO to follow-up GW events and to detect
the electromagnetic counterparts in the VHE domain. In
I. Bartos et al. (2014), the authors focused on poorly localized
sources, demonstrating that CTAO will be able to detect short
GRBs associated with GW events even if it needs to survey a
sky area of ~1000 deg® and if the observations are delayed by
~100s following the onset of gamma-ray emission. The
prospects for CTAO with the next generation of GW
interferometers such as the Einstein Telescope'® have been
briefly explored (B. Banerjee et al. 2023, A. Colombo et al.
2025). Interestingly, B. Banerjee et al. (2023) showed that
early warning GW alerts—i.e., alerts issued prior to the merger

189 https: //www.et-gw.eu/
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of a binary system—could enable the detection of early VHE
emission with CTAO. Conversely, other studies (C. Pellouin &
F. Daigne 2024; J. P. Hope et al. 2025) have attempted to
model the high-energy gamma-ray components of the GRB
associated with GW170817, reaching differing conclusions
regarding the detectability of VHE emission from the
associated off-axis and on-axis GRBs. C. Yuan et al. (2022)
examined the scenario of compact-object mergers embedded
within the disk of an active galactic nucleus (AGN), where the
predominant contribution to the gamma-ray emission would
originate from external inverse Compton scattering of isotropic
thermal photons from the disk. Their prospects show that for
long-lasting jets of Ty, ~ 10°—10% s, CTAO will be able to
detect 25-100 GeV emission out to a redshift z = 1. Recent
work has explored the potential of detecting EM signals from
stochastic GW backgrounds using a time-domain cross-
correlation approach (H. J. Kuralkar et al. 2025), which is
complementary to the approach described in this work, that
focuses on matched-filtering-detected CBCs with two neutron
stars as compact objects.

1.4. VHE Emission of Short GRBs

Short and long GRBs are expected to have different
progenitors: long GRBs are associated with core-collapse of
massive stars, while short GRBs are associated with the
merger of compact binaries containing at least a neutron star
(NS; E. Berger 2014; see, however, J. C. Rastinejad et al.
2022; A. J. Levan et al. 2024).

The existence of VHE emission—extending beyond 10 TeV
—has been observed in long GRBs, i.e., from on-axis beamed
jets produced after the collapse of the central object. Given the
possibility of a similar jet structure in both long and short
GRBs (G. Ghirlanda et al. 2011), TeV emission may be a
common feature in short GRBs, yet this remains to be
confirmed. The prevailing physical explanation for this
emission is that VHE photons are produced via the
synchrotron self-Compton (SSC) process at the shock formed
in the afterglow phase by the interaction of the relativistic jet
with the interstellar medium (ISM; see e.g., MAGIC
Collaboration et al. 2019b and D. Miceli & L. Nava 2022
for a more extended list of references). The detectability of
VHE photons from GW counterparts depends on several
poorly constrained factors, including the microphysics driving
jet processes, the geometry of the jetted emission (e.g., jet
opening angle and structure), and the properties of the
surrounding environment, such as the ISM density and
distribution.

The EM counterparts of GW events are believed to be
produced in both on-axis and off-axis GRBs, when structured
jets are assumed (A. Kathirgamaraju et al. 2018), as confirmed
by VLBI observations of GW170817 (G. Ghirlanda et al.
2019). The detailed structure of the jet affects off-axis
observations by introducing a delay in the peak of the
afterglow emission and causing an energy-dependent shift in
the prompt emission (O. S. Salafia & G. Ghirlanda 2022;
7. Bognjak et al. 2024). These effects also depend on the jet
opening angle, for which only limited constraints are currently
available (W. Fong et al. 2015; A. Rouco Escorial et al. 2023).

The VHE emission is sensitive to these parameters, and
constraining it provides unique postmerger signatures that are
inaccessible in other EM bands. This work further investigates
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their impact on the detectability of the jetted emission from
GW events with CTAO.

1.5. This Work

Compared to previous work, we implemented a complete
simulation chain, starting from GW events originating from
BNS mergers and detectable by the LVK instruments during
the OS5 observing run. The simulation includes physically
motivated and phenomenologically supported multiband and
VHE emission from a structured jet in the afterglow phase, as
well as a full modeling of the CTAO instrument response to
the expected time-variable spectral energy distributions, as
described in the following sections. The events are further
processed through a realistic scheduling framework that takes
account of their visibility from both the southern and northern
CTADO arrays in operational darkness conditions, along with an
appropriate observing strategy. These consist of multiple
consecutive observations, called tiling, which are strategically
selected to provide coverage of a large fraction of the GW
uncertainty region.

This paper is organized as follows. In Section 2, we describe
the sample of simulated BNS systems and the associated GW
signals that we use in this work. In Section 3, we detail how we
simulated the VHE emission associated with BNS mergers. In
Section 4, we describe the characteristics of CTAO. In
Sections 5 and 6, we present the simulations of the CTAO
follow-up of BNS mergers and propose observational
strategies to optimize the probability of detection of EM
counterparts to GW events. Finally, in Section 7 we describe
and discuss our results, and in Section 8 we present our
conclusions.

2. Simulated GW Events from BNS Mergers

The realistic ensemble of simulated BNS mergers and the
associated GW signals presented in P. Petrov et al. (2022),
which has been released publicly on Zenodo (L. Singer 2021),
is used in these simulations. This BNS sample, consisting of
2307 events, defines the size of our full GW—GRB simulation
set, since each BNS has been connected to a GRB emission
(see Section 3.) The sample has been built considering realistic
astrophysical distributions of masses, spins, distances, and sky
locations. Specifically, the NS component masses were
randomly extracted from a normal distribution with mean 1.33
M., and standard deviation 0.09 M., consistent with that
inferred from measurements related to binary systems in the
Galaxy (F. Ozel & P. Freire 2016). The NS spins are aligned or
antialigned, with uniformly distributed magnitudes smaller
than 0.05: the maximum allowed value is consistent with the
spin of the most rapidly rotating pulsar found in a binary
system, i.e., PSR J0737-3039A (M. Burgay et al. 2003). The
position and the orientation of the binaries are distributed
isotropically, and the redshifts are drawn uniformly in
comoving rate density, employing cosmological parameters
from Planck Collaboration et al. (2016). For each BNS merger,
the expected GW inspiral signal has been simulated and then
convolved with the GW detector responses, considering
different GW detector network configurations. For this work,
we select the simulations performed assuming a network
composed by Advanced LIGO, Advanced Virgo, and
KAGRA, with the sensitivities expected to be reached in the
fifth LVK observing run (O5), whose timeline is consistent
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with the one of CTAO; these sensitivities have been released
in B. O’Reilly et al. (2020). The obtained BNS simulations
have then been analyzed with the matched-filtering technique
(L. A. Wainstein & V. D. Zubakov 1962; K. Cannon et al.
2012; T. Dal Canton et al. 2014; J. Veitch et al. 2015;
T. Adams et al. 2016; S. A. Usman et al. 2016; C. Messick
et al. 2017; A. H. Nitz et al. 2017), assuming a 70%
independent duty cycle for each interferometer. The signals are
considered as GW candidates if they are detected with a
network signal-to-noise ratio above 8§, even if observed with a
single interferometer: this approach has been shown to be
representative of the public GW alerts sent during the third
LVK observing run (O3) (P. Petrov et al. 2022). Finally, for
each GW simulated candidate, the associated sky localization
has been estimated with BAYESTAR, which is a rapid
Bayesian position reconstruction code that computes source
location using the output from the detection pipelines
(L. P. Singer et al. 2014). Included in this localization
information is the 90% credible region (CR) skymap, utilized
in all observation strategies and presented in Section 6.

3. Estimation of the VHE Emission from Phenomenological
Prescriptions

The estimate of the VHE emission is performed by adopting
a simple, phenomenological model. All BNS merger events
included in the simulated catalog (see Section 2) are assumed
to successfully launch a relativistic collimated outflow (i.e.,
jet), whose energy dissipation leads to emission of radiation
known as short GRB. This hypothesis is adopted for simplicity
because considerations of the uncertainties in jet launching
mechanism and propagation lie beyond the scope of this work.
Yet, only a fraction of events may be capable of launching a jet
that successfully penetrates the ejecta and achieves a breakout
(A. Colombo et al. 2022; O. S. Salafia et al. 2022a; N. Sarin
et al. 2022), which is subject to discussion in Section 7.

Based on the information available for each simulated GW
event (and in particular distance and viewing angle 6yicw,
defined as the angle between the jet axis and the line of sight to
the observer), the jet-related emission in the CTAO energy
range is estimated from phenomenological prescriptions based
on the currently available observations of short GRBs at
different wavelengths and on the current knowledge of VHE
emission from GRBs. The adopted approach does not require
the specific population of particles or the specific radiative
mechanism responsible for the production of gamma rays.
Since we are interested in long-lasting radiation, we focus on
VHE emission produced in the context of the interactions
between the jet and the surrounding medium, i.e., afterglow
radiation.

The information currently available from GRBs at VHE
includes: (i) five detections of long GRBs either by MAGIC
(MAGIC Collaboration et al. 2019a; H. Abe et al. 2024), H.E.
S.S. (H. Abdalla et al. 2019; H. E. S. S. Collaboration et al.
2021), or LHAASO (LHAASO Collaboration et al. 2023); (ii)
one hint of emission from a short GRB by MAGIC
(V. A. Acciari et al. 2021); and (iii) flux upper limits inferred
from observations of a large number of (mostly long) GRBs by
MAGIC, HE.S.S., and HAWC (F. Aharonian et al. 2009;
A. Albert et al. 2022; S. Abe et al. 2025b).

Past detections of long GRBs between 0.1 and 10 TeV have
shown that the luminosity emitted in this energy range is
comparable to the luminosity emitted in the soft X-ray band
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(MAGIC Collaboration et al. 2019b; L. Nava 2021; D. Miceli
& L. Nava 2022) and decays in time at a similar rate (H. E. S.
S. Collaboration et al. 2021). Given a current lack of
observational evidence of short GRBs at TeV energies, we
assume here that TeV radiation in short GRBs behaves in the
same way, i.e., that its TeV luminosity is comparable to the
X-ray one and decays at a similar rate. If this assumption is not
proven by future observations, part of the results in this paper
might require substantial revision.

Spectra of the VHE detected GRBs are consistent with a photon
index around o = —2 (in the notation dN/dE x E®, where dN
/dE is the number of photons per unit of energy), ranging from
—1.6 (H. Abdalla et al. 2019, although poorly constrained) to
—2.5 or even softer, depending on time and the extragalactic
background light (EBL) model (MAGIC Collaboration et al.
2019a; Z. Cao et al. 2023). Since the sample of detected GRBs is
still very limited, interesting information can come also from
observed GRBs with no evidence of VHE excess. In these cases,
the flux upper limits can be estimated and compared with the
properties of VHE detected GRBs.

Starting from these pieces of information, we predict VHE
afterglow light curves and spectra for an observer located at an
angle 0,;.,, from the jet axis. This requires a jet structure to be
specified, i.e., a description of how the kinetic energy density
and Lorentz factor of the jet depend on the angle 6 from the
jet axis.

In the next sections, we specify all the assumptions on the
adopted parameters and give the details of the method that has
been applied to simulate the light curves and spectra of VHE
radiation.

3.1. Jet Properties and Structure

We consider a jet with a Gaussian structure in energy and
bulk Lorentz factor (B. Zhang & P. Mészédros 2002; P. Kumar
& J. Granot 2003)

__02
ex(0) = €k, core e( 0%"‘“) 1)

02

Lo(0) = T.core — 1)e(’m) + 1 )

Here, 6 is the angle from the jet axis and ranges from 6 = 0°
and 0 = Oyax, where Opax is defined as the minimum
between 90° and the angle that verifies the condition
I6(0max) = 5. This condition is introduced to limit the
computation time (see similar approaches in G. Ryan et al.
2020; C. Pellouin & F. Daigne 2024). The energy per unit
solid angle of the core is €k core ~ Ek core/ wefm. Hence, the
jet’s structure depends on three quantities: the opening angle
Ocore, the initial Lorentz factor I o, and the core kinetic
energy Ex core. The value of 6 is randomly assigned
according to the distribution based on the few estimates
inferred from the population of short GRBs seen on axis. We
use a lognormal distribution with (Log(6.ore/deg)) = 1.15
(corresponding to 14°) and OLoghoe = 0.2 (W. Fong et al.
2015). Lacking a statistical study of bulk Lorentz factors in
short GRB jets, its value has been randomly assigned from a
lognormal distribution peaked at I core = 200 (a value similar
to the bulk Lorentz factor adopted to model emission from
GRB 170817A (G. Ghirlanda et al. 2019; O. S. Salafia et al.
2019) and standard deviation o = 0.2.

The kinetic energy of the jet Ex core at the beginning of the
afterglow emission is derived from the gamma-ray energy
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emitted during the prompt phase by assuming an efficiency 7,
for the prompt emission: Ey core ~ E,, (1 — 177)/ 1,. Note that
the initial jet energy can be computed as Egje = E./1,. The
collimation corrected energy E. is related to the more
commonly used isotropic equivalent energy E. !
E, ~ E, o (1 — cosbore)/2. We associate to each event an
energy E. ;, according to considerations reported in the next
section.

3.2. B i50 Distribution

E. s 1s defined as the isotropic equivalent energy emitted in
the prompt phase as inferred by an on-axis observer (i.e., an
observer whose line of sight lies within the jet’s core). The
E. ;s distribution for the population of short GRBs is built
based on the population study presented in G. Ghirlanda et al.
(2016).

Following G. Ghirlanda et al. (2016), we first assign to each
event a peak energy Epc., randomly extracted from the
distribution given in their Equation (13). For the values of the
function parameters, we adopt the mode values for model a
reported in their Table 1. In this case, the Ec.x distribution is

described by
E peak —0.8
() for 0.1keV < Epeq < 1.4 MeV
1.4 MeV
¢(Epeak) X Eoeak 26 . (3)
() for 14 MeV < Epeg < 100 MeV

For a given value of E.,, the associated value of E. g, is
calculated using the Amati correlation for short GRBs reported
in G. Ghirlanda et al. (2016) (Equation (15), with parameters
taken from model (a), Table 1, mode values)

log,o(E..iso/ 107! erg) = 0.036 + 1.1 log,o(Epeak /670 keV).  (4)

Once E. i has been assigned, the collimation corrected
prompt energy E., the kinetic energy of the jet after the prompt
emission Ey core, and the initial jet energy Egje can be
computed (see the previous section). Their distributions are
shown in the inset of Figure 1, where a value of 1, = 0.2 has
been assumed for the radiative efficiency.

As a consistency check, we estimate the efficiency in
converting the mass of the disrupted NS into the energy of the
jet, Nje = Eosjet/Mlowcz. The distribution of this quantity is
shown in Figure 1, for which we note the agreement with the
typical expected values (O. S. Salafia & B. Giacomazzo 2021;
A. Colombo et al. 2025).

3.3. VHE Light Curves and Spectra

To reproduce the range of spectral behaviors observed in
VHE detected GRBs, photon indices are extracted from a
Gaussian distribution peaked at a = —2.2 and with standard
deviation o = 0.1.

To build the VHE light curves, we base our method on the
similarity between VHE and soft X-ray afterglow light curves. As
shown in several studies (Y. Kaneko et al. 2007; P. D’ Avanzo
et al. 2012; R. Margutti et al. 2013), the luminosity of the X-ray
afterglow (typically estimated in the band 0.3—-10 keV) correlates
with E, ;s and this is observed both in long and short GRBs. In
most cases, this correlation is studied with reference to the X-ray
luminosity measured at 11 hr. Adopting the relation for short
GRBs found by E. Berger (2014)

Lxiine = 8.5 x 108E2% 5 erg s, 5)



THE ASTROPHYSICAL JOURNAL, 1004:46 (26pp), 2026 June 10

T T T T T T T
1 Eyiso
175 g E
5 Eojet
150 € N‘)\H i
Z|
125 HJ e
] 45.0 %.5[%_?0]'0 52.5
€ 100} e .
=]
=4
75F B
50F —
25F B
0 1 1 1 1 1 1 1
-10 -9 -8 -7 -6 -5 -4 -3 -2

Log [Eo, jet/Miowc?]

Figure 1. Ratio between the energy of the jet launched following the merger of
the BNS and the mass of the lightest NS. The inset shows the distributions of
the jet energy Eyj. (orange filled histogram), the radiated energy E, (green
filled histogram), and the isotropic equivalent radiated energy E.;, (black
empty histogram).

we estimate Lx 1 nr from E, 5. To account for the observed
dispersion around the best fit line, we consider a Gaussian
scatter of half an order of magnitude.

Based on the observation that for long GRBs the X-ray and
VHE luminosities are similar, the VHE luminosity at 11 hr
(Ltev.11 nr) integrated in the energy range 0.3—1TeV of our
sample of simulated short GRB afterglows is computed
assuming that the ratio Lrtev.11 n/Lx.11 nrhas a lognormal
distribution peaked at 0 and with standard deviation o = 0.3.
The resulting correlation between Lrey 11 nr and E., i, is shown
in Figure 2. The scatter plots of Ltev 11 nrand Lx ;1 nr together
with their distributions are shown in Figure 14.

To build the rest of the VHE light curve, we proceed as
follows. We assume that the luminosity increases as a
power-law Lpey o< t% up to the deceleration time, when it
reaches its maximum. The value of (3, is randomly extracted
from a Gaussian distribution with (8;) = 2 and o4 = 0.05
(LHAASO Collaboration et al. 2023). The deceleration radius
is computed as

1
17 E(6) 3
16 7 myc? n T(0)

Raec (9) = ( (6)

where the density of the external medium »n is assumed to be
constant and equal to 0.1 particle cm .

After the peak, during the deceleration, the luminosity
decreases as Ltey o< t%2. The value of 3, is assigned after the
assumption that VHE and X-ray light curves decay at a similar
rate, in analogy with what broadly observed in long GRBs. We
collected a sample of 22 short GRBs and fit their light curves
with a power-law function (see Appendix). The distribution of
temporal decay indices is well described by a Gaussian
function with mean value (3,) = —1.45 and o3 = 0.48. The
temporal decays of VHE light curves after the peak are
randomly extracted from this distribution. At this point, the
VHE light curve for an observer oriented along the jet axis is
known.

3.4. Computation of the Off-axis Emission

The emission received by an observer located at an angle
Oyiew 1s estimated following the method proposed in
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Figure 2. TeV luminosity at 11 hr versus E. , for the sample of short GRBs
simulated in this work.

G. P. Lamb & S. Kobayashi (2017). Each differential element
of the jet is identified by spherical coordinates (f and ¢), with
the jet axis located at § = 0°. For each jet element, the
evolution of the bulk Lorentz factor is assumed to be constant
before the deceleration radius (see Equation (6)) and to
decrease in time after the deceleration (R. D. Blandford &
C. F. McKee 1976)

To(0) forR < Rgec(6)

[(R, 9):( 17 E(6) )% N

forR > Ryec(0)

16 ™ my, no 2R3

Following G. P. Lamb & S. Kobayashi (2017), first we
estimate the flux received at each observer time by an on-axis
observer and then apply corrections to estimate the contrib-
ution of each element to the observer located at 0,;e.,. Finally,
the emission received by the observer is obtained at each time
by integrating over all the contributions from different
elements of the jet arriving at the same time.

A randomly selected sample of simulated light curves is
shown in Figure 3. The figure illustrates that the GRB viewing
angle has a dual effect on the gamma-ray light curves, shifting
them toward both lower spectral fluxes and later times after the
sGRB onset. This emphasizes the viewing angle as a key
parameter influencing the detectability of an sSGRB event. The
flux is highest when the observer lies within the opening angle
of the jet core, i.e., when the ratio Oyiew/Ocore < 1, as shown in
Figure 3 (right panel). Comparing the light curves with the
average CTAO-South sensitivity further highlights the role of
the viewing angle in determining the detectability of a given
event.

4. The Cherenkov Telescope Array Observatory in Time-
domain Astronomy

CTAO is the next-generation ground-based gamma-ray
observatory and is currently under construction. It will be
composed of two arrays of IACTs, one located in the northern
hemisphere (CTAO-North, Observatorio Roque de los Mucha-
chos, La Palma, Spain), and one in the southern hemisphere
(CTAO-South, Paranal, Chile), which together will provide full
sky coverage. The arrays consist of a different combination of
telescope designs, which will guarantee a wide energy coverage:
the design of CTAO-North includes a total of four large size
telescopes (LSTs; optimized for the 20 GeV-1TeV energy
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Figure 3. Subset of sGRB light curves at 100 GeV generated using the procedure described in Section 3. Left panel: The color scale corresponds to the off-axis
viewing angle between jet and observer, 6,;.,. The dashed black line indicates the average sGRB integral flux sensitivity of the CTAO-South Alpha Configuration
(see Section 4), for an exposure time equal to the scale of the x-axis. Right panel: Subsample of GRB light curves color coded by their respective ratio of yiew/ Gcore-
Events for which 6yiey/0core > 1 are shown with dashed lines. The CTAO-South sensitivity is shown for comparison, calculated using the average spectral shape of

events in the subsample.

range) and nine medium size telescopes (MSTs, optimized for
the 100 GeV-50TeV energy range), while CTAO-South will
consist of 14 MSTs and 37 small size telescopes (SSTs,
optimized for the 1 TeV-300 TeV energy range). This
configuration is named the “Alpha Configuration.”

CTAO will play a crucial role in gamma-ray astronomy due
to its unprecedented sensitivity, up to an order of magnitude
better than current instruments, its rapid slewing capabilities
(e.g., the LSTs can be repointed in about 20 s), its large FoV
ranging from 4.3° to 10° depending on the telescope, and
angular resolution (down to few arcminutes) (Cherenkov
Telescope Array Consortium et al. 2019). In addition, CTAO
will have a very high sensitivity to short-timescale X)henomena:
at energies above few tens of GeV, it offers 10 ~10° better
sensitivity than the LAT instrument onboard the Fermi satellite
for the detection of short-duration transient phenomena
(S. Funk et al. 2013; see also https://www.ctao.org/for-
scientists /performance /).

4.1. The Ingestion of GW Alerts with CTAO

CTAO features the array control and data acquisition
(ACADA) system (I. Oya et al. 2024), which coordinates
telescope operations, data acquisition, and real-time data
processing, executing prescheduled observations and those
triggered by science alerts. Science alerts can be triggered
externally (e.g., through GCN or VoEvent), or internally thanks
to the science alert generation (SAG) pipeline (A. Bulgarelli
et al. 2022), which processes incoming Cherenkov data,
reconstructs events, and generates science alerts within 20-30
s at nominal CTAO sensitivity.

External and internal alerts are ingested by the transient
handler (TH), a subsystem of ACADA (K. Egberts et al.
2022). The TH wvalidates the alerts, applies configurable
science filters, and, when warranted, triggers, updates, or
retracts follow-up observations.

In the context of responding to GW alerts, the TH will play
a central role in validating and selecting the numerous alerts
expected during O5 and in implementing the optimal
observation strategy. This includes selecting the ensemble of
observation coordinates required to cover to cover a significant
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localization region, scheduling observing times, and configur-
ing subgroups of telescopes (i.e., subarrays) to maximize
scientific output within the constraints of the GW alerts and
based on current knowledge of the expected gamma-ray
counterparts. More details will be provided in Section 6.

Furthermore, the SAG enables the evaluation of acquired
data for early identification of transient phenomena and the
generation of internal candidate scientific alerts, submitted to
the TH. To this end, and because sky area is tiled with multiple
pointings, data stacking across multiple observations is
essential. In cases involving large sky regions, the system
developed by ACADA ensures accurate stacking over
consistent coordinates throughout the entire observation
campaign, even in the presence of observing gaps.

4.2. CTAO Telescopes Configuration and Instrument Response
Function

The performance characterization of the CTAO is based on
detailed Monte Carlo simulations, leading to the generation of
instrument response functions (IRFs). These IRFs quantify the
sensitivity, effective area, angular and energy resolution, and
background rates of the array as functions of energy,
observation direction, and offset angle.

The current baseline layout adopted for CTAO is known as
the Alpha Configuration and was described in the previous
subsection. The IRFs associated with this configuration were
derived from the Prod5 simulations (Cherenkov Telescope
Array Observatory & Cherenkov Telescope Array Consor-
tium 2021). These use CORSIKA (v7.7) and sim-telarray
toolchains, incorporating updated models of atmospheric
properties, telescope optics, and electronics (Cherenkov Tele-
scope Array Observatory & Cherenkov Telescope Array
Consortium 2021), and represents a substantial advancement
over previous simulation sets. Because performance is heavily
dependent on pointing, the Prod5 IRFs contain performance
estimates for both the northern and southern arrays at three
different zenith angles: 20°, 40°, and 60°. The lower energy
thresholds adopted for each zenith are E,;, used in this work
are 20 GeV, 32 GeV, and 130 GeV, respectively. The
maximum energy E,.x adopted is 10 TeV for all IRFs.


https://www.ctao.org/for-scientists/performance/
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5. Simulation of CTAO Observation and Analysis

The VHE emission derived in the previous sections is used
as the input emission for which the CTAO detect-
ability prospects are evaluated. We include the attenuation of
the intrinsic GRB spectrum by the EBL, as modeled in
A. Franceschini & G. Rodighiero (2017), to obtain the
observed flux for each GRB. For the simulation of the CTAO
response, the CTAO Alpha Configuration is considered, as
described in Section 4.

In these simulations, the exposure time required for CTAO
to detect each event is estimated as a function of the delay time
from the onset of the GRB emission. This approach allows for
the evaluation of each GRB’s detectability within the
parameter space defined by exposure time and delay. The
minimum fluence detectable by CTAO is computed using the
IRFs (see Section 4) and the exposure time is calculated as the
time required for a 5o detection by CTAO. All significance
values and detection criteria in the following sections refer to
pretrial significance, unless stated otherwise.

5.1. Simulating CTAO Response to BNS Merger Events

The following step in our pipeline is to simulate the
response of CTAO to each of the GRB events produced as
described in Section 3. The ultimate goal of these simulations
is to find, for each event, the functional relationship between
latency from the onset of the merger and the total observation
time needed to achieve a 50 detection level with CTAO. Given
this relationship, one can quickly perform a lookup to check
how much observation time is needed to detect an event given
the current latency. This analysis yields several insights,
including the average detectability rate across all simulated
events and the influence of GRB and jet properties on
detectability. In addition, these results can be provided as input
to help optimize real observing strategies (see Section 6).

Observations of the correct source position typically start
after a certain latency f#; from the BNS merger time fy:
tstare = To + 7. 17 has contributions from many stacking factors,
including the time for the LVK collaboration to process and
emit a GW alert, as well as the TH handling and the telescope
slewing time. In addition, a number of different pointings may
be necessary before the true source location is pinpointed, each
of which contributes to #;.

The strategy for calculating this relationship relies on
comparing the flux needed to detect the EM counterpart at a So
level with CTAO, FST™A9 with the average flux of the source
Fas. The time needed for detection 4o is defined as the
exposure time () that satisfies the following equality:

Favg (texp; ) = FS%TAO(texp)~ (8)
The average flux is given by
S(tex 5 tL)
Favg(texp; ) = —7 = 9)
texp
where S is the intrinsic source fluence:
tLJFtcxp Emax
Stepiw = [ [T eE DEdEd  (10)
173 Emin

where @(E, t) represents the GRB spectra as described in
Section 3, and E,,,;, and E,,,x correspond to the energy limits of
the CTAO IRFs (Section 4). In the above equations, we

11

Abe et al.

assume that the GRB onset time is simultaneous with BNS
merger time, such that we can explicitly set 7o = 0.

These simulations are performed with a custom-tailored
Python package called sensipy (J. G. Green et al. 2026),
which takes CTAO IRFs, an EBL model (A. Franceschini &
G. Rodighiero 2017), and GRB simulations as input and
calculates detection times given a variety of initial conditions
and user inputs, essentially by solving Equation (8). For the
management of spectral models, the package depends on
primitives from gammapy, the analysis package used by
CTAO (A. Donath et al. 2023).

5.2. CTAO Response to Simulated GRBs

We begin with the simulated CTAO response to the 2307
GW-GRB events to estimate the impact of observing time on
50 detectability. Each GRB is simulated with six different
CTAO IRFs: both sites, and at three different zenith angles
(20°, 40°, and 60°). In addition, each event is observed with
each IRF at 50 different #;, distributed on a logarithmic scale
from 10s to 7 days, leading to a total catalog size of nearly
7 x 10° simulations. Figure 4 shows the average relationship
between f; and t4e only for events that are detectable by
CTAO within 7 days of the GRB onset, about ~16% of the
total sample. These curves show how the average exposure
time needed for a 5o detection increases with the increasing
time delay between the GW-GRB onset and the start of
observations at the true source location. In the same figure, we
also show the fraction of events detectable with the average
exposure time at the given latency. As expected, the fraction of
detectable events decreases with increasing latency. In
addition, with a latency lower than ~1 hr, the exposure time
necessary for detection remains more or less constant.
Similarly, the fraction of detected events also decreases after
a similar latency time. Finally, in comparing the results for on-
and off-axis sub-samples at low latencies, on-axis GRBs can
be detected within a few minutes on average, whereas off-axis
GRBs require ~10 minutes for detection. Above this same
threshold of ~1 hr, the viewing angle of the event becomes
much less important and the detection timescales exponentially
with the latency for all events. These results emphasize
the fact that, as observed for long GRB, the first minutes to
hours are critical for detecting GW-GRB coincidences
(H. Abdalla et al. 2019; MAGIC Collaboration et al. 2019a;
H. E. S. S. Collaboration et al. 2021; H. Abe et al. 2024).

Another way to interpret these simulations is to consider a
specific value of #; or fexp, and estimate the probability of
detecting a certain event. As a concrete example, a GW-
follow-up scheduler must make an informed decision when no
signal is detected yet: keep observing the same position or
move on to the next pointing? Figures 5(a) and (b) illustrate
that, in most cases, significantly increasing the exposure time
does not increase the chances of detection. Extending an
observation from 1 to 20 minutes only increases the overall
probability of detection from 10.3% to 14%. In addition,
Figures 5(c) and (d) indicate that latencies longer than a few
hours significantly decrease the probability of detection. In
most cases, continuing observations beyond ~6 hr presents a
significant challenge for joint detections. The large difference
in detectability between on-axis and off-axis events is driven
by the connection between spectral flux and 6,,,,,, as noted in
Figure 3. In addition, we observe that observations with a
latency of 24 hr may still be fruitful. Overall, the plots in
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Figure 4. All curves in this plot are calculated using only events which are
detectable by CTAO within 7 days of GRB onset. For these detectable events,
the solid curves show the average observation time needed to reach the 5o
significance threshold given a latency #;, between GW onset and start of
observations. For observing latencies of #;, < 1 hr, nearly the entire population
of detectable GRBs can be detected with observations of 1-10 minutes
exposures. After this threshold, the viewing angle of the GRB is not an
important contributing factor to the observation time needed for detection. The
dashed curves show the fraction of events which are detectable given ;. Once
again, after the 1 hr threshold, the fraction of detections descends from a
constant 20% to nearly 0% after 24 hr. All curves show the relative importance
of the first few hours post-trigger.

Figure 5 suggest that, under the assumption that the simulated
population of BNS mergers well represents the true distribu-
tion, on-axis events offer a significant opportunity for a joint
detection with CTAO.

In order to obtain a more holistic view of the #;-fexp
parameter space, in Figure 6 we plot both variables together
against the fraction of detected events in the sample. Here, we
define a new parameter that represents the effective viewing
angle of the source Ooif = Oview — Ocores Where Oyiey is the
viewing angle of the observer. When 0. < 0, the observer is
on axis and therefore subject to viewing the beaming effect of
the GRB jet, whereas off-axis events are defined by 0.4 > 0,
dominating our population of GW-GRBs, being 87% of the
total population.

Two distinct regions of detectability are visible, separated
by a steep curve in latency space. For both on- and off-axis
GRBs, the detectability exhibits a pronounced decline for an
observational latency of approximately 1 hr, with the precise
latency threshold at which this decrease occurs being
dependent of the exposure. These heatmaps also show that for
t; = 10 minutes, approximately 67% of on-axis sources can be
detected with an exposure time of <1 minute. For a longer
latency of #;, = 1 hr, the fraction of detected events is 47% with
the same exposure time of <1 minute. For off-axis events,
these rates go down to 11% and 7% for #;, = 10 minutes and
t; = 1 hr, respectively. It can also be seen that detections are
only slightly more likely at CTAO-South compared to CTAO-
North, which we interpret as resulting from the larger number
of MSTs. We obtained an overall detection rate of 18.3% and
17.6%, respectively. Finally, contour lines on these heatmaps
indicate a potential strategy for IACT follow-up campaigns:
pick a constant value of probability from such heatmaps and
use these to calculate the exposure time at each pointing. It is
also important to note that these numbers do not yet take into
account day and night cycles, the moon, and other
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observational limits which would affect the true detectability
of a given source. These factors will be considered in
Section 6.

5.3. Linking CTAO Response to GW—GRB Parameters

Given the large sample of events simulated under different
observing conditions and values of #;, we can also examine the
relationship between the inherent parameters of the simulated
GRBs with the CTAO response. The corner plot of Figure 7
explores the relationship between various observational
parameters and detectability. The parameters considered
include source distance d, isotropic energy Eig,, the angular
size of the 90% CR of the GW skymap, the opening angle of
the GRB jet ..., the effective viewing angle 0. (see
Section 5.2), and the latency t;.

The corner plot indicates that both 6.¢ and #; have the most
distinct populations between detected and undetected events of
the sample. While #; is always known during follow-up
campaigns, GW observatories do not currently provide any
estimate on 6., (B. P. Abbott et al. 2020). Should they gain
such an ability to provide constraints on the orientation of
mergers with respect to the observer, this could provide one of
the most stringent criteria for whether to carry out a GW
follow-up.

6. Observing Strategies

Compared to other transient sources, GW follow-up
observations present an extra level of complexity given the
average extension of the source localization uncertainty
region. During O4, tens of GW candidates have been localized
down to several (tens of) degrees for their 50% (90%) CR, e.g.,
S250119¢cv (Ligo Scientific Collaboration et al. 2025a) or
S241102br (Ligo Scientific Collaboration et al. 2025b), see
GraceDB'?” for the full list. These uncertainty regions can be
further reduced as more GW interferometers join the global
network and contribute to the GW sky localization. The LST
and MST telescopes of CTAO are designed to cover a large
fraction of the VHE energy range where we expect most of the
GRBs above-GeV emission. The FoV of these telescopes, with
FoV.adius ~ 2.5 deg, means that GW events with a 90% CR
smaller than ~20 deg” may be subsequently observed as point-
like sources, following a wobble strategy. Anything larger than
this will require a dedicated follow-up strategy.

6.1. Tiling Observations of Poorly Localized GWs

A substantial number of GW detections will exhibit poorly
constrained localization, highlighting the importance of
observation strategies. Following up such poorly localized
events presents a particular challenge for pointing instruments
such as CTAO, which require robust localization strategies. In
this work, the observation campaign for each GW is handled
by tilepy (M. Seglar-Arroyo et al. 2024), which is a
software package designed to plan and optimize follow-up
observations of transient events with extended sky localiza-
tions. It ingests probabilistic sky localization maps (e.g.,
HEALPix maps from the LVK network) and generates
candidate telescope pointings based on the instrument FoV,
site visibility, and observational constraints. This tool
optimizes the selection and scheduling of these pointings to

190 gracedb.ligo.org/superevents/S240615dg
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Figure 5. These curves explore the relationship between the fraction of events detected and two follow-up observation parameters: exposure time on source position
fexp and latency time after coalescence ;. The upper left and right panels show how increasing exposure leads to a cumulative increase in detections, for all events
and on- and off-axis events, respectively. In all cases, increasing exposures beyond fcy, 2 10 minutes leads to only a small increase in the fraction of detected events
from the sample. The lower panels show how increasing #; for all, on-, and off-axis events lead to a vanishing fraction of detectable GRBs. On average, the fraction
of detected events decreases fourfold after latencies of ~12 hr. In this sample, each event is simulated 300 times, at different values of zenith, CTAO site, and with #;,
ranging from 10 s to 7 days. The large uncertainty bands around some curves are due to small samples sizes of detectable events.

maximize the covered localization probability while account-
ing for latency, exposure time, night duration, and observing
conditions such as zenith angle. In this study, we focus on the
temporal observation campaign optimization by studying how
this choice impacts the GRB detectability results. For this
purpose, we have identified three different scenarios regarding
exposures: fixed exposures, average GRB emission exposures,
and adaptive exposures.
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The first case studied focuses on fixed observation
exposures. We have selected three different exposures, which
account to a total of three different cases. These are: 1 minute
exposure time (to study the fastest case, for which from
Section 5 the source is detected in ~73% of the on-axis cases
and ~12% of the off-axis cases); a 5 minute exposure time, for
which the source is detected in ~63% of the on-axis cases
(~12% of the off-axis); and 20 minute exposure time, for
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Figure 6. Detectability heatmaps for short GRBs using CTAO-South (upper row) and CTAO-North (bottom row) across the complete simulated dataset, shown as

functions of latency #; and exposure time fey,

p- The left column displays results restricted to on-axis sources with viewing angles within the opening angle of the jet

(namely having 6. < 0), whereas the right column encompasses all sources within . > 0. The color scale represents the proportion of simulated events
successfully detected, with brighter tones indicating enhanced detection efficiency. Notably, we note that the largest detectability change due to the observation
latency appears between 1-4 hr, which ultimately depends on the observation exposure.

which the source is still detected in ~52% of the on-axis cases
(~10% of the off-axis). Note that the latest choice coincides
with the standard pointing duration in current generation
IACTs, and is therefore adopted in most VHE follow-up
campaigns.

The second case concerns exposures modulated according to
the temporal evolution of an average GRB emission, derived
from the full set of light curves in our sample, which generates
a sort of representative source. For every new pointing, we
calculate the time necessary to achieve a So detection of this
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representative source, incorporating the pointing latency #;
(following Equation (8)). Crucially, we now treat the exposure
time per tiling, typically a static configuration parameter, as an
adjustable degree of freedom, necessitating specific adapta-
tions within tilepy.

Finally, in our third study scenario, we incorporate the
known spectral evolution of each GRB when scheduling its
pointings. While such a strategy cannot be used during real
follow-ups, it can provide a baseline for the efficiency of a
campaign. Within this framework, the exact exposure time for
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Figure 7. Relationship between pairs of intrinsic GRB and observational parameters. Blue points represent detectable events from our sample while orange points
are nondetectable events. 6., is the opening angle of the cone of the GRB jet and 0 is the angular distance between the observer and the edge of the cone. The
strongest distinction between the distributions of detectable and nondetectable events seen in g suggests that the single most important factor contributing to
detectability is whether or not the observer lies within or near the edge of the jet. In addition, we see once more that with latencies ¢, under a few hours, we have a

higher number of simulated events which are detectable.

each pointing is determined as the period necessary to achieve
a 50 signal, accounting for each event’s specific light curve
and the current latency #;, as described in Section 3. This
stringent requirement ensures, by definition, that the source is
always detected, provided that the tiling successfully encom-
passes its position within the observing constraints. We note
that for some events, however, this strategy can lead to large
delays before source position coverage, especially compared to
the short, fixed-window strategies.

We ran tilepy on the full set of GW—sGRB simulations
for the three mentioned scenarios, which account for a total of
five configurations. In all cases, a conservative FoV radius of
2.5 is selected for the scheduling, corresponding to the radius
at which the camera acceptance has decreased by a factor ~2.
This value is intended to be representative of an overall
combined FoV of CTAO. The simulation is configured to have
a maximum duration of three full days. The selected
observation windows are realistic. We consider the site
visibility conditions, which include Sun position, Moon
position (for which we allow for observations under certain
moonlight conditions defined by altitude, phase and separation
to the observation coordinates), and the evolution of the
localization region throughout the night. First, we note that, for
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all cases, the observability conditions at the observatory
represent a key consideration that modulates the CTAO’s duty
cycle and these results. These considerations are taken into
account to assess the scheduling of the source for the input
merger time of the BNS and the GRB evolution. The
detectability of a GRB depends on the zenith angle of the
observation, which changes the energy threshold and effective
area. The precision of the current study is set by the available
IRFs, which are derived for fixed zenith angle values of 20°,
40°, and 60° (see Section 4). These are used in our study to
obtain the 50 signal condition evaluated for each possible
tiling after a preselection based on the probability coverage.
For a pointing to be scheduled, its coordinates must be
observable by the telescope at both the beginning and end of
the proposed window; otherwise the pointing is skipped.
This process is repeated until the full observing campaign is
assembled. The future CTAO will produce tailored
Monte Carlo simulations for the analysis of the acquired data,
which will improve the detection prospects of our tiling
strategy.

This approach folds the duty cycle of IACTs in our
simulation chain, which reaches ~15% per site over a year,
including day time.
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(b) Observation scheduling for the GW skymap associ-
ated to the example GW-GRB event. The color scale
represents the probability region provided by the interfer-
ometer pipeline, and the numbers indicate the sequential
ordering of CTAO observations. The source is detected
both in pointings 2 and 13, indicated by white numbers.

Figure 8. Example light curves and tiling strategy for a representative event from the sample. This sGRB is seen on axis, has an Ej,, = 1.21 x 10°! erg, and it is
located at a distance d = 991 Mpc. The EBL is taken into consideration with the models from A. Franceschini & G. Rodighiero (2017). The resulting skymap has a

90% credible area of 345 deg”.

An example of the integration between tiling, CTAO
sensitivity, and the GRB light curves can be found in Figure 8.

The results of the five configurations are shown in Figure 9.
The total probability covered versus the total exposure time is
presented, with their distributions projected for the horizontal
and vertical dimensions. We identify the characteristics of the
various scheduling simulations. In purely scheduling terms, the
fixed-duration campaigns, i.e., the 1°, 5°, and 20’ minute
campaigns, show how we can cover a large CR with a very
limited number of observations. Then, the average observation
campaign scenario is not able to cover a large GW localization
uncertainty region. This effect is driven by the off-axis GRB
subsample, which requires long exposure times at low
latencies, being sub-optimal in realistic scenarios where no
detailed information on the GRB emission is available
beforehand. Similarly, a relatively low number of pointings
are scheduled in the adaptive campaign because many dimmer
off-axis GRBs do not meet the detectability requirement for
scheduling.

Tiled observations can also contain a certain degree of sky
overlap, enabling the coverage of some sky regions multiple
times. Figure 10 shows the number of times that the
coordinates of the injected GW—GRB simulation are covered
in each approach. In the absence of information about the
energetics and temporal evolution of the GW-GRB source,
short individual observations enable repeated coverage of the
source location. In the most extreme case, i.e., 1 minute
campaigns, the source can be revisited up to several tens of
times, particularly for well-localized events. In Figure 10, we
observe that the tested adaptive campaigns, including average-
and variable-window campaigns, also produce such scenarios,
i.e., the selected windows coincide with the fixed-duration
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Figure 9. Total GW location uncertainty (named probability for simplicity)
covered in terms of the total exposure time for the five configurations explored
in this work. The size of the markers corresponds to the size of the GW
uncertainty regions, depicted for qualitative considerations.

short window results. These cases correspond to well-localized
events in combination with favorable energetics.

6.2. Detection Rates for Follow-up Strategies

Just because a source location is covered quickly or with
many repeated tilings does not imply that the event will be
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Figure 10. Distribution of the number of times that the GW-GRB source
location is covered during the follow-up observation campaign of CTAO for
the different strategies presented in this work.

detected. In order to fully evaluate the performance of the
various scheduling algorithms, the tiling strategies must be
folded with the detectability of each source. The results on the
number of detected events versus follow-up campaign duration
are shown in Figure 11, where the number of detectable o
n-axis and off-axis GRBs is shown. Across all strategies,
increasing the duration of follow-up campaigns beyond ~3
—4 hr provides rapidly diminishing benefits in terms of the
number of events detected. When looking at off-axis GRBs
only, this threshold decreases to ~1 hr. This indicates that a
follow-up campaign duration of ~4 hr would be optimal to
balance detection probability with telescope time used.

Table 1 highlights summary statistics comparing each of the
proposed campaign strategies, indicating that all three fixed-
window campaigns manage to cover between 60%—70% of all
followed-up events. With a fixed 4 hr follow-up, 4.5%—5.1%
of events are consistently detected regardless of the chosen
strategy. However, the shorter 1 and 5 minute campaigns tend
to produce higher detection significances because the faster
tiling provides a greater chance to reach the source position
sooner or even cover it multiple times.

6.3. The Role of the Science Alert Generation

We can further evaluate the performance of each strategy by
considering how the internal self-triggering alerts are produced
by the SAG. Specifically, we focus on the real-time analysis
(RTA). The RTA pipeline reconstructs the gamma-ray
direction and energy from signals detected in the telescope
cameras. It then generates and analyzes sky images in real
time, concurrently assessing the detectability of observed
sources over time. For dedicated GW-GRB campaigns, an
RTA system strategically optimized for rapid response is
essential. Such a system would identify signal hot spots within
the telescope’s FoV, allowing for an immediate cessation of
the tiling schedule and a focused reallocation of observational
resources to the detected hotspot.

Figure 12 shows the distribution of accumulated signifi-
cance for a fixed-duration campaign with RTA, indicating that
with RTA ~4% (~2%) of total events can be detected at >100
(=1000), regardless of the chosen strategy.

Upon revisiting Table 1, we can also note the crucial role of
the RTA in increasing the statistics of GRB detections beyond
the 5o threshold. Fixing the remaining campaign time at the
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correct position doubles the detection significance on average
and increases it by more than tenfold in some cases. In
addition, the amount of observation time used to directly
observe the source position increases by 2-3 orders of
magnitude. The importance of RTA cannot be overstated
because the extra time directly leads to better resolved spectra,
the possibility for detailed light curves, and higher statistics at
energies near the CTAO threshold.

7. Discussion on Joint Rates Estimates

The feasibility of joint detections of GW and sGRBs by the
LVK and CTAO is estimated to be around 4%—5%. This joint
detection rate is contingent upon several hypotheses, particu-
larly the BNS merger rate and the successful jet fraction of
GRBs, both parameters carrying considerable uncertainty.

7.1. Impact of the Uncertainties on CBC Populations

The joint detection rates of GW—GRB events depend on the
BNS merger rate. P. Petrov et al. (2022) referred to the published
observational rate density estimates from the third LVK GW
transient catalog (GWTC-3): RSNe <> = 10 — 1700 Gpc 3 yr~!,
as 90% credible interval obtained by combining the rates
estimated from different population models (R. Abbott et al.
2023). The most recent value, constrained including results from
the first part of the fourth LVK observing run (O4a) and reported
in the fourth LVK transient catalog (GWTC-4) is instead
RENTCY = 7.6 — 250 Gpe =3 yr~'; also in this case, the numbers
refer to the 90% credible interval obtained by combining the rates
estimated from different population models (The LIGO Scientific
Collaboration et al. 2025). In both R. Abbott et al. (2023) and The
LIGO Scientific Collaboration et al. (2025), the impact of the
population model selection and systematics are outlined, which
yields to differences in the predicted BNS rates of various orders
of magnitude. If we consider the number of BNSs in P. Petrov
et al. (2022) used in this work, we expect to observe during
observing run O5 190"1}) BNS mergers per year, based on recent
updates of the expected duration and sensitivity of the OS5
observing run. The BNS simulations used in this work are
compared with those provided by the International Gravitational
Wave Network (IGWN), which are used in the latest released
BNS rates using GWTC-3 (R. W. Kiendrebeogo et al. 2023). In
this later work, the considerations on the populations that yield to
CBC:s include a continuous mass distribution across the various
CBC subpopulations (i.e., the three populations from the
combinations of pairs of neutron stars and black holes), instead
of a truncated Gaussian distribution per subpopulation. In the
comparison, we find that the annual number of detected BNSs
during O5 doubles (R. W. Kiendrebeogo et al. 2023, 1801329,
P. Petrov et al. 2022, 86fé71). More recently, O. S. Salafia (2025)
presented the detection probability of BNS in O5 with a
simplified approach that is independent of the uncertain mass
distribution of the merging binaries and which uses only the
information on the past number of detections, combined with an
estimate of the ratio between the sensitivity of the target run with
respect to the previous runs. Based on this study, the number of
BNSs we expect to observe in O5 is 285}, Thus, we conclude
that the uncertainties regarding future BNS detections, which
include the LVK network sensitivity and the CBC populations,
are an important part of the systematic errors affecting our
detection prospects. Regarding the localization uncertainty
regions, the median 90% CR source localization obtained in
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Figure 11. Evolution of detection rates with increasing duration of follow-up campaign starting from the time when the first pointing is possible. An event can reach
a 50 detection in one single pointing or when the cumulative significance of multiple correct pointings reaches the same threshold. The left panel compares the
cumulative percentage of detected events for five different follow-up strategies and shows that, overall, after 3—4 hr the effectiveness of the variable, 1, and 5 minute
campaigns stagnate. The right panel shows the on- and off-axis detection rates for the same strategies, each normalized to the number of events in their respective
sample. Notably, for off-axis events, little seemed to be gained after following any strategy beyond ~1 hr.

P. Petrov et al. (2022) and R. W. Kiendrebeogo et al. (2023)
barely changes, from which we conclude that the findings of the
observation strategies presented in this work will remain
unaffected. Future GW detections will lead to tighter constraints
on the BNS merger rate, thereby enhancing the precision of the
prospects outlined in this work.

7.2. Impact of the Uncertainties on Very-high-energy Gamma
Rays from GRBs

All of the scenarios considered in this work assume
successful VHE emission resulting from beamed afterglow
radiation characteristic of jetted GRBs. Yet, the fraction of
BNS mergers producing jetted GRBs remains uncertain.
Recent studies estimate that between 20% and 50% of the
entire BNS population may be able to produce a jet (N. Sarin
et al. 2022; O. S. Salafia & G. Ghirlanda 2022).

In addition, we do not expect this scenario to apply
universally. BNS mergers may instead produce choked jets—
i.e., jets that fail to successfully breakout—such as was
initially proposed for GW170817 during the first week after
the merger, before VLBI observations confirmed the presence
of a launched jet. Looking ahead, gamma-ray observations will
play a critical role in constraining emission models, thereby
refining our understanding of jet formation and geometry in
these events. The LST-1 observations on the BOAT
GRB 221009 have highlighted the capability of gamma-ray
measurement to place stringent constraints on jet models,
including from late times observations (K. Abe et al. 2025a) .

7.3. The Role of the Observing Strategies in IACTs

Observation strategies are designed to align with the specific
goals of each campaign and can be guided by either prior
hypotheses about the source or by agnostic data-driven
considerations. In this work, we explore both approaches.
For poorly localized transient events with low occurrence
rates, the chosen strategy is particularly critical, although it is
often complicated by limited knowledge of individual GRB
sources and the GRB population. Our primary objective is to
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strike a balance between search sensitivity and sky coverage
within a fixed maximum observing window.

In addition, there is the possibility that telescopes may
split into multiple subarrays that scan different regions of the
sky in parallel. As shown in M. Seglar-Arroyo et al. (2024),
this multitelescope strategy (or divergent pointing mode) is
especially powerful in the case of large telescope arrays
such as CTAO, since the coverage at time Y, scales as
1N, ~ 1/N - t; (N: number of telescopes, #,: time to cover a
region by a single telescope), modulated by the effective FoV
of the subset of telescopes selected. This improvement comes
at the expense of decreasing the sensitivity of the observation
given smaller arrays, although the largest improvement in
sensitivity due to strong background rejection arises in the
transition from single-telescope to stereoscopic observations.
While modifying the scheduling workflow for the
N-observatory case is not in the scope of this paper, we
acknowledge that subarray strategies will be key for effective
follow-up campaigns of poorly localized transient events.

Finally, we highlight that galaxy catalogs were not
incorporated into the observational strategy discussed herein.
These catalogs are standard tools in GW follow-up
campaigns and are crucial for optimizing sky coverage by
precisely identifying probable host galaxies, a methodology
successfully demonstrated in the case of GW170817
(B. P. Abbott et al. 2017b). While a comprehensive
evaluation of the benefits of integrating galaxy catalogs is
beyond the purview of this study, we nevertheless acknowl-
edge their considerable potential to augment detection
efficiency. This potential is intrinsically linked to ongoing
improvements in the completeness of galaxy catalogs, such
as the GLADE+ catalog (G. Ddlya et al. 2022), the DESI
Legacy Imaging Surveys (A. Dey et al. 2019), or the catalo%s
that will be produced with the Vera Rubin Observatory,"’
which promise deeper and more comprehensive coverage of
potential host galaxies.

1 hitps: / /www.Isst.org /about /dm /data-products
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Table 1
Summary Statistics for Each of the Five Follow-up Campaign Scenarios
1 Minute 5 Minute 20 Minute Variable Average
Percent (%)
Percent covered 70.0 65.9 62.9 6.7 44.7
Percent detected [4 hr campaign] 4.7 5.1 4.8 49 4.5
Time (minute)
Mean time until source position reached 136.3 186.5 260.6 158.0 217.1
Mean source duration [no RTA, 4 hr campaign] 0.6 1.7 4.4 0.3 2.5
Mean source duration [RTA, 4 hr campaign] 204.7 193.0 184.1 204.6 197.5
Significance (o)
Median sig. [no RTA, 4 hr campaign] 29.2 22.5 8.3 11.2 19.9
Median sig. [RTA, 4 hr campaign] 91.4 493 43.1 83.7 58.5

Note. Coverage refers to whether the source position was successfully covered at least once by the scheduler. Source duration refers to the amount of time observing
the correct source position. Finally, in scenarios with a robust real-time analysis (RTA) system, the scheduler can stop its scanning campaign and observe the correct

source position as soon as a 5o detection has been reached.

Campaign
1-minute

5-minute
20-minute
n 4 :
s Variable
: Average
]
S 3
[
o
8
c
g2
[
o
1 5o detection
threshold h
10° 10 102 103

Significance [fixed 4hr-campaign]

Figure 12. Distribution of the accumulated significance, displaying the
detection and characterization capabilities of CTAO for the GW-GRB sample
when the SAG system is involved, given a fixed 4 hr follow-up campaign with
each strategy. In all cases, a SAG-RTA system was simulated, which stops the
scheduler once a 50 hotspot is detected in the FoV and self-triggers
observations of the source for the remaining duration of the campaign.

8. Summary

In this work, we have explored the prospects of joint
detection of GW by LVK during observing run O5 and sGRB
detections by CTAO, for which the emission has been
estimated from phenomenological descriptions and the latest
simulated CTAO IRFs (Alpha Configuration). We evaluated
the role of observation strategies and how these can modulate
the chance of detecting EM counterparts to GWs, especially in
poorly localized events. We highlighted the role of RTA in
enabling the self triggering of observations, improving the
significance of detections, which in turn will enable an in-
depth study of astrophysical sources, such as the sGRBs
evaluated here. The observational and macrophysical para-
meters used in our study can be constrained in the case of
nondetection at VHE energies.

The full simulation chain of short GRBs associated with
GW events, referred to as GW-GRBs, shows that approxi-
mately 18% of the GW-GRB sample emits VHE gamma-ray
radiation detectable by CTAO. This fraction is largely driven
by off-axis events, which dominate the GW—GRB population,
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with on-axis events being detectable in a much higher fraction
(see Section 6). When detectability is combined with effective
observability, accounting for realistic scheduling and observa-
tory visibility, follow-up, and tiling strategies, a set of useful
prescriptions for future CTAO observational planning
emerges. Notably, follow-up campaigns in regions of large
GW localization uncertainty become significantly less effec-
tive beyond 1-4 hr after the event, with minimal gains in
detected events for longer observation times.

Our analysis reveals that observation strategies based on
either fixed or variable tile durations do not present significant
variations, with the spread in detectable event percentages
across strategies remaining within 25%. Intriguingly, the
highest number of detected sources is achieved with 5 minute
observations, reaching a 5.1% detection rate with a fixed 4 hr
campaign. Although shorter 1 minute exposure times facilitate
faster source acquisition, they exhibit a distinct performance
difference compared to 20 minute observations, consistent
with theoretical predictions. Therefore, we conclude that a
5 minute strategy represents an effective trade-off, balancing
the requirements for exposure time and spatial coverage
necessary for source detection.

The implementation of RTA is crucial for integrating signals
from significant hot spots, thereby increasing the scientific
information that can be extracted from each event. Similarly,
we can infer that longer observation times for well-localized
events can provide valuable constraints, even in the absence of
a detection.

The key macrophysical parameters influencing detectability
are the jet opening angle and the viewing angle. In this regard,
obtaining even rough estimates of the viewing angle in GW
alerts would enable CTAO to prioritize the most promising
events, maximizing detection prospects and also constraining
the physical parameters of the GW—-GRB system.

We note that the strategies discussed here do not incorporate
other potentially useful information, such as the distribution of
galaxies within the GW uncertainty region—an element that
was crucial in the localization of GRB 170817. This highlights
that there is still room for improvement in the observational
strategies, which will be explored in future work.

We have assessed how the results presented in this work
rely on the various assumptions made concerning observa-
tions, astrophysical populations and rates, and gamma-ray
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emission, so that changes on these can be easily incorporated
into the predicted fractions of detectable events.

The full simulation chain described here, developed within
the CTAO Consortium, will be employed in forthcoming
studies to further characterize the physical conditions that give
rise to VHE emission and to assess the impact of CTAO
observations in constraining the TeV GW-GRB population
and the environment of BNS mergers. This work can also be
extended to explore other populations, such as neutron star—
black hole (NSBH) mergers, and to consider future GW
interferometers, including the FEinstein Telescope. For these
next-generation instruments, a careful definition of selection
criteria will be crucial to identify GW events of potential
interest amid the large number of detections expected.
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Appendix
Derivation of Temporal Decays of VHE Light Curves and
X-Ray and TeV Luminosities

To derive the temporal decay index (3, of the VHE light
curves during the deceleration phase, it is assumed that they
follow the same distribution as the X-ray light curves of real
short GRBs. We therefore considered a sample of short GRBs
observed by Swift/XRT with data sufficiently sampled to
allow fitting of the unabsorbed X-ray light curve in the
0.3-10keV energy band using a (multiple broken) power-law
model. The decay index during the deceleration phase is then
identified as the slope of the final power-law segment. This
choice is made to exclude the initial steep decay and plateau
phase for consistency with our model (see Section 3), which
considers only standard temporal decays produced by the jet
deceleration in interactions with the circumburst medium.

The resulting distribution is shown in Figure 13: the mean
value is 1.45 (median 1.37) and the standard deviation is 0.48.

The scatter plots for the inferred luminosities at 11h in
X-ray and VHE energy range (see Section 3.3 of the main text
for their derivation) are shown in Figure 14, together with their
distributions.
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Short GRBs temporal decay index
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Figure 13. Distribution of the temporal decay indices 3, (F o< t2) of the
X-ray afterglow of short GRBs. The temporal decay is obtained from a
(multiple broken) power-law fit to the Swift/XRT unabsorbed light curve in
the energy range 0.3-10 keV (observer frame).
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Figure 14. X-ray (0.3-10 keV) and VHE (0.3-1 TeV) simulated luminosities
at 11 hr.
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