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A remarkable realisation in the past two years has been the identification of kilonova
signatures in long-duration gamma-ray bursts. In particular, two events, GRBs 211211A [2303–
2306], and GRB 230307A [2252, 2262, 2307], both have durations which place them in the bulk
of the long duration GRB population, but also appear to contain kilonovae remarkably similar
to AT2017gfo. The implication is that mergers powering long-GRBs may be comparably
common in the local Universe to mergers powering short-GRBs, and motivates using both
categories for GRB-GW coincidence searches.

A complexity in using GRBs to predict the properties of gravitational wave counterparts
is that they are (mostly) selected as events in which we view down the relativistic jet. The
GRB and its afterglow are bright in this scenario, and we cannot expect off-axis events to
be such luminous high-energy emitters. Indeed, even the kilonovae themselves are expected
to have a varying appearance depending on the viewing angle and if we observe primarily
the polar (light r-process) or equatorial (heavy r-process) material.

In principle, the kilonovae associated with mergers can be identified without any pre-
selection from either gravitational wave or GRB identification. A suite of small telescopes
now routinely scan essentially all the visible sky every few nights (these telescopes include
the Zwicky Transient Factory (ZTF, [2308]), the ATLAS telescopes [2309], the MASTER
telescopes [2310] and the Gravitational Wave Optical Transient Explorer (GOTO) [2311]),
while other, slightly narrower but deeper telescopes also conduct surveys of much of the sky
(e.g. DECCAM at CTIO, PanSTARRS, BlackGEM). These predominantly optical surveys can
uncover kilonovae and potentially have unrecognised events within their large catalogues of
transients. However, there are substantial challenges in moving from detection to discovery for
these events. In particular, the rate of very nearby events is likely low, with even the current
complete range of uncertainties from the GWTC-3 predicting between 0.05 and 7 events per
year at 100 Mpc [6]. Given some loss of events is to be expected (direction too close to the Sun
or behind the Galactic plane, poor weather, technical problems, some events too far from host
galaxies to be associated at < 100 Mpc), it is perhaps unsurprising that these searches have,
to date, not yielded a robust kilonova detection. Indeed, this problem is compounded because
the number of sources that may mimic the peak luminosities and timescales of kilonovae likely
substantially outnumber the kilonovae. Indeed, intensive searches for faint fast transients have
been run for the past several years and have identified many such sources. While none show
the combined hallmarks of rapid evolution and fast transition from blue to red, substantial
follow-up resources have been necessary to demonstrate this. Indeed, most of these faint, fast
sources appear to be some combination of outbursts from Luminous Blue Variables, unusual
white dwarf explosions (e.g., SN Iax), or ultra-stripped supernovae [2312]. These are all of
substantial interest in their own right but complicate the identification of kilonovae. Indeed,
with the imminent arrival of the Vera Rubin Observatory (VRO) and its Legacy Survey of
Space and Time (LSST), the ability to isolate candidate kilonovae, either found blindly or in
the error box of gravitational wave searches, becomes an urgent challenge to overcome.

5.1.4 Alternative signatures of mergers

The vast majority of effort in the detection of multi-messenger signals has been directed at the
mergers of CBs that contain a neutron star, or more specifically that contain a neutron star
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and a mass ratio such that material is expected to remain outside the innermost stable orbit
of the merged compact object [1471, 2313]. This is natural because it is in these scenarios
where baryonic matter is left outside the merger remnant producing luminous electromagnetic
emission. The merger of a BBH binary in a vacuum should yield no detectable EM emission.
Despite this, it is striking to note that the first BBH detection, GW150914 [1], was associated
with a weak detection of a short GRB [2314] that remains controversial [2315].

Partly motivated by this coincidence, several works explored the possibility of deriving
light from BBH mergers. These critically consider that BBH mergers do not happen in
a true vacuum, but contain material in the form of the surrounding medium which may
take a variety of forms. For example, it may be an ionized plasma [2316], a remnant disc
around one of the black holes [2317, 2318] or a BBH embedded in the dense disc around
a supermassive black hole [1642].

It is the latter of these suggestions that has received the most interest to date, with the
suggestion from [1273] of an AGN outburst consistent in time and space with the extremely
high mass BBH mergers GW190521 [1509]. This was suggested to be an unusual AGN outburst
triggered by the merger of the two components within the disc of the AGN. Subsequent
analysis of a large sample of BBH mergers that received follow-up from the Zwicky Transient
Factory revealed evidence of a larger number of unusual AGN outbursts in the error boxes
than expected randomly, perhaps implying a substantial fraction of BBH mergers that could
be formed in the discs of AGN [2319]. Although the rates of such mergers are expected to be
much lower than for those formed in the field, the higher masses result in a larger horizon.
Through studies of GRBs, there is now some limited evidence for neutron star mergers in
AGN discs [2320, 2321], and so BBH mergers may naturally be expected as well.

However, this result has also proved to be controversial. In particular, the challenge
of associating a given AGN outburst with a BBH merger in a large error box is non-
trivial [1646, 2322] and the details of the wide range of AGN variability remain poorly
understood. Nonetheless, these claims suggest that we should remain alert to the possibility
of multi-messenger signals from BBH mergers, and the science they may enable.

5.2 Modeling the EM counterparts of ET detected CB mergers

This section presents predictions of the observational properties of the electromagnetic
counterparts of compact binary mergers, namely BNS and BHNS binaries, detectable by
the Einstein Telescope.

We consider the kilonova and the jet-related emission, the latter including both the
prompt emission (appearing as a short GRB when the jet is observed close to on-axis) and the
broadband afterglow. Four state-of-the-art population synthesis models are considered, with
predicted gravitational and electromagnetic signals for each binary. Despite the considerable
knowledge advancement made possible by GW170817, these model predictions are still based
on a variety of astrophysical assumptions which need to be tested with new detections in the
years to come until ET operations. Therefore, any description of the expected EM properties
of the GW sources detected by ET is subject to a considerable amount of uncertainty. To
partly account for this modeling uncertainty, we adopted four models published in the
literature, each of which provides an end-to-end simulation of the GW and EM signals. We
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highlight that the kilonova properties could be impacted if some of the compact objects are
quark stars instead of neutron stars [2323–2331]. An overview of the main assumptions of
our models is provided in sections 5.2.2 and 5.2.2.1. Specifically, the parameter estimation
analysis of the GW signal is presented in section 5.2.2.2, while the models adopted for the
prediction of the electromagnetic signals are described in section 5.2.2.3.

For each binary class and for each emission component, we consider the subsample of
events detectable by ET. For these we provide in section 5.2.3 two kind of information:

• the properties (e.g., light curves, energetics, characteristic timescales) of the KN and
jet-related GRB emission components;

• the annual joint detection rates as a function of the individual EM component flux at
specific frequencies or within selected energy bands.

While there are a number of present or planned major facilities for the search and
follow-up of GW-detected sources that are expected to operate in synergy with ET, the
specific evolution of the observational landscape is hard to predict. This section, therefore,
aims to provide a few general tools that can be used to estimate the expected joint detection
rates by scaling for basic facility/instrument configurations.

Figure 88 shows a possible 1 year of multi-messenger detections by ET and compares
BNS (left) with BHNS (right). The jet-related emission (cyan double cones) and the kilonova
(red butterflies) show the EM horizons reachable by a typical GRB satellite (with a sensitivity
comparable to that of Fermi/GBM) and an optical search facility (reaching a 26 magnitude
limit), respectively. Jets of BNS are brighter than BHNS systems and can be detected out to
and above redshift z = 1. For BNS systems an EM horizon at z ∼ 0.5 is identified. Within
this horizon most of the multi-messenger events will be KN-GW systems and a fraction will
have GRB-KN-GW signals. At z > 0.5 most of the BNS joint detections will be GRB-GW
signals. This selection effect is mainly due to the orientation of the jet, with off-axis jets
being detectable only within relatively smaller distances. Compared to the BNS case, a
much smaller number of joint detections is expected for the BHNS channel and the relative
EM horizons are much closer to the Earth.

5.2.1 Dynamics and emission components of compact binary mergers

In figure 89 we present a schematic representation of the dynamics of BNS and BHNS mergers
and their respective multi-messenger emissions. For BNS systems, during the final phase
of the inspiral, the development of tidal forces leads to the partial disruption of the stars,
producing an emission of neutron-rich material. This material can be divided into two main
components: a gravitationally unbound component, called dynamical ejecta, which leaves the
merger region, and a bound component, which forms an accretion disk around the remnant.
Compression and shock heating lead to additional emissions when the two stars’ surfaces
collide. The emitted neutron-rich material is an ideal site for r-process nucleosynthesis, which
produces the heaviest elements in the universe. The synthesized nuclei are unstable, and
their radioactive decay can power a KN emission. On longer timescales, other emissions
originate from the disk: some ejecta are produced by magnetic pressure and neutrino-matter
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z = 0.5

z = 1.0

BNS BHNS

Figure 88. Representation of two of our reference multi-messenger synthetic populations in a
geocentric Universe. Compact binaries in the synthetic populations of C22 and C23 that are detected
by ET-∆ are represented by yellow (BNS — left semicircle) and orange (BHNS — right semicircle)
dots. The distance of each dot from the Earth (blue circle) is proportional to the redshift of the
corresponding compact binary. If the simulated merger produces a relativistic jet whose prompt (> 4
ph cm−2 s−1) or afterglow emission (> 0.01 mJy, radio band) is detectable, a cyan jet is plotted
centered on the dot, with its axis inclined by the actual viewing angle with respect to the line of
sight to the Earth. If a kilonova is also produced, and if it is detectable (< 26 mag, g band), then a
red butterfly shape is also plotted. The total number of binaries is representative of one year of ET
operation.

interactions, called wind ejecta, and some ejecta are produced by viscous processes inside
the disk, called secular ejecta.

When the NS is disrupted and some of the released material forms a disk, its accretion
onto the remnant can induce the launch of a relativistic jet. Internal shocks inside the jet
and/or magnetic reconnection phenomena lead to the dissipation of a fraction of the jet’s
kinetic energy, which is radiated, giving rise to the prompt emission of the GRB. The jet
then continues its expansion into the interstellar medium, where it begins to decelerate. This
causes the formation of a shock near which electrons are accelerated, producing synchrotron
emission: the afterglow emission of the GRB.

BHNS mergers can also be accompanied by an EM counterpart, as in the BNS case.
The condition for ejecta production is that the tidal disruption distance dtidal, at which
tidal disruption occurs, must be larger than the BH’s innermost stable circular orbit RISCO.
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Figure 89. Schematic representation of BNS and BHNS mergers and their multi-messenger emissions.
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This condition is favored if the BH is of low mass and/or rapidly spinning. Otherwise,
the NS directly plunges into the BH, and no ejecta are produced (and, consequently, the
event has no EM counterpart). Unlike BNS mergers, where the impact of the two surfaces
provokes additional emissions making the distribution of the dynamical ejecta much more
isotropic, BHs do not have a crust, so no shock occurs. Therefore, these systems produce
dynamical ejecta close to the equatorial plane and mainly in about half of the azimuthal angle.
Moreover, the absence of a hypermassive or supramassive NS phase can cause differences
in the properties of the wind and secular ejecta.

In figure 89 we present (in the middle of the stages labeled 1–4) a representation of the
GW waveform of a BNS merger.49 At the top, we show a representation of the expected
EM emission. Specifically, in the first-row panels we show the observed peak energy and
photon flux for the GRB prompt emission, assuming a viewing angle of 0 and 30 degrees.
In the second-row panels we present the optical light curve of the KN (blue) and the GRB
afterglow (orange), again assuming viewing angles of 0 and 30 degrees. The EM emission
was calculated using the C22 model for a BNS of 1.4 and 1.4 M⊙ at the median redshift of
the population, z ∼ 0.22. It can be noted that the KN emission is much more isotropic, not
showing substantial differences in the light curve when moving to larger viewing angles. In
contrast, the GRB emission, being collimated, is much more sensitive to variations in this
parameter. When shifting from 0 to 30 degrees, the GRB prompt flux decreases by several
orders of magnitude, and the afterglow light curve peaks several months after the merger
at a much lower apparent magnitude compared to the on-axis case.

5.2.2 Multi-messenger BNS & BHNS population models

We considered three population models for BNS: Colombo et al. 2022 (C22), Ronchini et
al. 2022 (R22) [1175] and Loffredo et al. 2025 (L25) [2334]. For the BHNS population we
consider the model of Colombo et al. 2023 (C23) [2187]. These models are based on different
assumptions of the hyperparameters describing the population of binaries, their evolution and
their EM emission components. Table 9 lists the main assumptions of the models providing
the key references. In this section, we provide a brief description of these models and compare
their different assumptions. The reader is referred to the relevant publication for a more
in-depth description of each model. For C22 and C23 updated populations are given in [2335].

5.2.2.1 Progenitor compact binary population properties. The population models
considered here predict different local merger rates, R0, compatible with current constraints
provided by the Advanced LIGO and Virgo detectors in GWTC3 [6] (R0 ∈ [10, 1700] Gpc−3

yr−1 for BNS and R0 ∈ [7.8, 140] Gpc−3 yr−1 for BHNS). Given the lack of BNS merger
detections in the ongoing run (O4) of LVK, we tune our populations on a fiducial local
merger rate closer to the lower bound of the GWTC3 constraint. In particular, for BNS the

49The time domain GW signal corresponds to the BNS simulation BAM:0095 [2332] in the CoRe
database [2333].

50The value for the local merger rate corresponds to the fiducial population in L25, while the value for the
pessimistic population is provided in parenthesis. These populations are consistent with the BNS mergers
observed by LVK, as detailed in [2334].
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C22 [2336] R22 [1175] L25 [2334] C23 [2187]
CBC System BNS BNS BNS BH-NS
CBC Pop. R0+delayed SFR Santoliquido+21 Iorio+23 Broekgaarden+21
R0 [Gpc−3 yr−1] 347+536

−256 365 107(23)50 149+153
−87

Mass distr. Analytic Uniform Gaussian Broekgaarden+21
EOS SFHo − BLh SFHo
Fisher analysis GWFast GWFish GWFish GWFast

SNR cut 12 8 8 12
EM Transients KN, GRB GRB KN KN, GRB
KN ejecta model [2337–2339] − [2334, 2337, 2339] [2339, 2340]
KN emission model [2341, 2342] − [2343] [2338, 2341]
Jet launch & breakout Yes No − Yes
Cocoon Emission Yes No − No

Table 9. List of the main characteristics of the four different models used to compute EM emission
from BNS and BH-NS mergers detectable by ET.

local rates considered correspond to R0 = 347, 365, 107 Gpc−3 yr−1 for C22, R22, and L25,
respectively. We adopt R0 = 149 Gpc−3 yr−1 for the BHNS population of C23.

The mass distribution of NSs (isolated and in binaries) is still uncertain, therefore we
explore three possibilities for BNS systems. C22 models the mass distribution of BNSs
via an analytic fit to both Galactic BNS and the two BNS mergers detected through GWs
(GW170817 and GW190425). R22 adopts a uniform NS mass distribution between 1.0 M⊙
and 2.5 M⊙, which is consistent with the GW detections, while L25 considers a Gaussian
distribution centred at 1.33M⊙ with a standard deviation of 0.09M⊙, which fits the mass of
Galactic NSs in binaries. The NS and BH mass distributions in C23 are derived from the
population synthesis model of [1370] ensuring that the mass distribution of the population
of BHNS is compatible with the constraints imposed by GW observations [1774]. NSs in
binaries are predicted to have a negligible spin, therefore we assume spinless NSs in all
our populations. BHs might have a non-negligible spin before the merger. However, since
larger BH spins in BHNS binaries favour a stronger EM emission, we choose a conservative
approach imposing a BH spin parameter χBH = 0. R22 and L25 compute the redshift
distribution of BNS mergers using the semi-analytic code cosmoRate [2344], which models
the star formation rate density and the average metallicity evolution of the Universe as
in [2345]. Conversely, C22 models the BNS redshift distribution analytically, using a delay
time distribution compatible with the results of population synthesis models [1576]. For
BHNS C23 assumes the fiducial metallicity specific star formation rate density from [1370],
based on the phenomenological model described in ref. [1375].

The EOS of NSs determines the tidal deformability of NSs in binaries and affects the
properties of the EM emission. Given the present uncertainties on the NS EoS, we assume
two different nuclear EOSs, namely SFHo [2346] (for C22 and C23) and BLh [2347, 2348]
(for L25). These EOSs are built within very different theoretical frameworks, in particular,
SFHo is based on relativistic mean field theory while BLh is a microscopic EOS based on
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the Brueckner-Bethe-Goldstone many-body theory. However, these EOSs predict similar
values for the NS maximum mass and corresponding radius, specifically Mmax = 2.06M⊙ and
Rmax = 10.3 km for SFHo, while Mmax = 2.10M⊙ and Rmax = 10.4 km for BLh. Both the
EOSs are compatible with current experimental constraints on nuclear matter properties and
astrophysical constraints on NS maximum mass, radius, and tidal deformability. They both
produce quite compact NSs, with SFHo predicting slightly more compact NSs compared to
BLh. By selecting the SFHo and BLh EOSs we made a conservative choice for the modeling
of the KN emission since more compact NSs in binaries are associated with fainter KNae.
A different approach is followed in R22, which does not make any assumption on the NS
EoS. Accordingly, C22, L25, and C23 compute the NS dimensionless tidal deformability,
Λ, from the mass and the EOS of each NS, while R22 samples Λ uniformly in the interval
[0, 2000] and independently for each NS. In all the considered models, the BNS and NS-BH
mergers are distributed isotropically in the sky with a random inclination of the orbital
plane to the line of sight.

5.2.2.2 Gravitational wave detection and parameter estimation simulation. The
parameter estimation analysis of the BNS population for L25 and for R22 was carried out
using the Fisher matrix code GWFish [291]. For the BNS and BHNS populations of C22
and C23, respectively, GWFast [1167, 2349] is adopted. These codes have been cross-checked
within the activities of the Common Tools OSB division and yield comparable results. For a
comprehensive description of the codes, we refer to section 10.

The settings of the gravitational analysis are common across the three BNS popula-
tion models and the two different codes. We used the IMRPhenomD_NRTidalv2 waveform
approximant [36, 1229], which allows us to include tidal effects. We used the full cryogenic
(HFLF-cryo) sensitivity curve for ET, including both low and high-frequency,51 with the
starting frequency corresponding to 2 Hz.

We analyzed the two following detector configurations [16]:

1. the reference triangular ET design of 10 km located in Sardinia (Sos Enattos) with the
HFLF-cryo sensitivity curves;

2. two L-shaped interferometers of 15 km arms misaligned at 45 deg located, respectively,
in Sardinia and in the Meuse-Rhine region.

For BHNS systems of C23, the GW analysis, we consider the same configurations,
sensitivities, and starting frequency of 2 Hz as for the BNS case, but we adopt the waveform
approximant IMRPhenomNSBH, which is more suitable for this kind of systems [1229, 2350]. In
particular, it is tuned up to mass ratios of q ∼ 100, it includes tidal effects and the signatures
on the signal due to different possible outcomes of the merger (plunge or disruption).

51All the available curves, including HFLF-cryo, can be found at https://apps.et-gw.eu/tds/?content=
3&r=18213.
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5.2.2.3 Electromagnetic emission models.

Kilonova. C22 computes the BNS KN light curves from 0.1–50 days, using the anisotropic
three-component model of [2341, 2342]. The model accounts for the emission from three
different outflow components:

• dynamical ejecta, produced by tidal interactions on a timescale of few milliseconds;

• winds ejecta, produced by the accretion disk, due to neutrino matter-interactions and
magnetic pressure on a time scale of tens of milliseconds;

• secular ejecta, also produced by the accretion disk, due to viscous processes of magnetic
origin throughout the duration of the accretion.

The ejecta are assumed to be in homologous expansion and thermal emission is computed
following [2351, 2352]. The expected ejecta mass, ejecta average velocity and accretion disk
mass are computed using numerical relativity-informed fitting formulae [2337, 2339, 2353],
assuming the SFHo EOS [2346] and the masses of the wind and secular ejecta are computed
as fractions of the disk mass: ξw = 0.05 and ξs = 0.2, respectively. The KN model parameters,
such as the ejecta geometry, opacity, and the velocity of the wind and secular ejecta, are
assumed as the best-fit parameters from [2338].

For the BHNS population in C23, the KN light curves are computed in the same way as for
the BNS in C22, accounting for the expected differences in the KN model parameters [2338].
In this case, they compute the expected mass mdyn and average velocity vdyn for the dynamical
ejecta and the mass mout remaining outside the remnant BH, using the numerical relativity-
informed fitting formulae from [2313, 2339, 2340]. For the binaries where mdyn > 0.5mout,
they assume mdyn = mmax

dyn (mout) = 0.5mout [2354]. Finally, the mass of the accretion disk
is computed as Mdisk = mout − mdyn.

L25 models the BNS KN emission from 1 hour to 10 days assuming a two-component
anisotropic ejecta. The first ejecta component (C1) includes matter ejected on a dynamical
timescale (dynamical ejecta) and matter unbound from the disk through spiral-wave winds.
The second component (C2) contains matter unbound from the disk through viscous processes
on a secular timescale (secular ejecta). The mass and velocity of the dynamical ejecta and
the amount of mass in the disk are computed employing numerical relativity-informed fitting
formulas reported in [2334], assuming the BLh EOS [2347, 2348]. These formulas model the
possibility of the prompt collapse of the remnant to a BH, which is favoured for more massive
and asymmetric binaries. A prompt collapse to BH affects the ejecta properties, reducing the
amount of dynamically ejected matter and preventing the formation of spiral wave winds.
Therefore, if the remnant undergoes prompt collapse to BH, the amount of matter unbound
through spiral-wave winds is set to zero, while it corresponds to a fraction ξsw = 0.15 of the
disk mass, otherwise. The total amount of mass in the first component, mC1 = mdyn +msw,
is distributed as sin θ, where θ is the polar angle. The corresponding velocity, vC1, is obtained
as a weighted average of the velocity of the dynamical ejecta, vdyn, and the velocity of the
spiral-wave wind vsw = 0.17c [2355]. The mass in the second component, mC2, is modelled
as a fraction ξs = 0.3 of the disk mass and the velocity is set to vC2 = 0.06c. The ejecta
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properties such as opacity, entropy, expansion timescale, and floor temperatures are chosen
as in [2334], ensuring that the KN light curves of the BNS in the population with chirp mass
compatible with GW170817 reproduce AT2017gfo data. The KN light curves are computed
using the semi-analytic model xkn-diff [2343], based on a semi-analytic solution of the
radiative transfer equation for homologously expanding matter.

Jet-related emission. C22 and C23 adopt, for both the BNS and the BHNS population,
a jet angular structure inspired by GRB170817A [2268] with an half-opening angle of 3.4
deg. They compute the GRB afterglow light curves from 0.1 to 1000 days in the radio (1.4
GHz), optical (g band) and X-rays (1 keV) bands, fixing the median interstellar medium
density n = 5 × 10−3 cm−3 [1652] and assuming the microphysical parameters characteristic
of GW170817, ϵe = 0.1, ϵB = 10−3.9 and p = 2.15.

In C22 and C23, the methodology for GRB prompt emissions is based on models similar
to those in [2338] and [2356]. They assume that a constant fraction ηγ = 0.15 of the jet
energy density, confined to regions with a bulk Lorentz factor Γ ≥ 10, is emitted as photons.
The resulting observed spectrum is the integration of this radiation over the jet’s solid angle,
incorporating relativistic beaming effects. Finally, photon fluxes in specific energy bands are
calculated, assuming a standard burst duration of 2 seconds.

In C22 they assume the launch of a relativistic jet just for BNS mergers where the
remnant mass Mrem ≥ 1.2MTOV, which suggests either an immediate or delayed collapse
into a black hole. For BHNS mergers in C23, they consider the formation of a relativistic
jet with energy Ec if the disk mass Mdisk > 0. In both works, if the jet energy exceeds a
specific threshold (as defined by [2357]), it successfully breaks through the ejecta, resulting
in GRB prompt and afterglow emissions.

For BNS systems observed within a viewing angle θv ≤ 60◦, C22 also incorporates a
cocoon shock breakout component, modeled in line with the properties of GRB170817A,
namely a luminosity LSB = 1047 erg s−1, a cutoff power-law spectrum with νFν peak photon
energy Ep,SB = 185 keV and low- energy photon index α = −0.62. In BHNS systems, C23
does not include this additional emission due to the absence of observational constraints
for this type of source.

For the prompt emission, R22 considers a universal jet structure, corresponding to the
profile derived for GW170817. The jet is assumed to have a core with an opening angle of
3.4 deg. The profile outside the jet core follows a power-law with index s = 4. The values of
jet energy, on-axis rest-frame peak energies and pulse duration are extracted from eqs. (6),
(7) and (8) of R22, respectively. The parameters of the distributions, including also the
probability that a BNS produces a successful jet, are calibrated performing a comparison
with existing samples of short GRBs observed by Fermi.

For the computation of the afterglow emission, the afterglowpy model is adopted [2358].
The isotropic-equivalent kinetic energy of the jet is derived starting from the posterior
distribution of the isotropic-equivalent prompt energy taken from R22. The micro-physical
parameters are ϵe = 0.1, p = 2.2, log10 ϵB uniformly distributed in the range [−4,−2] and
n ∈ [0.25, 15] × 10−3 cm−3.
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5.2.3 EM properties of the GW-detectable sub-population

In this section we describe the observed properties of the EM emission of sources detected in
GW by ET. We also provide the rates of joint detectable sources as a function of a variable
detection limiting flux in different energy bands for each emission component. It is important
to distinguish between detectable and detected joint EM-GW events. The former are those
sources, detected as GW signals by ET, which are above a given sensitivity limit, i.e., they
are in principle bright enough to be detectable by any facility reaching that sensitivity. We
will consider this condition in defining detectable joint events. However, the rate of joint
detected sources may be smaller than the rate of detectable ones. Indeed, the latter should
be scaled by any EM facility property other than its sensitivity, such as the field of view,
the observability constraints, the duty cycle etc. In this section, we will only report the
joint detectable event rates. We will provide more realistic detected rates in section 5.3 by
considering specific mission/facilities.52

5.2.3.1 Kilonova. Figure 90 shows the distributions of the KN lightcurves in the g band of
the subsample of sources (BNS and BHNS) detected as GW events and localized with a sky
accuracy of up to 100 deg2 by ET in two different configurations (10 km triangle and 15 km
2L — left and right panels, respectively). There are no appreciable differences in the light
curves detected by the two configurations for either the BNS or BHNS populations. BNS
kilonovae typically exhibit AB magnitudes in the range of 20–27 (99% confidence region)
at approximately 2.4 hours post-merger, and their brightness remains almost constant (or
slightly increases) until about 1 day, and then decreases rapidly over the 10-day timescale.
Despite still being perfectly consistent within their dispersion, the BNS-KNae lightcurves of
L25 show a shallower decay with respect to those of C22 owing to the different KN model
parameters, as well as the different ejecta distribution in the two populations.

BHNS systems (bottom panels of figure 90) produce KN light curves, which are typically
fainter (AB magnitudes in the range 22–29 at 2.4 hours post-merger) than BNS and evolve
towards a faster decline within 1 day from the merger. This may be explained, respectively,
by the larger GW horizon of BHNS systems with respect to BNS and the different ejecta
properties resulting from the assumed mass and spin distributions and EoS.

Figure 91 depicts the joint detection rate as a function of different AB magnitude
detection limits for the BNS populations in L25 (red) and C22 (blue), and for the BHNS
population in C23 (green). The panels on the right assume the ET triangle configuration,
while those on the left assume ET-2L. Solid lines indicate all detectable KN+GW systems,
while dashed and dotted lines represent only events with a sky localization ∆Ω90% < 100 deg2

and ∆Ω90% < 40 deg2, respectively.
The colored band represents the uncertainty due to the local merger rate, which propagates

as a constant relative fraction to all other rates. Despite different assumptions for the initial
BNS population and the KN model, L25 and C22 predict rates that differ by only a factor
of about 2–3, and when considering the uncertainty due to the local merger rate, they are
entirely compatible.

52We adopt the convention to distinguish between “missions” and “facilities” referring to space-based
detectors and ground based telescopes, respectively.
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Figure 90. Distribution of ET optical KNe as a function of time assuming the BNS population from
L25 (red, first row) and C22 (blue, central row), and the BHNS population from C23 (green, last
row). The left column assumes the ET-∆ configuration, the right column is the 2L configuration. The
plots represent the apparent AB magnitude versus post-merger time (days) for our simulated KN
light curves in the g (484 nm) band, restricting to ET GW-detectable sources with ∆Ω90% < 100 deg2.
The shaded regions contain 50%, 90%, and 99% of the KN light curves.

Using this plot, given an instrument with specific sensitivity, one can estimate the rate
of GW events with a KN brighter than this limit, thus estimating the rate of potentially
detectable KNe. For instance, the Vera Rubin Observatory can reach an AB magnitude of 26
in the g band with an exposure time of 180s. The majority of KNe lightcurves are brighter
than this limiting magnitude up to 1–2 days post-merger, see figure 90). Considering this
representative limit and events with ∆Ω90% < 100 deg2, L25 yields a rate of detectable KNe
100(21) yr−1,53 while C22 yields a rate of 191+295

−141 yr−1.
For BHNS events, the rate is 5.1+5.2

−3.0 yr−1. In general, the BHNS rates are systematically
lower than those of BNS events. The reasons, as explained in C23, are due to the fact

53The rate of detectable into parenthesis refers to the pessimistic population of L25 [2334].
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Figure 91. Detection rate as a function of detection limit threshold for the KN BNS population
presented in L25 and C22 (upper panels, red and blue, respectively) and for the BHNS population from
C23 (lower panels, green). The left column assumes the ET-∆ configuration, and the right column
is the 2L configuration. The lines indicate the KN+GW (g band) detectable binaries, assuming all
the BNSs (solid line from C22 upper panels and C23 lower panels), the ones with ∆Ω90% < 100 deg2

(dashed lines) and the ones with ∆Ω90% < 40 deg2 (dotted lines). The shaded region indicates the
uncertainty due to the local merger rate.

that only a small fraction (about 2%) of events can emit ejecta, and the KN population
is generally less luminous.

5.2.3.2 Gamma-Ray Burst prompt emission. Figure 92 presents the observed peak
energy Ep,obs as a function of the photon peak flux for the BNS populations of R22 (upper
panels) and C22 (mid panels), and for the BHNS population of C23 (lower panels). The
colored regions include events that are both GW and GRB prompt-detectable. For prompt
detection, Fermi/GBM was used as a reference instrument, with threshold values chosen
to replicate the short GRB observations of Fermi/GBM: 0.5 ph cm−2 s−1 for R22 and 4
ph cm−2 s−1 for C22. Note that R22 considers the 50–300 keV band, while C22 assumes
the 10–1000 keV band.

Generally, GW+GRB prompt events extend from an Ep,obs ∼ 30 keV to Ep,obs10 MeV,
concentrating around Ep,obs ∼ 300 keV. For C22, the events do not extend beyond 1 MeV
due to different assumptions regarding the jet peak energy. Concerning the photon flux, all
models reach up to 100 ph cm−2 s−1, while the 50% of events concentrates between 0.5–10
ph cm−2 s−1, depending on the flux cut assumption.
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Figure 92. Observed spectral energy distribution peak photon energy Ep,obs vs. photon flux for the
GRB prompt BNS population presented in R22 (first row) and C22 (central row), and for the BHNS
population from C23 (last row). The colored-filled regions contain 50%, 90%, and 99% of the binaries,
both GRB Prompt and ET detectable. The black lines contain 50%, 90%, and 99% (solid, dashed,
and dotted, respectively) of the ET-detectable binaries.
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The black lines enclose 50% (solid), 90% (dashed), and 99% (dotted) of events detectable
by ET, without the requirement of prompt detection. In this case, the population extends
to much lower fluxes and peak energies and becomes dominated by off-axis events. While
these events are out of the reach of Fermi/GBM mainly due to its sensitivity and low energy
threshold, next-generation GRB detectors may extend their energy band below 10 keV with
an improved sensitivity, thus capturing the bulk of the prompt emission.

The BNS C22 population shows two clusters when considering only the events detected
by ET. This effect is due to the assumption that for events with a viewing angle less than
60 degrees, there is also a shock breakout component whose properties mimic those of
GRB170817A. Events dominated by the cocoon shock breakout component form the upper
cluster and become insignificant when also considering the detection by Fermi/GBM, which
is dominated by events with a higher photon flux.

Figure 93 shows the detection rate as a function of different photon flux detection limits
for the BNS populations of R22 (red), C22 (orange), and the BHNS population of C23
(purple). The solid curve refers to all BNS events, while the dashed and dotted lines consider
events with sky localization smaller than 100 deg2 and 10 deg2, respectively. The colored
bands represent the uncertainty in the local merger rate for C22 and C23, and the Poisson
uncertainty due to variations in hyperparameters for R22. Considering the flux cuts assumed
by the respective studies using Fermi/GBM, the rates obtained are 57+56

−35 yr−1 and 59+91
−44 yr−1.

Additionally, these rates can be scaled by a factor accounting for the duty cycle and field
of view of the instrument. We consider the latter two parameters yielding, for Fermi/GBM,
a scaling factor 0.6 so that ET(triangle)-Fermi/GBM joint detection rate for the prompt
emission would be 34+34

−21 yr−1 and 35+55
−26 yr−1. This means that the majority of short GRBs

currently detected by Fermi/GBM would have a GW counterpart detected by ET.

5.2.3.3 Gamma-Ray Burst afterglow emission. Figure 94 shows the average properties
of the afterglow lightcurves of all the BNS and NSBH mergers detected by ET, considering
the delta (left panel) and 2L (right panel) configurations. The figure reports the 50% (solid
line) and 90% (dashed line) contours containing the peak fluxes of afterglow light curves in the
radio (red), optical (green), and X-ray (blue) bands for the BNS populations of R22 (upper
panels) and C22 (mid panels), and for the BHNS population of C23 (lower panels). The gray
curves in the background are a sample of optical light curves for the respective populations.

Generally, all populations have peaks concentrated after 102 days, with a tail extending to
shorter timescales. Specifically, the R22 population is concentrated at around 102.5 days, while
the C22 and C23 populations show a slower growth, with peaks concentrated around 103 days.

Most populations exhibit a subset of bright optical and X-ray events with peaks at very
short timescales (hours). These are the on-axis events of the population, as can be seen from
the monotonous gray light curves in the background, representing light curves observed at
viewing angles comparable to the jet opening angle. This subset is always present, even when
the population is dominated by off-axis events, which do not show such curves. Overall,
there are no noticeable differences between the delta and 2L configurations, in terms of peak
brightness of the afterglow and distribution of the peak times.

Figure 95 represents the detection rates as a function of different flux limits in mJy
for the BNS populations of R22 (upper panels) and C22 (mid panels), and for the BHNS
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Figure 93. Detection rate as a function of detection limit threshold for the GRB prompt BNS
population presented in R22 and C22 (upper panels, red and orange, respectively) and for the BHNS
population from C23 (lower panel). The left column assumes the ET delta configuration, and the
right column assumes the 2L configuration. The lines indicate the GRB prompt+GW detectable
binaries, assuming all the BNSs (solid lines), the ones with ∆Ω90% < 100 deg2 (dashed lines) and
the ones with ∆Ω90% < 10 deg2 (dotted lines). The shaded region indicates the uncertainty at 90%
credible level. For C22 and C23, it indicates the uncertainty due to the local merger rate.

population of C23 (lower panels). The lines represent the detectable GW+GRB afterglow
events, assuming all binaries (solid line), binaries with sky localization within 100 deg2 (dashed
line), and within 10 deg2 (dotted line). In the X-rays, for a representative limiting flux of
10−14 erg cm2 s−1, R22 predicts around 103 detectable BNS per year, while C22 predicts
around 200 detectable BNS per year. For both R22 and C22, the detectable sources reduce
to ∼10 and less then 1, considering the ones localized better than 100 deg2 and 10 deg2. The
difference can be attributed to the different GW SNR detection threshold and modelling
between R22 and C22. Overall, the 2L configuration gives approximately a factor two more
BNS and NSBH mergers with detectable afterglow.

5.2.4 GW sky localization of multi-messenger events

Figure 96 shows the ∆Ω90% sky localization distribution as a function of redshift for the BNS
population from C22 (upper panel, blue) and the BHNS population from C23 (lower panel,
green), considering only events capable of emitting an EM counterpart, thus having non-zero
ejecta and/or accretion disk. The colored bands represent the 50%, 90%, and 99% credibility
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Figure 94. Afterglow lightcurves in Radio (red), Optical (green) and X-ray (blue), for the delta
(left) and 2L (right) configurations, assuming the BNS population from R22 (first row) and from C22
(central row), and the BHNS population from C23 (last row). The dashed and solid lines are the 50%
and 90% containment regions of the afterglow peaks, in the respective bands. The grey lines in the
background are randomly sampled optical light curves.
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Figure 95. Detection rate as a function of detection limit threshold for the GRB afterglow BNS
population presented in R22 (first row) and C22 (central row), and for the BHNS population from C23
(last row). The left column assumes the ET delta configuration, the right column the 2L configuration.
The lines indicate the GRB afterglow+GW detectable binaries in the radio (red), optical (green) and
X (blue) bands, assuming all the BNSs (solid line), the ones with ∆Ω90% < 100 deg2 (dashed lines)
and the ones with ∆Ω90% < 10 deg2 (dotted lines). The shaded region indicates the uncertainty at
90% credible level. For C22 and C23, it indicates the uncertainty due to the local merger rate.

regions, while the solid line indicates the median value. The left column assumes the ET
configuration with a triangle, while the right column assumes the 2L configuration.

The figure illustrates the gradual broadening of sky localization with increasing redshift.
For the triangle configuration, within a redshift of approximately z ≲ 0.05, 50% of the events
have a sky localization between 10 and 100 deg2. Beyond a redshift of z ≳ 0.2, 50% have a
sky localization exceeding 1000 deg2. In contrast, for the 2L configuration, there is a general
decrease in the median value by about an order of magnitude. Specifically, within a redshift
of z ≲ 0.05, most events have a sky localization between 1 and 10 deg2, while 50% have
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Figure 96. Distribution in redshift of the sky localizations of BNS events (upper panel) and
BHNS events (lower panel) that can power and EM counterpart, for the delta (left) and 2L (right)
configurations. The line indicates the median value, the colored bands are the 50%, 90% and 99%
credible regions.

a sky localization exceeding 1000 square degrees for redshifts greater than z ≳ 0.5. The
greater broadening of the distribution for the 2L configuration as compared to the triangle
can be traced mainly to events for which only one of the detectors is operational due to our
choice of the duty cycle. For a discussion regarding the comparison of the sky localization
capabilities of the triangular and 2L ET configurations within the context of Fisher forecasts
we refer the reader to section 3 of [16].

5.2.5 ET in a network with Cosmic Explorer

ET may operate together with another 3G detectors such as Cosmic Explorer. Predicted
performances of an ET-CE network have been explored in a number of works (e.g. [16, 1167,
1175, 2334, 2359]), and the synergies between ET and CE will be further discussed in section 6.

To compare ET as a standalone observatory with ET as part of a network of other 3G
detectors, figure 97 shows the KN detection rates as a function of detection limits for the
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Figure 97. Detection rates as a function of the detection limit threshold for the KN BNS population
from C22 (left panel) and the BHNS population from C23 (right panel). The different colors represent
various ET configurations and detector networks: blue (or green) for ET-∆, red for ET2L, gray for
ET-∆+2CE, and black for ET2L+2CE. The lines correspond to KN+GW (g-band) detectable binaries:
solid lines indicate all BNSs (or BHNSs), dashed lines represent events with ∆Ω90% < 100deg2, and
dotted lines represent events with ∆Ω90% < 40deg2. The shaded region illustrates the uncertainty
arising from the local merger rate.

BNS population from C22 (left plot) and the BHNS population from C23 for different GW
detector networks. The different line colors represent various ET configurations and network
setups. Specifically, the blue (or green) lines indicate ET-∆, while the red lines correspond
to ET2L. The gray and black lines represent the networks ET-∆+2CE and ET2L+2CE,
respectively. In this context, we assume the 2 CE network as the most optimistic scenario,
consisting of two L-shaped detectors with arm lengths of 40 km and 20 km located in the USA.
Solid, dashed, and dotted lines represent, respectively, all BNS (or BHNS) events, events
with ∆Ω90% < 100deg2, and events with ∆Ω90% < 40deg2, respectively.

The comparison between the two ET configurations has been previously discussed;
however, it is noteworthy that in a network including 2 CE detectors, the number of joint
detections significantly increases due to the enhanced precision in sky localization. Specifically,
considering all events with ∆Ω90% < 100deg2, the number of detectable events (assuming a
detection limit of AB magnitude 26) increases by more than an order of magnitude. In a
complete network, the differences between the two ET configurations become negligible up to
a magnitude of 26. For deeper limits, the increased EM horizon allows for the observation
of more distant events, which results in a small but noticeable difference in detection rates
between the two configurations.

5.3 Observational facilities and strategies

5.3.1 The ET change of paradigm

ET will revolutionize the field of multi-messenger astrophysics, particularly the study of BNS
and BHNS mergers. It will transform the field from being observationally constrained to the
local universe and to a poor number of events into a domain exploring more than 10 billion
years of cosmic history, encompassing hundreds of thousands of objects.

– 244 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

This paradigm shift necessitates the development of new observational strategies to
detect, identify, and characterize the EM counterparts of GW events detected by ET. Different
strategies should be developed depending on the scientific goals, and taking into account four
intrinsic factors well illustrated in the previous sections: (i) the large localization uncertainty
for the majority of the GW events; (ii) the large number of ET detections; (iii) the faintness
of the KN and GRB off-axis afterglow counterparts; (iv) the brightness of on-axis GRBs
and afterglows at any distances explored by ET. Indeed, while studies involving cosmic
evolution should take advantage of the entire volume covered by the ET sensitivity, the
study of KNe or off-axis afterglows may rely on the numerous nearby events detected by
ET with a relatively good localization.

The precision of GW localization, although introducing biases favoring nearby events,
will be a key selection criterion for the EM observations, because of the extremely large
observing time required to scan large sky region at the necessary depths, and of the extremely
high number of ET events. About hundred ET-detected BNS events per year at z < 0.5
(a few tens at z < 0.2) will have a GW localization to within a few tens of square degrees
(see figure 185 in section 10.3.3 and ref. [2334]). However, if a scenario with ET + CE
observations is considered, more than ten thousand events will have such a sky-localization,
several thousands of which will have localization uncertainty smaller than 10 deg2, decreasing
to less than 1 deg2 for a few hundreds of them (see figure 107 in section 6.2.1). In such
a scenario, additional selection criteria will therefore be crucial to optimize the use of the
limited observational time. Prioritization of the alerts and observational strategies will have
to be adapted for each specific scientific case.

5.3.2 Kilonovae

The best spectral range to look for KNe is the UV-optical-(near)infrared one. Through
photometry it is possible to obtain images of the sky where to look for unidentified transients,
and to follow their lightcurves in search of the time and color evolution signatures expected
for KNe. However, for a certain KN identification, spectroscopic observations provide more
precise (r-process element) features and are often required. Considering the intrinsic faintness
of such EM counterparts (see section 5.2.3.1) instruments with a high sensitivity are required.
Unfortunately, to date, he best instruments to obtain deep images have a small Field of
View (FoV), i.e. they are able to observe only a very limited area of the sky, much smaller
than the typical GW sky-localization regions. Spectroscopic observations are even more
limited because the fibers or slit cover only few arcsec, unless Integral Field Spectroscopy
(IFS) is used. This technique enables the possibility to obtain a spectrum for each pixel
of the image of a field, but nowadays sensitive IFS are limited to FoV of the order of the
arcmin2. The ideal facility for the most efficient multi-messenger observations of KN would
be a highly sensitive integral field spectrograph with a very large FoV (several square degrees)
and (sub-)arcsecond spatial resolution.

The simulations presented in section 5.2 on the predicted brightness of the KN (and GW
error regions) imply that, with the most advanced facilities expected to be available by the
late 2030s (see the table in figure 100), KN detections will remain limited to redshifts z < 0.5.
Among the planned instruments, photometric and spectroscopic facilities with unprecedented
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sensitivity and coverage, such as the Vera Rubin Observatory and the Wide Survey Telescope
(WST), will be particularly well-suited for detecting KNe up to z < 0.4 − 0.5 from the
events localized to within a few tens of square degrees [1211, 2334]. Target of Opportunity
observations by the Vera Rubin Observatory will provide the photometric depth and spectral
constraints needed to detect candidate KN counterparts. Realistic simulations including ToO
multi-filter and multi-epoch observations (more effective to identify the counterparts among
large number of contaminants), mosaic of the sky-localization region, Rubin sky coverage,
and Galactic absorption predict several tens of KN per year associated with BNS detected by
ET [2334]. This numbers may improve by a factor of ∼ 10, providing to dispose of enough
observing time, if ET will operate in the network with current detectors LIGO and Virgo at
the design sensitivity and including a detector in India. A further increase of detections by
Rubin is obtainable when ET operates with CE but it is limited to a factor of a few because
of the Rubin detection efficiency drop already at z larger than 0.3 [2334].

Facilities such as WST could work in synergy with Rubin or independently and detect
about a hundred KN counterparts per year at a signal-to-noise ratio (S/N) > 10 (thousands
at lower S/N), if that observations are collected within ∼ 12 − 24 hours after the merger (see
figure 98). It is evident that, in both cases, the observing time available will be the main
limitations to the number of events for which KN can be detected. Therefore, in addition
to the distance and position indications provided by ET, other parameters (such as the
inclination angle) will have to be considered to select the events triggering the search for a
KN counterparts. For more details on the synergies between ET and WST, see [2360].

Current and forthcoming sky surveys providing galaxy redshift catalogs could enable
photometric and/or spectroscopic targeted observations, leveraging distance information
from ET detections. However, this would not be an efficient strategy to find KNe beyond
z ∼ 0.1. In fact, in this case, the number of galaxies requiring observation quickly becomes
vast — thousands, within the expected sky localizations of ten — few tens square degrees.
Targeted spectroscopic searches at higher redshifts could be useful in a scenario where ET
operates with two next-generation observatories distributed around the globe, for example a
CE(40 km) in USA and one in Australia (or also with the addition of an interferometer in
China, e.g. [2361]), as, for ∼ a thousand events per year, the sky localizations would have
error regions less than 1 deg2 also for events at z ∼ 0.5, and the errors on the distances will be
reduced by a factor of ten, allowing targeted searches (with IFS / multi-object spectrographs)
up to z ∼ 0.3. We stress, however, that the Rubin Observatory can easily cover such sky
regions in just one exposure. In this case, redshift catalogues will also be useful to discard
contaminant transients from KN candidates.

Detecting EM candidate counterparts is only the first step in multi-messenger studies.
Proper characterization of KN counterparts will require the largest ground-based observa-
tories and space telescopes, such as the James Webb Space Telescope (JWST), which offers
unprecedented sensitivity and spatial resolution. From ground, 30-meter-class telescopes
as the Extremely Large Telescope (ELT) will be fundamental to track spectroscopically the
evolution of KNe and study their role in the chemical enrichment of the universe, because in
most cases 10-meter-class telescopes will lack the sensitivity for spectral studies. Given the
high-demand of such kind of telescopes, it is likely that such deep studies will be performed
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Figure 98. Example of redshift distribution of simulated KNe detected by Vera Rubin and WST,
associated with BNS detected by ET in the 2L (top panels) and 2L + CE(40 km) (bottom panel)
configurations, and having error regions of < 40 deg2 (top left and bottom panels), and < 100 deg2 (top
right panel). The background distribution in white corresponds to the parent BNS+KN population.
The green colored distribution corresponds to the KNe that are detectable with WST IFS (SNR > 3).
KNe detectable with Vera Rubin are shown in grey. Black points refer to the y-axis scale on the
right-hand side and show the fraction of detectable KN with WST with respect to those that are
detectable with Vera Rubin. From Bisero et al., in preparation.

only for a limited number of detected KN. In any case, it is of the highest importance for
science that multi-messenger studies are well integrated in the highest priority observations
of such facilities.

5.3.3 Off-axis afterglows

Another EM counterpart of BNS and BHNS mergers whose detection will also be limited
to the low-redshift regime (for viewing angles larger than ∼ 15◦) is the off-axis afterglow
of GRBs associated with GW events. Observing strategies for these counterparts partially
align with those for KNe but, in this case, the search at lower (radio) and higher (X-rays)
frequencies will play a significant role. Radio frequencies result in being very appropriate for
off-axis afterglow detections. SKAO-Mid, with its unprecedented sensitivity and survey speed
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(see the table in figure 100), will be the ideal facility to detect (and follow, in synergy with
the ngVLA) off-axis afterglows (see section 5.2.3.3). It is of great importance that specific
SKAO GW follow-up programs are established. X-rays can also be an efficient way to look
for off-axis afterglows, provided that suitable facilities joining sensitivity and FoV will be
operational at the ET epoch. Missions projects such as THESEUS and NewAthena at ESA
can be key to the identification and characterization of these EM counterparts, detecting
∼ dozens of them per year (e.g. [1175, 2362, 2363]).

5.3.4 On-axis GRBs

As stated, while KN and off-axis afterglows will be likely too faint to be detected and studied
at z > 0.5, ET will be able to detect BNS and BHNS mergers up to redshifts beyond the
cosmic star formation peak. To exploit the entire volume probed by ET for multi-messenger
studies, the detection of on-axis (or slightly off-axis, i.e., viewing angles < 10◦) GRBs and
afterglows will be indispensable. Realizing this opportunity will depend on the availability of
facilities capable of detecting and localizing GRBs. Missions like the current Neil Gehrels
Swift Observatory or the SVOM satellite have the required capabilities, but ensuring that
similar missions are operational beyond 2035 is critical. As of now, no approved missions
are slated to fly in the late 2030s or beyond. The proposed THESEUS satellite, currently
competing for selection as ESA’s M7 mission, could fulfill these requirements and offers the
additional advantage of onboard redshift determination for a significant fraction of GRBs.

5.3.5 ET pre-merger detection and ET and early warnings alerts

The Einstein Telescope’s access to low frequencies makes it possible to observe signals, such
as the inspirals of BNS systems, for a long time (hours), and thus to use the Earth rotation
imprint in the GW signal itself to detect and localise BNS systems before the merger [16].
This allows early warnings to be sent to the astronomical community hours to minutes before
mergers, with an increasingly precise sky-localization as the event approaches merger. Several
studies have been conducted to assess the pre-merger capabilities of ET. ET is capable of
localizing several tens to hundreds of BNS mergers per year with a sky localization of less
than ∼ 100 deg2 minutes before the merger [2364–2366]. This number increases to a hundred
of BNS mergers per month for the network of ET operating with CE [2367]. Figure 99
shows the improvement in sky localization capabilities as a function of the redshift and how
increasingly distant events can be localized as they get closer to the time of merger.

Detecting localized BNS pre-merger opens the possibility of following the BNS during
the inspiral phase with the EM observatories and being on the source before and during
the merger. Indeed, the rapid (∼ minute scale) pointing capabilities of optical transient
survey facilities will allow for the exploration of the very early emission associated with
KNe, which is fundamental for probing the first ejecta and processes at play in KN emission.
Furthermore, GW early warnings will allow the search for associated very high energy (VHE)
emission by VHE observatories such as CTAO [2365] that will have suitable rapid pointing,
FoV and sensitivity. As recently demonstrated by Swift, high-energy satellites can react
to triggers by ground-based observatories on ∼minute scale. Wide FoV X-ray instruments
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Figure 99. Redshift distribution of the sky-localization uncertainty (given as 90% credible region)
for ET and ET+CE configurations. The panels show the BNS detections and the corresponding
sky-localizations as a function of the redshift 15, 5, and 1 minute(s) before the merger. The blue
histogram represents all detected sources, while the other colors indicate sources with sky localizations
more precise than 103 deg2 (orange), 102 deg2 (green), and 10 deg2 (red). Reproduced from [2365].
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with such rapid pointing could detect the early X-ray emission of off-axis GRBs in absence
of the prompt gamma-ray detection [1175].

5.3.6 ET as an alert receiver

Finally, we should not forget that ET will also operates as alert receiver. Due to the huge
amounts of events, it will be computationally prohibitive to perform a complete parameter
estimation for all the GW detections, especially in low-latency. However, EM facilities
will regularly detect short GRBs (space-based missions), afterglows (space-based missions
and ground-based facilities, scanning the sky at different wavelengths covering the entire
EM spectrum, from VHE, as CTAO, to radio, as SKAO) or KN (especially optical and
near-infrared sky surveys). ET will listen to these alerts from the EM community, and use
them to perform an informed search and parameter estimation for the corresponding GW
signal. It will be crucial to prioritize the GW analysis of these events and send in low-latency
refined parameter estimations for them to inform the astronomical community and optimize
the use of the observational resources.
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