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Abstract

The discovery of the gravitational wave signal GW170817, compatible with a binary
neutron star system, by the LIGO and Virgo collaboration, along with the subsequent
identification of its multi-wavelength electromagnetic counterparts, marked the be-
ginning of the multi-messenger astronomy era. Notably, a second binary neutron
star merger, GW190425, was also detected, yet it did not present any associated
electromagnetic counterpart. Even black hole-neutron star mergers have the potential
to produce electromagnetic emissions, but, although already detected through their
GW signals, no electromagnetic counterpart has been associated with these events to
date. During the third observing run of the gravitational wave detectors network, O3,
and the initial phase of the fourth run, O4a, extensive electromagnetic follow-up cam-
paigns were conducted. Despite significant investment in observational resources,
these efforts predominantly yielded only contaminants, particularly supernovae Ia,
providing limited insights into the properties of the gravitational wave-emitting bina-
ries. As we progress towards the later stages of observing run O4, the forthcoming
05, and with the development of third-generation gravitational wave interferometers
like the Einstein Telescope and Cosmic Explorer, the need for precise predictions
becomes increasingly critical. These predictions are essential for refining follow-up
strategies to maximize the likelihood of detecting associated, rapidly fading transient
phenomena. This doctoral thesis presents a realistic projection of the number and
characteristics of binary neutron star and black hole-neutron star mergers expected
to be observable as multi-messenger sources during O4, O5, and by third-generation
detectors. The objective is to provide strategic guidance for optimizing observational
approaches. These predictions are grounded in a population synthesis model that in-
corporates various elements: the gravitational wave signal-to-noise ratio, inferred sky
localization, kilonova optical and near-infrared light curves, peak photon flux of the
relativistic jet gamma-ray burst prompt emission, and afterglow light curves across
radio, optical, and X-ray wavelengths. Utilizing this approach, it is possible to delin-
eate the expected distributions of electromagnetic observables for events detectable
in the current and upcoming O4, O5 observing runs, and by future gravitational
wave observatories. This study, therefore, addresses pivotal questions and offers an
in-depth, contemporary perspective on the present and future of multi-messenger
astronomy.
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Preface

The advancement of the second-generation gravitational wave (GW) observatories,
comprising the Advanced Laser Interferometer GW Observatory (LIGO [1]), Ad-
vanced Virgo [24], and KAGRA (from the third observing run O3, [38]), has revolu-
tionized our ability to explore the cosmos through GWs. This revolution commenced
with the landmark detection of GW150914 [12], the first observation of a compact
binary coalescence (CBC) in GWs.

Throughout the initial three observing runs (O1, O2, and O3 - [5, 15, 17]) and
the first half of the fourth (O4a), the collaborative network led by LIGO, Virgo, and
KAGRA (LVK) has identified several tens of significant events (pastro > 0.5). These
detections encompass a variety of sources, including numerous binary black hole
(BHBH) mergers, two identified binary neutron star (NSNS) mergers, and even black
hole-neutron star (BHNS) systems [18, 17].

To date, electromagnetic (EM) emissions have been definitively associated only
with the NSNS merger GW170817 [6], heralding the era of multi-messenger (MM)
astronomy. Virgo’s inclusion in the network shortly before this event enabled a
precise sky localization of GW170817 within a 28 deg? area [306]. This localization
coincided with that of GRB170817A, a short gamma-ray burst (GRB) detected by
Fermi and INTEGRAL [8] mere seconds post-GW chirp. Global telescopic efforts
rapidly identified a faint, quickly evolving optical /near-infrared transient within the
GW170817 localization error box in a nearby galaxy, NGC 4993 [84]. This transient
was spectroscopically identified [234] as a kilonova (KN) — quasi-thermal emissions
from the merger’s expanding ejecta. Subsequently, a broadband (radio to X-rays)
non-thermal source was discovered at the same location, identified weeks later as
the afterglow of an off-axis relativistic jet, confirmed through very long baseline
interferometry observations [208, 125].

On 25 April 2019, the LIGO-Virgo Collaboration (LVC) detected a second NSNS
merger, GW190425 [4], but no confirmed EM counterpart was observed. Addition-
ally, during the O3 observing run, four BHNS events were reported with a false-
alarm-rate (FAR) of less than one per year: GW200115_042309, GW200105_162426,
GW190917_114630, and GW190426_152155 [23], none of which were accompanied by
detectable EM emissions.

In the last stages of the inspiral of a NSNS merger, the stars undergo partial tidal
disruption, producing an emission of gravitationally unbound material, known as
"dynamical ejecta”, as well as a bound component, which forms an accretion disk
around the remnant. The released neutron-rich material is an ideal site to synthesize
heavy elements via rapid neutron capture and their nuclear decay can power the
emission of a KN [176, 199]. Moreover, the accretion of the disk around the remnant
can lead to the launch of a relativistic jet [102, 274]. BHNS mergers can also produce
EM counterparts if the NS is tidally disrupted outside the BH innermost stable circular
orbit (ISCO). If this condition is not satisfied the NS directly plunges into the BH and
no material is ejected, precluding EM emissions [115, 162, 116].

Combined EM and GW data from NSNS and BHNS mergers can constrain various
parameters, such as component masses, NS tidal deformabilities, viewing angle, and
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distance, along with the equation of state (EoS) of supra-nuclear density matter [191,
7,245,247, 83,224, 83, 44]. Moreover, these systems can help measuring the Hubble
constant and understanding the production of heavy elements [277, 216, 105, 122,
132,176, 177]. Such observations can be also critical in distinguishing the nature of
merging systems that cannot be definitively classified through GW signals alone [190,
41, 42].

Although the detection of EM counterparts is crucial for a more comprehensive
characterization of merging systems and an enhanced understanding of the physics
involved, from an observational standpoint, MM astronomy remains a formidable
challenge. The GW signal often yields only a large sky-localization, and when
combined with distance uncertainty, the resultant volume error box may encompass
thousands of galaxies and numerous other transients, especially supernovae la. Thus,
identifying the transient associated with the GW signal is daunting, and rapidly
fading EM counterparts risk being missed.

To optimize the scientific yield of forthcoming observing runs in a MM context, it
is essential to anticipate joint detections and understand the properties of potential
EM transients. This foresight will guide the establishment of instrumental scientific
requirements and the formulation of optimal observational strategies.

In this work, I detail our projections for the EM emissions associated to NSNS
[78] and BHNS [79] mergers detectable in the upcoming O4, O5 observing runs, as
well as by third-generation (3G) GWs observatories like the Einstein Telescope (ET;
[242]) and Cosmic Explorer (CE; [251]).

To achieve this, we developed a synthetic population of NSNS binaries, informed
by GW detections and Galactic NSNS data, alongside a BHNS population based on
the standard model in [68]. For each binary system, we simulated the signal-to-noise
ratio of the GW signal within the detectors and the GW-determined sky localization
using the GWFAST software [154].

We then assigned expected ejecta and accretion disk properties to each binary,
derived from numerical-relativity-informed fitting formulae. Leveraging these prop-
erties, we calculated the observable characteristics of associated KN, GRB prompt,
and GRB afterglow emissions employing a set of semi-analytical models, refining the
approach described in [44]. This methodology enabled us to outline the distributions
of EM observables for events detectable in O4, O5, and by 3G GW observatories.
Consequently, this study addresses several key questions, offering a comprehensive
and up-to-date overview of the evolving field of MM astronomy.

The thesis is organized as follow. In Chapter 1 we briefly describe the coalescence
of compact binary systems and the related emission of GWs. In Chapter 2 we present
the different mechanisms for ejecta production in NSNS and BHNS mergers and their
properties. In Chapter 3 we discuss the physics of KNee and we describe the emission
model used in our work. In Chapter 4 we describe the basic physics of GRBs, as well
as the GRB prompt and afterglow emission model used in the following analysis. In
Chapter 5 and 6 we present our prospects for MM observations of NSNS and BHNS
mergers in O4 and O5, based on Colombo et al. [78, 79]. In Chapter 7 we present a
preliminary analysis for MM observations of NSNS and BHNS mergers in the ET era,
which will be included in the Chapter of the Einstein Telescope Blue Book dedicated
to MM observations. Finally, in Chapter 8 we summarize the main results of this
thesis.



Chapter 1

Gravitational Waves

In this Chapter, we provide a concise overview of the merging process of compact binary
systems and the resultant gravitational wave (GW) emissions. Section 1.1 outlines funda-
mental concepts in general relativity pivotal to the derivation of the GW equation [253, 186].
Section 1.2 delves into the inspiral and merger stages of a binary system, encapsulates key
equations governing GW emissions [80]. Section 1.3 describe the detection of GWs, the
intrinsic parameters of the binary that can be derived from GWs, and the main observing
campaigns for present and future detections [80, 186]. In Section 1.4 and Section 1.5 we
provide a brief description of the first two binary neutron star mergers [9, 11]. This Chapter
is mainly based on the works by Riles [253], Maggiore [186], Colpi et al. [80] and references
therein.

1.1 Fundamental physics of gravitational waves
The differential line element ds at space-time point X can be written as:
ds? = gaﬁ(f)dx“dxﬁ, (1.1)

where g3 is the symmetric metric tensor !. Two examples of the metric tensor are a
simple flat Cartesian-coordinate metric with a = (t, x, y, z):

-1 0 0 0

Cart. (7\ __ 0 100

gDL’B (x) - O 0 1 O 7 (1.2)
0 0 01

the so-called Minkowski metric, and a more complex curved, spherical-coordinate
metric, with w = (t,7,0,¢), outside of a spherically symmetric mass distribution of
total mass M:

—(1-2GM/c*r) 0 0 0
Schw. (=) _ 0 142GM/3r)™" 0 0
g () = 0 (r26M/cEn) = 001 ag
0 0 0 r*sin’@

also known as Schwarzschild metric. G is the gravitational constant, while c is the
speed of light. One potential approach to measure the curvature of a metric involves
employing the covariant equation of motion for a test particle:

Pxt L dad o
dt2 —  TPrdr dr’

'We are adopting Einstein notation, so repeated indices imply summation.

(1.4)
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in which 7 is the proper time and Iy is the Christoffel symbol defined as:

1 /0g 0 o)
s _ 1 ap | 98ay | 98Py
$uiTh = 5 ( LC G ) (15)

The Riemann curvature tensor is defined as:

ars,  ore
s A R 6

Contracting the indices of the Riemann tensor, we obtain the so-called Ricci tensor:
Rgs = ng. 1.7)
The trace of the Ricci tensor with respect to the metric is the scalar curvature:
R =g"PRys (1.8)

With T,z we indicate the stress-energy tensor, that represents the density and flux
of energy and momentum in the space-time. The time-time component (x = = 0)
indicates the energy density divided by 2. The time-space components (¢ = 0 and
B =i =1,2,3) indicate the density of the i-th component of the linear momentum.
The diagonal space-space components (¢ = 8 = i = 1,2, 3) indicate the normal stresses,
while the off-diagonal space-space components (¢ =i =1,2,3and f =j = 1,2,3, with
i # j) indicate the shear stresses. The stress-energy tensor is symmetric, 50 Ty = Tg,-

Now we can write one of the most important and famous equations in physics,

the Einstein Equation:
1 881G

that describes how energy density provokes curvature and how curvature influences
energy density. In order to derive the GW equation from this relation, it is possible to
use a perturbative approach. Let us consider a small perturbation /1,4 of the Minkowski
metric 77,4 given in (1.2) (a more general solution of Einstein equation gg 8 could be
considered as well), that is caused by some sources described by a stress-energy
tensor T,p. The metric tensor of the perturbed space-time is:

8up(X) = tap + hap(X). (1.10)

Under the assumption that || < |17a5| = 1 (linearized theory), the left side of (1.9)
can be simplified by keeping only leading order terms in /1,5 and applying the Lorentz
gauge condition:

- 1 _
dphh (%) — Eaahg(x) = 0. (1.11)
In vacuum (T, = 0), we have the homogeneous wave equation:
Ohap(X) =0, (1.12)
where [ is the D’Alambertian operator in flat spacetime,

2
wp 99 19 + V2, (1.13)

0= =
T oxe oxB c2 912
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FIGURE 1.1: Representation of the two polarization modes of gravitational waves. Credit:
[39].

which implies that GWs travel at the speed of light. Fixing a wave vector k, a solution
of (1.12) can be written as:

() = Agpe®T), (1.14)
where w = kc and A is a symmetric 4 x 4 matrix. Assuming the previous gauge
condition and the so called transverse-traceless gauge (TT-gauge) leads to a relatively
simple form. Choosing a system in which the z axis lies along k, we have:

00 0 0
_ 0 he he 0| i
hap(®) = | o 5" The o gllkzmat), (1.15)
00 0 0

hi and h are called the amplitude of the plus and cross polarization of the wave, so
a GW has only two physical degrees of freedom corresponding to the two possible
polarization states (see Figure 1.1).

Choosing Cartesian spatial coordinates and the TT-gauge, the inhomogeneous
wave equation can be written in the following way:

- l6tG
Dhaﬁ(x) = —CTT,Xﬁ, (116)

which has the same form of the wave equation for relativistic electrodynamic fields,
OA" = —puoJ*, (1.17)

where A* = (®/c, A) contains the scalar and vector potential functions, instead
J* = (cp, J) contains the electric scalar charge and current density. The electrodynamic
vector potential solution can be written applying the Green function formalism [157].

We obtain:
T

At %) = %’T/df’x’ ret, (1.18)

|x — x|



6 Chapter 1. Gravitational Waves

where [...],, indicates evaluation at the retarded time t' = t — |¥ — ¥’| /c. In a similar
way, we can write the solution of (1.16) as:

T (H, %
hap(t, X) = ‘f/d%/["‘ﬁ()]fef. (1.19)

|x — ']

0—49 2 o1

The constant 4G /c* is a very small value (3.4 - 1 s> g ! cm™!), making GWs very

challenging to detect.

1.2 Gravitational waves from compact binaries

The term compact binaries coalescence (CBC) indicates the merger of binaries hosting the
relics of massive stars evolution: binary neutron star (NSNS), black hole - neutron star
(BHNS) and black hole - black hole (BHBH) binaries. In the current network detector
(see Section 1.3), they are detectable at the time of their coalescence (from fractions of
second before the merger for BHBH, to ~ 100 seconds for NSNS), emitting a sizeable
fraction of their reduced-mass-energy in GWs.

In Newtonian gravity, two binary point masses travel on circular or elliptical orbits
around their common centre of mass. The motion is periodic with constant Keplerian

frequency fx = (GMtot /a3 ) /2 /(27), where a is the semi-major axis of the relative
orbit and Mot = M + M, is the total mass of the binary. In GR, binary systems emit
GWs resulting in a loss of orbital energy and angular momentum. To compensate
this radiative energy losses, binaries back-react gradually hardening, decreasing their
semi-major axis 2 and increasing the orbital frequency fx. The emission is initially
weak and a phase of nearly adiabatic contraction anticipates the so called phase of
inspiral, merger and ringdown (see Figure 1.2 for a schematic representation).

During the inspiral phase, that is the longer lasting, the two binary components
can still be considered as structureless and their dynamics can be described by
Post Newtonian (PN) theory [58]. During this phase the signal, called chirp, has
a characteristic shape with both the amplitude and frequency of the wave slowly
sweeping to higher values. The inspiral is fundamental in obtaining estimates of the
binary parameters, which can be estimated by matching the observed signal with a
catalogue of waveform templates. When the binary components are spinning, the
signal is modulated by spin-orbit and spin-spin couplings. This modulation encodes
the masses, orbit inclination, distance and sky location, but also the spins of the two
interacting objects.

The word merger refers to the phase of very late inspiral and coalescence, which
is no longer described by the PN formalism. The two objects experience extreme
gravitational fields during this phase, moving at about one third of the speed of
light, so that their dynamics and GW signal can be described only with Numerical
Relativity (NR). The merger signal lasts for a shorter time (milliseconds) compared
to the inspiral, and in this phase finite-size effects become important for mergers
involving NSs, because they have a surface. In particular for a nearly equal mass
NSNS coalescence, the merger resembles a slow collision, while if the primary object
is substantially more massive than the secondary, the latter is tidally disrupted during
the plunge and it essentially accretes onto the primary. NR simulations which account
for the full non-linear structure of the Einstein Equation can accurately describe the
dynamics and the GW radiation.

Finally, the system will eventually settle into a new stationary equilibrium solution
of the Einstein field equations through a phase of ringdown, with a particular shape
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FIGURE 1.2: Representative waveform /(t) from the coalescence of a compact binary and
schematic representation of inspiral, merger and ringdown phases.

for the GW signal that depends on the remnant mass and rotational profile. After the
merger, the remnant is always a BH for BHNS coalescences. Instead for NSNS mergers
the remnant can be a BH, an unstable supramassive NS (SMNS) or a hypermassive
NS (HMNS) that will collapse to a BH, or a stable NS. The fate of the remnant from
NSNS merger primarily depends on the binary total mass and the equation of state
of NS matter. In Fig. 1.2 we report a representative waveform /(t) from a binary
coalescence, highlighting the three phases.

1.2.1 Radiated energy and angular momentum

The reference frequency of GW at the time of coalescence is:

1 3

feoal = mm (1.20)

that is twice the Keplerian frequency fx of a test mass orbiting around a non-spinning
BH of mass M at the innermost stable circular orbit Rigco.

An important parameter for merging binaries is the so called chirp mass M. For a
binary with components masses M; and M, the chirp mass M, is defined as:

3/5
= U2 = Mo = 1M, (1.21)

here also expressed in terms of the symmetric mass ratio v = M; M,/ M2, and of the
reduced mass y = Mi;Mj/ Mot = vMior. During the inspiral phase, M. can be used
to express, to the leading order, the power radiated by a circular binary averaged
over an orbital period [232]:

e 32¢° (GM 1073 37 c5

where f = 2fg is the frequency of the emitted GW and f = f/ feoat 1s the dimension-
less frequency. Close to coalescence (f ~ 1), the luminosity ECer does not depend

on the mass Mo of the binary, but on the symmetric mass ratlo v only, reaching the
value Egy ~ v2 (¢°/G) ~ v? (3.6 x 10°) ergs™!
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The binary orbital angular momentum L is radiated away at an orbit-averaged
rate given by:

- 32 GM. \""? 32
Lg‘}'vC,OI'b — gMCCZ < C3 C 7Tf) — 5\/6—7V2Mtotczf~7/3 (123)

in the L direction. Close to coalescence Lgrwc’orb ~ [32 / (5\/? )} V2 Miotc?, whose

value depends on My and v.

The emission of GWs involves loss of orbital energy and angular momentum.
According to the virial theorem in Newtonian dynamics, the orbital energy of the
binary is

GvM? 1
Epin = == 1% = — VMo (GMiot)' /> (f ). (1.24)
The total energy of the binary decreases adiabatically at a rate equal to Ep;, = —ng,
the semi-major axis decreases and the GW frequency increases at a rate:
5/3
f= 95—671'8/3 <Gg[°> 173, (1.25)

This last equation is obtained considering Eyi, = (dEpin/df)(df/dt), where dEy;, /df
is derived using (1.24). Equation (1.25) expresses that to first order the frequency
evolution of the GW emitted by a circular binary is determined by the chirp mass M.
only. The solution to (1.25),

5/5  (GM.\ ~3/8

describes the rise of the frequency f of the GW emitted by the system while chirping,
where t.,, gives the time of the merger.
Following (1.26), the remaining time to merger for binary observed at a frequency

fis:

a5 1/ 3N 1 74/M 0\ (1Hz v .
Tcoal(f)_2567_[8/3; G Mo f8/3—7 Mot f ays, ( )

which is a steep function of f. The late inspiral, merger and ringdown phases have a
very short duration, in fact in terms of f = f/ f.oa ~ 1 this time is equal to:

64801 GMior 1 ~ 15 x 10_41Mt0t 1

circ /1 £\ __ -
Tooal (f) = 256 v 3 f8/3 v M. f8/3sec. (1.28)

Two other important quantities that describe circular compact binaries mergers
are the energy spectrum dEgy /df and the total energy radiated in GWs Egy. In the
quadrupole approximation,

dE /3 _
T;fw =S¢ (GM)™P f7173 (1.29)
and 2/3
7U
Egw ~ 5 (GM)™ f213, (1.30)

where frayx is the maximum frequency at which the inspiral is observed.
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1.3 Detecting gravitational waves

For a circular binary at distance d the two independent polarisation states i and h
of a GW are given by [186]:

GM.\*® 7Tf (tret) 2/3 1 4 cos?u
c2 c 2

cos O (tret), (1.31)

hi(t) = % (

5/3 2/3
hy(t) = 4 <GMC> <7Tf(tmt)> cos 1 Sin Py (tret) , (1.32)

d\ c? c
where ¢ is the inclination angle between the line of sight and the unit vector parallel
to the binary orbital angular momentum L, f (txt) is the instantaneous frequency

given by (1.26), evaluated at the retarded time tyet = t —d/c and N = 271 [ f (') d¥’
is the lowest order contribution to the orbital phase. ®y evolves in time following;:

-5/8
P (t) = @) — 2 (5(36?4 ) (teoat — 1)%, (1.33)
with the constant @ giving the orbital phase at the epoch of merger, when f diverges
nominally, but finite size effects impact on the waveform before this divergence is
reached. Note that, using (1.21), at any given frequency, both h and h scale as
vao/t?’, namely faster than linear with respect to the total mass M and linear in v.
Therefore unequal mass binaries with total mass M;,: have weaker emission with
respect to symmetric binaries with the same total mass. Furthermore the ratio of
the two polarisation amplitudes depends on the inclination angle ;. Thus when the
binary is seen edge-on (1 = 7r/2) the radiation has only + polarisation and the motion
of the binary bodies projected on the sky is purely linear. Instead when the binary is
seen face-on (1 = 0) the polarisation component are out of phase by 71/2 with equal
amplitude, emitting a circularly polarised wave with the binary executing a circular
motion in the sky. In conclusion, the polarisation has a direct relationship with the
motion of the point masses projected on the observer’s sky plane.

A single GW detector can measure just a linear combination of the polarisations
amplitudes, the so-called strain amplitude:

h(t) = Fy(, 6, )y + Fo(a,6, ) hs, (1.34)

where F, and F, are the detector antenna pattern functions [275], « and ¢ are the
right ascension and declination, the angles that describe the binary’s position in
the sky, and ¥ the polarisation angle [278]. It is possible to write the response
h(t) = F(t) (cos¢hy +sin¢h,) with F = (F2 + Ff)l/z and tan¢ = Fx/Fy. In this
way F(t) is independent of the polarisation angle and supplies a measure of the
detector sensitivity to different locations in the sky.
If the signal is extracted via matched filtering techniques, what is measured is the
effective strain amplitude, that is [80]:
hest = N2 1 (1.35)

cycles™™
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where Noycles = f o df(f/f) represents the number of cycles spent by the source
within the detector bandwidth [fmin, fmax)- Using (1.25), we can write:

1 GMN\ " 53 s
-Afcycles = W <C3C> (fmin/ - ma>{ ) (1.36)
Neycles can be written in a compact form using the dimensionless frequency f=
f/ feoal and the in-band cycles can be estimated with the minimum frequency of the
detector sensitivity fmin < fmax,

; 6>21 5/
-/\/-Cycles (fmin) = 307 mem . (1.37)

In order to compare theoretical waveforms with experimental sensitivity and to
compute the signal-to-noise ratio (S/N) we need to write the signal in the frequency
domain. The Fourier transform of the two polarisation amplitudes are described by
the following formulae:

- c (GMNY° . 1 /14 cos?:
h+(f):Ad( = ) e(pﬁN(f>f7/6< : > (1.38)
5/6
hy(f) = Ad (GZ\;l ) eiox () f7/6 cos 1, (1.39)

with A = 772/3(5/12)"/2 and (plff(f) = ¢'N(f) — /2. Calculating the Fourier
transform of the strain amplitude /(t) (in units of Hz ') that includes the antenna
pattern response of the detector, we can compute the square of the S/N:

S/N2 — /Owdlan, (1.40)

where /S, is the spectral strain sensitivity with dimension Hz~!/2

noise in the detector (see Figure 1.3).

, describing the

1.3.1 Parameter estimation

The GW signal originating from the coalescence of a compact binary is contingent
upon intrinsic parameters that delineate the system’s dynamics and waveform char-
acteristics. Additionally, extrinsic parameters encapsulate the spatial orientation of
the source relative to the detector network.

For BHBH systems, intrinsic parameters include the masses M; and spin vectors
S.. These spin vectors, denoted as {; = S,/ (GM?), are dimensionless and exhibit
magnitudes within the [0, 1] range. Although the individual spins are not precisely
ascertainable from the GW signal, the combined parameter, effective aligned spin x s
is more constrained. x.f represents the projection of the mass-weighted mean spin
along [, the normal to the orbital plane, and it is defined as:

(MiX1+ Maxa2) -
ENE 1.41
Mi + M, N ( )

Xeff =

The extrinsic parameters are the time of the merger ., the luminosity distance 4y, the
viewing angle 1, the right ascension «, the declination J, the polarization angle ¢ and
the phase at coalescence ¢..
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FIGURE 1.3: Spectral strain sensitivity /Sn(f) of present and future detectors. We show the
expected strain sensitivity of Virgo and LIGO during O4 (red and blue) and O5 (dark red and
dark blue). We show in grey the expected strain sensitivity for the Einstein Telescope in D
configuration [187].

The chirp mass M. is one of the most precisely measured parameters from the GW
signal. Due to its importance in controlling the inspiral phase, M. is well measured for
low mass binaries (long inspiral), but is less well measured for higher mass systems
(short inspiral). The conversion of M. into the component masses M; and M; is not
easy, because the mass ratio § = M; /M, is degenerate with the components spins.

Neutron stars are deformable bodies and they have a surface. As already men-
tioned, in the final phase of the inspiral of a NSNS or a BHNS binary the tidal
interaction becomes important.

In the case of NSNS binaries, additional parameters come into play, and these
are associated with the deformation of the stars within a tidal field. The effect of
the tidal interaction, in the final phase of the inspiral, is measured by a quantity
known as tidal Love number A [111], defined for each binary component. Intuitively,
the first body (either a NS or BH) can be treated as a point mass sourcing the external
monopole potential Uext. The deformed mass distribution can be described using
the quadrupolar deformation Q;; that turns out to be proportional to the external
tidal field Tj; = —0;0;Uext- The proportionality constant is the tidal Love number
A. Dimensional analysis needs Q;j/T;j = —2k2R*/(3G) = A, where R is the NS
radius and k; is is the tidal apsidal constant [111] that lies in the range ~ [0.05 — 0.15]
[147,148]. The external gravitational potential, relative to the centre of mass of the

deformed object, is:
5
1+ 215 <1j>

The first term in (1.42) represents the monopole contribution, the second one the
gravitational potential by the point mass sourcing the tide and the third one the
correction to the gravity field caused by the distorted mass distribution.

_GM 1

u 2

T;ix'x. (1.42)
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FIGURE 1.4: Schematic representation of a basic interferometer design. Credit: LIGO.

We can also define the dimensionless quadrupolar tidal deformability A of a star

as )
A= §kzc*’, (1.43)
where C is the star compactness,
GM

The individual Love number for a binary component can not be directly inferred
from the observed gravitational signal. Instead, what is measured is the effective tidal
deformability of the binary A, a mass-weighted combination of the A of the binary
components [247], given by:

~ E (M1 + 12M2)M‘11A1 + (Mz + 12M1)M§1A2

A=13 (M; + My)5 (145)

Clearly a BH is not deformable so, for a BHNS binary, A = Ay = 0.

1.3.2 Observing runs and second-generation detectors

GWs are currently being detected using second-generation (2G) GW detectors: Ad-
vanced LIGO (aLIGO) [2] and Advanced Virgo (AdV) [25]. The Kamioka Gravita-
tional Wave Detector (KAGRA) has also become part of this network, initiating data
collection in February 2020 [38, 13]. Soon, a third aLIGO detector (LIGO-India) will
be located in India [300].

These detectors are large Michelson interferometers (see Figure 1.4). when a
GW traverses a detector, it induces variations in the relative arm lengths, leading to
fluctuations in power output from the laser, which is then captured by the photode-
tector. Operational within the frequency range of 10 Hz to 5 kHz, these detectors are
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FIGURE 1.5: Planned sensitivity evolution of the Advanced LIGO, Advanced Virgo and
KAGRA from O1 to O5. The colored bars show the observing runs, with achieved and
planned sensitivities as BNS range for a single-detector S/N threshold of 8 in each observing
run (see https://observing.docs.ligo.org/plan/ for further updates).

sensitive to GW chirp frequencies associated with the merger of stellar mass compact
objects like BHs and NSs.

The aLIGO detectors, comprising identical designs with 4 km-long arms, are
situated in Livingston (Louisiana, USA) and Hanford (Washington, USA). AdV,
located in Cascina (Italy), shares a similar design but with 3 km-long arms, as well as
KAGRA, situated in Kamioka (Japan), which was instead constructed underground
with cryogenic mirrors.

The first observing run (O1) of aLIGO spanned from mid-September 2015 to mid-
January 2016. Subsequently, the second observing run (O2) for aLIGO commenced
at the conclusion of November 2016 and continued until the end of August 2017.
During O2, the AdV detector officially initiated observations in early August 2017,
facilitating the first three-detector observations of GWs [10]. The third observing run
(O3) of LIGO-Virgo detectors lasted from April 2019 until March 2020.

The fourth observing run (O4) started on 24 May 2023 and it is scheduled to span
a duration of 20 calendar months, encompassing potential breaks of up to 2 months
allocated for commissioning and maintenance activities. In the first period of this
run, O4a, which ended on 16 January 2024, just the LIGO Hanford and Livingston
detectors were online, operating at BNS ranges between 140 and 170 Mpc. Recent
commissioning endeavors have enabled the Virgo detector to attain a BNS range
exceeding 45 Mpc?. Virgo will join the network in the second part of 04, O4b, which
is planned to start on 10 April 2024. KAGRA recommenced its commissioning phase
on July 3 2023, and is anticipated to reintegrate into the observing run during the
spring of 2024, featuring a BNS range of approximately 10 Mpc.

The commencement dates, duration, and sensitivities for O5 are currently under
discussion, with LIGO-India expected to join the global network of detectors.

1.3.3 Third-generation detectors

The third generation (3G) of GW detectors represents a "quantum leap" in our abil-
ity to explore the universe through GWs. Unlike the current 2G detectors, these

2https ://observing.docs.ligo.org/plan/
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advanced instruments incorporate groundbreaking technological concepts to signifi-
cantly enhance their sensitivity. Two prominent proposals leading the way are the
Einstein Telescope (ET) in Europe [242] and Cosmic Explorer (CE) in the USA [251].

The European-based ET is envisioned as a singular triangular observatory situated
200 — 300 meters underground, a strategic measure to significantly mitigate seismic
noise. Its triangular configuration, consisting of three nested detectors with 10 — 15
km-long arms, offers redundancy, the ability to distinguish GW polarizations, and a
null stream, achieved through a combination of outputs where the GW signal cancels,
which serves as a veto against disturbances. The xylophone configuration of ET is
another distinctive feature. Each of the three detectors comprises two interferometers:
one tuned for high frequencies utilizing high laser power, and the other tuned for
low frequencies operating at cryogenic temperatures and low laser power.

An alternative configuration, distinct from the single triangular layout, involves
the deployment of two well-separated L-shaped detectors, referred to as the “2L”
configuration. This arrangement retains all other innovative concepts integral to the
ET design. The effect of variations in the geometry and the impact on the science
output are currently under study [64].

With a sensitivity increase of one order of magnitude and a significant expansion
of the bandwidth encompassing both low and high frequencies, these detectors are
poised for remarkable potential in scientific discovery. Specifically, in the context of
coalescing binaries, they promise substantial advancements in detection distances,
the number of identified events, the precision of signal reconstructions, and the
scope of mass exploration. The data generated by these detectors have the potential
to instigate transformative developments in fundamental physics, cosmology, and
astrophysics. Leveraging insights from numerous prior studies, the scientific rationale
for 3G detectors is currently under comprehensive investigation [187, 159].

1.4 GW170817

On August 17, 2017, aLIGO and AdV detected a NSNS coalescence event, designated
GW170817, with the merger time recorded at 12:41:04 UTC [9]. The Fermi Gamma-ray
Burst Monitor independently detected a gamma-ray burst (GRB 170817A [19].) with
an approximately 1.7-second delay from the merger (see Figure 1.6). The GW signal
allowed for a localization of the source to a 31 deg? region of the sky at a distance of
4Of§4 Mpc. The component masses were consistent with neutron stars. Following the
merger, an extensive observation campaign was launched across the electromagnetic
spectrum. Less than 11 hours post-merger, a bright optical transient, AT2017gfo
[11], was discovered in the galaxy NGC 4993 by the One-Meter, Two Hemisphere
(IM2H) team using the 1 m Swope Telescope. The discovery was rapidly followed
by observations from various teams. These collective observations reinforced the
hypothesis that GW170817 was the result of a NSNS merger in NGC 4993, followed
by a short GRB and a kilonova, powered by the radioactive decay of r-process nuclei
in the ejecta.

The gravitational signal GW170817, detected with a combined S/N of 32.4 across
the three-instrument network, was analyzed using a coherent Bayesian approach
[306]. This analysis, accounting for calibration uncertainties, assumed the signal to
be from a quasi-circular orbit compact binary system and incorporated waveform
models considering component spins and tidal effects [9].

The choice of spin priors significantly influences the estimated source properties,
except for the chirp mass. The GW170817 analysis utilized low-spin (| x| < 0.05) and
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FIGURE 1.6: Multi-messenger detection of GW170817 and GRB 170817A. The top panel shows
the GBM light curve between 10 and 50 keV. The red line represents the background esti-
mate.The bottom panel shows the time-frequency map of GW170817, obtained by combining
aLigo Hanford and Livingston data. Credit: [8].

high-spin (|x| < 0.89) priors. The estimated masses® for the primary and secondary
objects (M; and M, respectively) were M; € 1.36 —2.26 M, and M; € 0.86 — 1.36 M
under high-spin priors (M; € 1.36 — 1.60M and M, € 1.17 — 1.36 M, for low-spin
priors). The chirp mass M., the most precisely measured parameter, was M, =
1.118f8:88§M@. The total binary mass was estimated as Mt = 2.82Jj8:§;M@ for
high-spin priors (Mot = 2.74J_r8:8‘11M@ for low-spin priors), and the mass ratio g was
bounded between 0.4 - 1.0 for high-spin priors (0.7 -1.0 for low-spin priors). These
findings align with a BNS system; white dwarfs were excluded due to the GW signal
sweeping through 200 Hz in the sensitivity band, indicating an orbit of size ~ 100
km, much smaller than a typical white dwarf radius [282].

1.5 GW190425

On 25 April 2019, 08:18:05 UTC, aLIGO and AdV detected a CBC, GW190425, during
O3 [4]. At the time of GW190425, the Hanford detector was temporarily offline with
only Livingston and AdV taking data. The Livingston detector observed the event
with S/N 12.9. AdV did not contribute to detection due to a low S/N (2.5), but its data
were used for subsequent parameter estimation. The LIGO and Virgo Collaboration
(LVC) assigned GW190425 a > 99% probability of being a NSNS merger. LVC sent
out an alert ~43 minutes after the trigger, which included a sky map computed using
a rapid Bayesian algorithm [286]. The initial sky map had a 90% credible region
of 10200 deg®. This large area is due to the fact that the signal was observed with
high confidence only in a single interferometer. LVC generated an improved sky

3The following mass values are quoted in the frame of the source.
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map using a Bayesian analysis [306] that sampled over all binary system parameters,
producing a 90% credible sky area of 8284 deg” and a distance constrained to 15975

Mpc (as a comparison GW170817 was localized to within 28 deg” at a 90% credible
level). The broad probability region in the sky map for this event presented a difficult
challenge for follow-up searches of EM counterparts. Indeed no firm detection of a
counterpart has been reported in coincidence with GW190425.

The inferred chirp mass was M. = 1.44f8:8%M@. From the chirp mass and inferred
mass ratio (g € 0.8 — 1.0 for low-spin priors and q € 0.4 — 1.0 for high-spin priors)
LVC constrained the primary and secondary mass to the range M; € 1.61 — 2.52M,
and M, € 1.12 — 1.68M, for high-spin priors (M; € 1.60 — 1.87M. and M, €
1.46 — 1.69M, for low-spin prior). The total binary mass was Mot = 3.4f8:i’M@
for high-spin priors (Mot = 3.470]M). The inferred effective spin parameter was

Xeft = 0.058"001 for high-spin priors (xeg = 0.012750] for low-spin priors).

The chirp mass and the total mass of GW190425 are significantly larger than those
of any other known NSNS system. The possibility that one or both binary components
of the system are BHs can not be ruled out from gravitational-wave data [172, 145].
For these ambiguous systems the detection of an electromagnetic counterpart could be
pivotal to infer the nature of the binary [43, 42].

The formation of GW190425’s source is challenging to understand within stan-
dard formation scenarios. For example it might have involved a phase of stable or
unstable mass transfer from a post helium main-sequence star onto a NS, or the stellar
companion of a massive NS might have been replaced with another NS through a
dynamical encounter [257].



17

Chapter 2

Ejecta

In this Chapter, we introduce the various mechanisms responsible for ejecta production and
detail the characteristics of each ejecta component resulting from neutron star-neutron star
and black hole-neutron star mergers. In Section 2.1 we describe the main mechanism for ejecta
production. In Section 2.2, we introduce the characteristics of the dynamical component and
the fitting formulae used in this work [245, 171]. In Section 2.3, we analyze the components
associated to the accretion disks and we present the relatively fitting formulae [42, 171, 163].
The works on which this Chapter is based are specified in the text.

2.1 Ejecta production

In the concluding stages of a binary neutron star (NSNS) merger, tidal forces lead
to a partial disruption of the stars, leading to a significant outflow of neutron-rich
material. When the crusts of the merging NSs collide, compression, shock heating,
and possibly neutrino ablation cause an additional outflow [48, 246].

The released material from these mergers can be categorized into two main
components. First, there are the dynamical ejecta, gravitationally unbound and rapidly
exiting the merger region. This ejection happens on a short, dynamical timescale
(milliseconds) due to the initial violent interactions, including partial NS disruption
and shock heating when the NS surfaces collide.

The second component comprises the bound material, which does not imme-
diately fall onto the central remnant but has enough angular momentum to form
an accretion disk around the merger remnant. On longer timescales, this accretion
disk becomes the source of additional outflows. These include faster wind ejecta,
produced by magnetic pressure and neutrino-matter interactions during the initial
neutrino-cooling-dominated accretion phase [88, 200, 229, 158]. Additionally, there
are slower but more massive secular ejecta, produced by viscous processes within the
disk [285].

In the context of a NSNS merger, the properties of the resulting ejecta are highly
dependent on the eventual fate of the merger remnant. This fate, in turn, is closely
linked to the total mass of the original NSNS binary, denoted as M. As discussed
in various studies [283, 48], for M. exceeding a critical threshold mass (Mcit) of
approximately 2.6 — 3.9M, which accounts for a range of soft and stiff Equations
of State (EoS), the remnant immediately collapses into a BH within the dynamical
timescale of milliseconds or less.

Bauswein et al. [48] proposed an empirical fitting formula for M in relation to
the Tolman—-Oppenheimer—Volkoff (TOV) mass (Mrov) of a non-rotating NS and the
NS compactness. This relationship is found to be relatively insensitive to the binary
mass ratio (§ = My /M) for q 2 0.7 [165].
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FIGURE 2.1: Schematic representation of the main stages leading to ejecta production in
NSNS and BHNS mergers (upper panel and lower panel, respectively). For further details,
see the text.

If the total mass of the binary (M) is less than M, prompt collapse is avoided.
Typically, this results in the formation of a rapidly-spinning NS remnant, with a
mass approximately equal to M after accounting for losses due to neutrino and
gravitational wave (GW) emissions and dynamical ejecta. This remnant is at least
temporarily stable against gravitational collapse to a BH. Different studies [47, 219]
show that the maximum stable mass of a NS exceeds Mroy when the NS is rapidly
spinning near its break-up velocity.

The remnant may be categorized as either a hypermassive NS (HMNS) or a supra-
massive NS (SMNS). An HMNS, which is supported only by differential rotation, is
unlikely to survive more than a few tens to hundreds of milliseconds post-merger be-
fore collapsing to a BH due as differential rotation is damped due to viscous angular
momentum transport. On the other hand, SMNS remnants, which can be supported
by solid body rotation, may spin down through less efficient processes like magnetic
dipole radiation or GW emissions due to minor non-axisymmetric distortions of
the NS. Consequently, SMNS can potentially survive much longer before collapsing.
Finally, as Giacomazzo et al. [126] noted, the merger of a particularly low-mass binary
that leaves a remnant with a mass below Mtoy will result in an indefinitely stable
NS remnant.

In BHNS mergers, the key condition for the production of ejecta is based on
the relationship between the distance at which tidal disruption occurs, dy4, and the
radius of the black hole’s (BH) innermost stable circular orbit (ISCO), Rigco. To
elaborate, if dyjg < Risco, any material that is released during the merger is inevitably
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destined to be absorbed by the BH. This is a critical factor in determining whether
the merger will produce any observable ejecta and, consequently, an electromagnetic
(EM) counterpart.

As outlined by Foucart [115], Risco is proportional to Mgy for a given BH spin
xBH, and dyq scales with Rns (Mg / MNs)l/ 3. Therefore, significant tidal disruption
of the NS is more likely if the BH is of low mass and/or rapidly spinning. In scenarios
where the BH is not sufficiently low-massive or rapidly spinning, the NS may directly
plunge into the BH without producing any ejecta. Consequently, such events would
lack an EM counterpart, limiting the observational opportunities to understand these
phenomena fully.

2.2 Dynamical ejecta

As explained before, in NSNS mergers, the ejection of unbound matter on dynamical
timescales primarily occurs via two processes. Initially, tidal interactions during the
late inspiral and merger phase create spiral arms. These arms expand outwards,
predominantly along the equatorial plane, driven by angular momentum transfer
through hydrodynamic processes. Additionally, hydrodynamic forces at the contact
interface between the merging stars lead to the expulsion of shock-heated material.
The neutron-rich material can be also ejected due to quasi-radial pulsations of the
remnant, as detailed by Bauswein et al. [48] and Hotokezaka et al. [151].

The extent and nature of these ejection processes are influenced by several factors,
including the total mass of the binary system, its mass ratio, and the equation of
state (EoS) of the NSs. Notably, shock-driven ejection is less pronounced in scenarios
leading to prompt collapse, while greater mass ejection is observed in asymmetric
mergers due to the tidal disruption of the lightest star[48, 55]. With softer EoS, which
corresponds to less deformable NSs, tidal disruption becomes less effective, resulting
in less massive dynamical ejecta. Conversely, higher dynamical ejecta masses are
associated with rapidly spinning NSs [89, 209].

Typically, the total mass of dynamical ejecta in NSNS mergers ranges between
10~* and 10~2M,,, with velocities between 0.1 and 0.3 times the speed of light (c), as
outlined by Radice et al. [246] and Bovard et al. [63]. The composition of NSNS dy-
namical ejecta varies depending on the fate of the remnant. If there is a supramassive
or hypermassive NS (SMNS/HMNS) phase before collapse to a black hole, strong
neutrino irradiation can increase the electron fraction Y,, defined by (3.1), and lower
the opacity, especially near the polar axis where neutrino wind is more intense. In
the absence of such a phase, the ejecta have higher opacity due to their neutron-rich
composition.

In BHNS mergers, dynamical ejecta result solely from the tidal disruption of the
NS, given that the BH lacks a crust and therefore no shock is produced at the point
of “collision’. As a consequence, these systems tend to generate dynamical ejecta
predominantly near the equatorial plane, and largely across approximately half of
the azimuthal angle [162, 108, 116].

Simulations of BHNS mergers have identified dynamical ejecta masses reaching
up to ~ 0.1Mg, with velocities comparable to those in NSNS cases. The mass of
the BHNS dynamical ejecta primarily depends on variables such as xgp, the mass
ratio g = M/ My, and the NS EoS. For instance, low mass or rapidly spinning BHs,
which have smaller Risco, are more likely to satisfy the condition dyjg > Risco, thus
favoring the production of substantial dynamical ejecta. Tidal disruption is more
likely with a lower g, which enhances the mass of dynamical ejecta, except in cases of
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large NS masses corresponding to lower deformabilities. Furthermore, for stiffer EoS,
NSs are more deformable, leading to more massive dynamical ejecta. The absence of
an intermediate/stable NS remnant that could produce strong neutrino irradiation
means that BHNS dynamical ejecta generally have lower values of Y;, thus a higher
opacity.

2.2.1 Fitting formulae

In order to calculate the dynamical ejecta mass for NSNS mergers, we use a fitting
formula calibrated on a set of high-resolution general-relativistic hydrodynamics
(GRHD) simulations [171]:

Min® [ (M é1_2c1+ﬁ M \" () M
10-°M,  |“\ M, o) M) T\ T wE

MP 4+ (1 & 2)+5,
1

(2.1)
where the symbol <+ indicates the same expression, but with inverted indices (1 and
2 refer to primary and secondary component, respectively). The best-fit parameters
are o = —1.35695, B = 6.11252, v = —49.4355, § = 16.1144 and n = —2.5484. C is the
star’s compactness defined by (1.44), MP is the NS baryonic mass

MP = E} + Mxs, (22)

where E, is the binding energy of the NS. Ej, can be expressed as a function of the NS
mass and compactness through a fitting formula [175]:

0.6Cns
E, = —_— 2.
b MN51 _0-5CNS’ ( 3)
so (2.2) becomes:
0.6C
B NS
=M 1+ ——. 2.4
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We also use a similar fitting formula to calculate the ejecta velocity in units of the
speed of light [245]:

oSN — [uc (AMé) (1+ 7C1)] L) 4B 2.5)

with fitting coefficients « = —0.287, f = 0.494 and y = —3.000.
Regarding BHNS mergers, we employ the following fitting formula for dynamical
ejecta [171]:

BHNS
Mayn ™~ _ " <MBH)n1 1-2Cns (MBH>”2 Risco , [y Mns)
Mb Mns Cns Mns /) Meu Mg ’

(2.6)
with coefficients a; = 0.04464, a, = 0.002269, a3 = 2.431, ay = —0.4159, n; = 0.2497,
and n, = 1.352. Risco(x) is the BH dimensionless innermost stable circular orbit,
where x = xpH c0s i with 1 the angle between the binary angular momentum and
the BH spin, and it is given by [45, 163]

Risco(x) =3+ 7> — sign()g)\/(3 —2Z1) (3+ Z1+27,), (2.7)
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where
zi=1+0-0"{a+0"+ 0 -0} (2.8)

Zo = \/3x% + Z2. (2.9)

For the dynamical ejecta velocity we use the formula [163]

and

z)BHNS
W — (ag+b), (2.10)

where a = 1.533 x 1072 and b = 0.1907.

2.3 Accretion disk

An accretion disk is formed in most NSNS mergers, and in those BHNS mergers
where the NS is tidally disrupted outside the BH horizon. Merger simulations have
identified disk masses ranging from ~ 1073 — 0.3M,, [245, 165, 162, 113]. In NSNS
cases, the disk mass is mainly dependent on the binary’s total mass and mass ratio,
as well as the NS EoS. Massive binaries that undergo prompt collapse to a BH tend to
produce relatively low-mass disks. This is because the production of massive disks is
intimately tied to the internal redistribution of remnant mass and angular momentum
during the transition from differential to solid body rotation; in prompt collapses,
this process does not have time to occur. Asymmetric mergers, as shown by Kiuchi et
al. [165], lead to more massive accretion disks, a trend also observed with stiff EoS.
For BHNS mergers, the disk mass primarily depends on the BH spin, the binary’s
mass ratio, and the NS EoS.

Disk outflows are a significant source of material over seconds or more. Shortly
after disk formation, when the accretion rate is high, thermal neutrinos are emitted
copiously, and mass loss is driven by neutrino heating [239, 196]. Spiral density
waves, induced by oscillations in the NS remnant, may contribute to mass ejection
and outward angular momentum transport [213]. Time-dependent models of disk
evolution, including neutrino emission and absorption, show that in prompt collapse
scenarios, only a small fraction of mass is ejected [107, 158, 230]. However, if the
remnant is a HMNS or a SMNS, the higher neutrino luminosity results in more
significant mass ejection [88, 229, 193, 252], enhanced by a strongly magnetized NS
remnant [201].

The disk evolves from a neutrino-cooled to a radiatively inefficient state over
seconds, driven by spiral waves or MRI [196]. This transition results in neutron-rich
winds due to the freeze-out of weak interactions [167, 196]. Later hydrodynamical
models indicated electron fractions Y, ~ 0.2 — 0.4 in disk outflows for prompt col-
lapses, sufficient to produce the entire range of r-process elements [107, 158]. The
fraction of disk mass ejected ranges from 5% to ~ 30% depending on the BH spin
[158]. 3D GRMHD simulations confirmed large disk ejecta fractions and high Y,
predicting up to 40% of the torus to be unbound [285, 109], with outflow properties
sensitive to the magnetic field’s strength and geometry [109].

In cases with a HMNS or SMNS remnant, up to 90% of the disk mass can be
unbound due to higher neutrino irradiation and the hard surface of the star [200]. The
electron fraction of the ejecta increases with the remnant’s lifetime [200, 161]. Even in
prompt collapses, early-stage disk evolution can produce high Y, material [203].
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2.3.1 Fitting formulae

Kiuchi et al. [165] observed that the fitting formula from Radice et al. [245] tends
to underestimate the accretion disk mass in asymmetric NSNS mergers. In order to
account for both symmetric and asymmetric mergers, we use the formula for the
accretion disk mass from NSNS mergers presented by Barbieri et al. [42]

1
MG = 7 2+x) (1 = 1)* My + (143 2), (2.11)
where )
Mo -
X~ 2 <1 + 2> +A7 - 1] 2.12)
M,

is limited between 0 and 1, and

e (8 ()

with Ag = 245, « = 0.097 and B = 0.241. We do not assume any minimum disk mass.
Foucart et al. [116] provided a formula to estimate the mass remaining outside
the remnant BH following a BHNS merger

MBENS [ ( 1—-2Cns  ,Risco Cns )} "
Mo ™ _ « _ ty0)] 214
ME, max 773 p Mg 7 i (2.14)

where 7 is the symmetric mass ratio defined as 7 = MpyMns/ (Mpy + Mns)? and
the best-fit parameters are « = 0.406, B = 0.139, v = 0.255 and n = 1.761. We obtain

the disk mass by subtracting ME?HNS from MBIINS.
BH BH BH
Mdisli\ls = maX(Mouth - MdynNS/ ) (215)

We assume that Mgy, can not exceed 50% Moyt [250, 113].
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Chapter 3

Kilonovae

In this Chapter, we delve into the essential physics of kilonovae. Section 3.1 is dedicated to
discussing r-process nucleosynthesis in the cosmos and summarizing the historical develop-
ment of kilonova research [199]. Section 3.2 presents the kilonova emission model employed
in our analysis [230, 44]. Lastly, Section 3.3 briefly describes the discovery of the kilonova
associated to GW170817 [11]. This Chapter is mainly based on the works by Metzger [199],
Perego et al. [230], Barbieri et al. [44, 43] and references therein.

3.1 Background of kilonovae

3.1.1 r-process nucleosynthesis

The rapid neutron-capture process, commonly known as r-process, serves as a mech-
anism for the formation of heavy elements extending beyond iron, specifically the
lanthanides and actinides. This process is characterized by the capture of neutrons
by lighter seed nuclei and typically unfolds in dense and neutron-rich environments,
where the B-decay timescale is longer than the neutron capture timescale. The r-
process results in the creation of neutron-rich nuclei that are inherently unstable,
existing far from the valley of stable isotopes.

In 1957, pioneering works by Burbidge et al. [70] and Cameron [73] identified
the r-process as the primary synthesis mechanism responsible for approximately half
of the heavy elements in the Universe. For decades, the astrophysical environments
conducive to the r-process remained uncertain.

One crucial factor determining the feasibility of the r-process is the material
electron fraction:

"y

=_r 3.1
s (3.1)

e
where 1, and 1, are the densities of protons and neutrons. Ordinary stellar material
usually has more protons than neutrons (Y, > 0.5), while matter with more neutrons
(Y, < 0.5) is typically needed for the r-process.

Neutrino-heated winds emanating from proto-NSs formed during core collapse
supernovae (SNee) have historically been considered as promising sites for the r-
process, as discussed in earlier studies such as Duncan et al. [98] and Takahashi et al.
[293]. However, more recent investigations, as exemplified by works like Arcones et
al. [37] and Roberts et al. [255], have cast doubt on this hypothesis. An exception to
this trend could be hyper-energetic core collapse SNee, characterized by the presence
of very massive proto-NSs and ultra-strong ordered magnetic fields. It is worth
noting that such hyper-energetic events are rare, accounting for only 1/1000 of all
core collapse SNee. To match Galactic abundances, each of these events should release
approximately > 1072My, of r-process material, which subsequently mixes with
the outer SN ejecta containing *°Ni responsible for the optical luminosity of the SN.
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However, this large amount of r-process material mixing with the outer ejecta would
theoretically redden the SN light curve. Unfortunately, this expectation is inconsistent
with observations of hyper-energetic SNee, as discussed by Metzger [199].

The discovery of the first binary pulsar by Hulse and Taylor in 1975 [153] spurred
new proposals in the field. Lattimer and Schramm in 1974 and 1976 [176, 177]
suggested that mergers of compact binaries, particularly BHNS, could serve as plau-
sible environments for r-process nucleosynthesis. Simultaneously, Symbalisty and
Schramm in 1982 [292] put forth the hypothesis of NSNS mergers. Following these
proposals, the link between NSNS mergers and Gamma-Ray Bursts (GRBs) was intro-
duced by Blinnikov et al. in 1984 [61] and Paczynski in 1986 [220]. This was followed
by more comprehensive studies of the model by Eichler et al. in 1989 [102] and the
first numerical simulations of such events conducted by Davies et al. in 1994 [86]
and Rosswog et al. in 1999 [261]. One notable advantage of this emerging scenario
regarding compact binaries is that the system geometry and dynamic nature prevent
a portion of the unbound ejecta from being exposed to neutrino fluxes. This results in
lower electron fraction, typically Y, < 0.2. In contrast, in the context of core-collapse
SNee, the acceleration of matter resulting from the neutrino-driven wind occurs more
gradually. Processes such as v, +n — p + e~ are permitted to significantly increase
Y,.

The required production rate of heavy r-process nuclei (A > 140), averaged over
the age of the Galaxy, is ~ 2 - 107" M yr*1 [243]. Given a detection rate Rysns by
Advanced LIGO/Virgo at design sensitivity !, the required r-process mass yield per
merger event to explain the Galactic abundances is roughly given by [197]:

R _1
—2 NSNS
(M) ~1072M ( 1Oyr_1> : (3.2)

Numerical simulations of NSNS and BHNS mergers show a range of total ejecta
masses of {M,) ~ 1073 — 10! M, , consistent with (M,) ~ 0.03 — 0.06 M, inferred
from the KN of GW170817. Although large uncertainties remain?, NSNS and BHNS
mergers are likely the major sources of r-process in the Universe.

3.1.2 History of kilonovae

The pioneering work that first introduced the concept of radioactively-decaying ejecta
from NSNS or BHNS mergers as potential sources of thermal transient emission, akin
to SNee, was conducted by Li and Paczynski in 1998 [180]. They postulated that this
emission would reach its peak on timescales of approximately 1 day, significantly
shorter than the timescales observed in SNe cases, which typically extend over
weeks or months. This conclusion was drawn from the characteristics of the ejecta,
specifically their low mass and high velocity, leading to rapid transparency to their
own radiation.

The initial model proposed by Li and Paczynski was ill-defined, leading to overly
optimistic heating rates. Consequently, they predicted peak luminosities in the range
of ~ 10 — 10* erg s 71, surpassing even the ones observed in SNe. The refinement

IWith a horizon distance of 200 Mpc for NSNS mergers.

29N kicks could potentially displace the NSNS or BHNS binary systems far from the galaxy core,
thereby preventing the contamination of -process nuclei within the galaxy. Additionally, recent studies
[248, 302] propose that SNee may offer a more suitable explanation for the abundances of r-process
elements in low-metallicity environments compared to NSNS/BHNS mergers. These considerations
lend support to the idea of an alternative r-process source at low metallicity, possibly arising from
collapsars—massive rotating stars whose collapse also gives rise to long-duration GRBs [241, 284].
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of the luminosity scale for this transient was introduced by Metzger et al. in 2010 [197].
In their study, light curve models were computed with self-consistent radioactive
heating rates, derived for the r-process using a nuclear reaction network calculation.

This work revealed that the peak luminosities of this emission were approxi-
mately three orders of magnitude brighter than typical novae. In light of this, the
authors coined the term kilonovae (KNee) to describe these emissions. Importantly,
this study was one of the first to allude to the connection between KNee, short GRBs,
gravitational waves (GWs) from NSNS or BHNS mergers, and the sites where the
r-process nucleosynthesis takes place.

Following the confident determination of the radioactive heating rate, attention
shifted towards addressing the issue of ejecta opacity «. It was discovered that the
opacity of r-process elements could surpass values significantly greater than those
of iron, contrary to previous assumptions (including those in Metzger et al. 2010)
that relied on grey opacities typical of iron-rich ejecta from Type-Ila supernovae. This
novel finding stemmed from the intricate atomic structures of certain lanthanides
and actinides, which exhibit a high density of line transitions, as demonstrated by
different works [160, 294].

These increased opacities have implications for the light curve characteristics,
suggesting bolometric peaks at later times (weeks instead of days) and lower lu-
minosities [46]. Additionally, factoring in the increased optical opacity due to line
blanketing, the spectral peak shifted from the optical /UV range to the near-infrared
band. Shortly after, Tanvir et al. [295] and Berger et al. [54] presented evidence from
Hubble Space Telescope observations of GRB130603B, revealing an infrared excess
emission approximately one week after the GRB.

Conversely, if the ejecta possess a relatively high electron fraction (0.25 < Y, < 0.4),
they are incapable of producing lanthanide with atomic mass numbers A > 140. As
a result, the emission from such ejecta evolves more rapidly and is shifted towards
the UV band. In a study by Metzger and Fernandez in 2014 [200], this emission from
high Y,, lanthanide-poor ejecta was termed blue KN, in contrast to the emission from
low-Ye, lanthanide-rich ejecta, referred to as red KN.

Metzger and Fernandez also proposed the possibility of observing both types
of KN following the same merger event, arising from emissions by distinct ejecta
components. These hybrid KN models played a crucial role in the interpretation of
GW170817.

3.2 Kilonova model

3.21 NSNS

The kilonova emission model used in this work and described in [78] is based on
a work by Barbieri et al. [41], following Perego et al. [230]. They introduce a semi-
analytical model that assumes axially symmetric ejecta, with the axis corresponding
to the direction of the total angular momentum of the binary prior to merger. The
polar plane is discretized into 30 slices, evenly distributed in cos 6, where 0 is the polar
angle. Within each slice, the model assumes homologous expansion and calculates
the thermal emission at the photosphere using a methodology akin to the approaches
described by Grossman et al. [141] and Martin et al. [193].
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Numerical simulations [259] and analytical arguments [309] propose a mass
distribution that is contingent on velocity and takes the form of

dm v \? ’ 5
%cx - Umax o 3)

where vnmax is the maximum velocity of the ejecta. From now on the velocity v
is considered as a Lagrangian coordinate and the term “shell” indicates the ejecta
moving at the same velocity. For each ejecta component i, the bolometric luminosity
emitted at time ¢ in the angular slice j is:

L?jOl (t, mij, Ye,ij) = €nuc (t, Ye,ij) Myad,ij (t, mij, Ye,ij) , (34)

where m;; and Y, ;; are the mass and electron fraction of the i-th component (dynamical,
wind or secular) in the j-th angular slice, ény is the nuclear heating rate for r-process
products radioactive decay and 71,4 ;j is the mass of the radiating shell.

The quantity m;; is computed with the consideration that dynamical and secular
ejecta exhibit higher concentration near the equatorial plane. Perego et al. [230]
described their mass distributions in the polar plane as a function F(f) o sin?#6,
where 0 is the polar angle measured from the polar axis (the direction of the binary’s
total angular momentum). In contrast, the wind ejecta propagates along the polar
axis, maintaining a uniform mass distribution within its opening angle 6,, = 60 deg.
Consequently, its angular mass distribution can be expressed as F(6) = const. for
6 < 60 deg. Therefore, the expression for m;; for dynamical and secular ejecta is given
by

m .
mj; = ll’g’t (cos 3641 —9cos b1 — cos30; +9cos b)), (3.5)
and for wind ejecta by
Mj tot
mij = m (cosB; —cosBi,1) forf < by, (3.6)

with 6,1 and 6; indicate the upper and lower bound of the j-th angular slice, respec-
tively.
In the subsequent discussion, the treatment remains identical for all angular slices
and ejecta components, so we can simplify the notation by dropping the indices ij.
The nuclear heating rate can be described described by the following fitting
formula (based on detailed nucleosynthesis calculations [169]):

1 1 F—t
€nuc(t) = eo% [2 - arctan < - 0)} , (3.7)

where ¢ = 0.11 s, typ = 1.3 s and ey, = 0.5 is the thermalization efficiency, assumed
constant. Since there are large uncertainties in the decay models and nuclear mass, €
is assumed in the range 10'® < ¢p < 2 x 10Y%rg =1 s~ [194, 260].

Perego et al. [230] incorporated an additional term ey, in the expression of €y,
depending on the electron fraction Y, of the ejecta. This term considers that ejecta
with large Y. (low opacity) exhibit a decay half-life of only a few hours, resulting in
enhanced emission at early times:

-1
05+25 {1 + eWﬁ—l)]} if Y, > 0.25,

1 otherwise.

e‘ye(t) = (38)
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The quantity m,,q in (3.4) represents the mass of the radiating shell, referring to
the ejecta region situated between the diffusion surface and the photosphere. The
diffusion surface is identified as the shell with optical depth T = c/v. Below this
surface, the diffusion timescale is greater than the dynamical timescale, rendering
photons unable to escape. On the other hand, the photosphere corresponds to the
shell with T = 2/3, above which photon thermalization is inefficient. Assuming
homologous expansion, where the ejecta mass distribution remains stationary in
velocity space, the mass of ejecta with a velocity greater than a specified value v can
be expressed as:

Mo(v) = Mg [1 +F( ¢ >] (3.9)

Umax

where, assuming (3.3), F(x) is:

35 , 105 5 35, 35
_ _ B B, 1
) =1 %0 T16° 16 (3-10)

Diffusion becomes effective when the optical depth is below c/v,

T = KpAr =

(3.11)

The times at which the diffusion surface and the photosphere correspond to the shell
with velocity v are, respectively,

Km

baire (0) = \/ (312)
3xm

phot(0) = \/ 5 (3.13)

The time evolution of the diffusion and photospheric shells can be found by inverting
these relations. The effective radiating mass is given by:

Mrad = M>vg00 — M>vp01) - (3.14)

The KN emission is assumed to be described by a blackbody. At the point of their
launch, the ejecta exhibit a temperature exceeding 10* K, gradually cooling as they
expand. As the temperature T reaches the first ionization temperature of lanthanides,
denoted as Ty, the ejecta opacity decreases due to the recombination of lanthanides®
[46]. The front of recombination moves backward, causing the photosphere to shift
along with it. However, the temperature of the photosphere remains constant (T =
T1a) The photospheric radius before recombination is given by:

Rphot = vphott- (3.15)

After recombination, using the Stefan-Boltzmann law Ly, = Aocsg T* = R?*QogpT?,
the photospheric radius at costant temperature Tj, is given by:

[ Lol
R =, |—, 3.16
phot Qo Téa ( )

3This is based on the assumption of local thermal equilibrium. Observations of the KN associated to
GRB230307A [178] are in tension with this assumption.
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where ogp is the Stefan-Boltzmann constant and () is the subtended solid angle. At
each time the photospheric radius is the minimum of the two expressions. Let us
summarize the two cases with the following expressions:

QUSB R?

1/4
Rphot = Uphot £, T = (Lb"lh> before recombination
phot

(3.17)

J— S Lbol . .
T = Tra, Rphot = QoesTh: after recombination

In order to evaluate the observed spectral flux by superposing Planckian distributions,
we follow [193], projecting the emitting surface in each angular bin along the line of
sight. The total observed spectral flux for a given time ¢ and frequency v, given the
blackbody spectrum in each bin and the observer direction w, is:

Fy(w,t) = Y By (Ti(#)) / w-dQ, (3.18)
i fij-w>0

where fi; is the unit vector perpendicular to the photosphere in the j-th angular slice.
The integral gives time independent projection factors, so they can be computed in
advance and used as weighting factors p;(w):

F,(w,t) =} pj(w)By (Tj(t)) - (3.19)
]

At any time B, is given by:

R 2 2mB 1
_ phot
BV B < dL > c2 th/(kBT) _ 1’ (320)

where dy, is the luminosity distance, /i the Planck constant, v the considered frequency
and kg the Boltzmann constant.

3.2.2 BHNS

Concerning the KN emission from BHNS mergers, the model for the wind and
secular ejecta is the same as in the NSNS case. In BHNS mergers, the dynamical ejecta
exhibit a distribution close to the equatorial plane, forming a crescent-like geometry.
Specifically, they span a region defined by 63y, ~ 0.2 — 0.5 rad in the latitudinal
direction and ¢4y, ~ 7 in the azimuthal direction [163, 108]. Given that in BHNS
mergers, the dynamical ejecta are not axisymmetric relative to the direction of the
binary’s total angular momentum, a different model is required compared to the one
adopted for other components. In this work, the semi-analytical model is based on
the one presented by Barbieri et al. [44].

In this model the dynamical ejecta mass is assumed to be distributed in velocity
space as in equation 3.9. Each dynamical ejecta shell can emit from its latitudinal
photosphere or towards the radial photosphere, based on which diffusion time is
the shortest. Defining 6 as the angle measured from the equatorial plane, dynamical
ejecta extend from 6 = —0gy, to 0 = O4yn. The discussion can be limited to the region
above the equatorial plane (6 > 0), because the same results hold for the region below.
The diffusion time, in the latitudinal direction for photons diffusing upwards in the
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shell and produced at an angle 6, can be expressed as:

(Bayn — 0)* Kayndm /do

, 3.21
C9dyn¢dynt ( )

fdlat ~

where x4y, is the dynamical ejecta opacity. The diffusion time in the radial direction
is given by:
Kdynmdyn,>v (Umax - U)

3.22
cedynqbdyn 02t ( )

td,rad ~

The angle 6,;(v) above which the diffusion time in the latitudinal direction is shorter
than that in radial direction is given by:

) Mdyn, (Urnax - Z))
Olat (v) = Ogyn — min (Qdyn,\/ Y v;zc]lm/dv ) ) (3.23)

By using this angle, three regions can be identified in the ejecta, each one emitting
only in the direction for which the diffusion time is the shortest. Two regions emit in
the latitudinal direction above and below the equatorial plane (from now on region A
and B), while a third one is the region emitting in the radial direction (from now on
region C).

Inside region A, the diffusion time is equal to the elapsed time at an angle:

| Ced n¢d n

Assuming a uniform density distribution in the latitudinal direction and that the
nuclear heating energy release that happens above 84 instantaneously contributes to
the latitudinal emission, the latitudinal luminosity per unit velocity can be expressed
as:

dLyat 1, ,,.dm O1at (0) 04(v, 1)
t) = €é(t)— 1-— 1-— 2
(o) = e xmax (1= 5B B ) 6y
where the factor 1/2 takes into account that only the region above the equatorial
plane has been considered. The latitudinal surface, for a given shell, is

d Slat

T (0,1) = Payn vdvt?, (3.26)

while the black-body effective temperature of the latitudinal annulus above the shell
is

1/4

ALy /do ) > (3.27)

Tppjat (v, 1) = <0'513(dSlat/dv

Considering the effect of lanthanides recombination described above, the latitudinal
surface effective temperature is:

Tiat (v, 1) = max (Tpg, 1at (v, 1), Tra) - (3.28)

A similar approach can be followed for region C, but the relative speed between the
shell and the emitting surface must be considered. The condition for which radiation
can escape from a given region is that the radial diffusion speed is larger than the local
velocity. This happens beyond a diffusion velocity v4, obtained through the implicit
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b= Aoy (3.29)
9dyn¢dynvdc

Lrad(t) = é(t)mrad,>vd<t>/ (3-30)

equation:

Thus the radial luminosity is

where 171,,4 >0, is the mass moving faster than v in region C:

o phot 91at
Myad, >0 = / Qdyn dv d (3.31)

The radial emission surface is

Srad(t) ~ 4)dyn9dynvéhott2/ (332)
where the photospheric velocity is obtained by solving

2 KdynM>v
T= s = U e N (3.33)
3 BaynPaynVppoet

The radial photospheric effective temperature is

Toaa(t) = max [(“““)))1/4,TLa |

3.34
USBSrad(t ( )

Assuming that the dynamical ejecta is geometrically thin, for an observer whose line
of sight forms an angle 0, with the polar axis the projection factor for latitudinal
emission is:

fiat = cos (6y) . (3.35)

Instead, for radial emission, the projection factor is:

frad = 7 COs (6y) sin? (6ayn) + 2sin (6y) [Bayn + sin (Bayn) cos (Bayn) ] - (3.36)

3.3 AT2017gfo

On Aug 17, 2017, several groups of astronomers, from all over the world, who previ-
ously signed agreements with the LIGO-Virgo Collaboration to receive alerts about
GW candidates, initiated extensive broadband observing campaigns in search for an
electromagnetic counterpart to a NSNS merger candidate, GW170817 [9, 11]. The
event, whose sky localization was relatively tight thanks to all three GW detectors
in the network being online, was particularly interesting also because Fermi/GBM
detected a short GRB with a delay of only 1.7 s after the GW signal. Teams worldwide,
utilizing both ground- and space-based telescopes, were mobilized to observe the re-
gion pinpointed by the GW detection. Positioned in the southern sky, GW170817 was
only visible to Chilean telescopes about 10 hours post-merger, making it initially inac-
cessible to most northern hemisphere telescopes. The One-Meter Two-Hemispheres
(IM2H) team was the first to identify and report [84] a bright optical transient in the
i-band, marking the beginning of a series of observations by various teams within the
following hour [11].
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FIGURE 3.1: Ultraviolet, optical, infrared light curves of AT2017gfo from the data set with a
best-fit spherically symmetric three-component kilonova model. Credit: [307].

AT2017gfo initially exhibited a distinct blue hue and a featureless thermal spec-
trum peaking at UV frequencies [215], rapidly evolving over several days to emission
dominated by near-infrared (NIR) wavelengths [234]. This rapid color transformation
was markedly different from other extragalactic transients, solidifying the link be-
tween AT2017gfo and GW170817. By day 2.5, observations indicated separate optical
[215] and NIR [75] emission components, with spectra featuring absorption lines
around 1.5 and 1.75 um, associated with light r-process elements such as CsI and Tel
[289].

Bolometric luminosity observations of AT2017gfo aligned closely with power-law-
like decay predictions for r-process isotopes [197], with required total ejecta mass to
match the luminosity falling in the range of ~ 0.02 — 0.06 M. This range aligns with
NSNS merger predictions and independent GW170817 modeling estimates.

Fig. 3.1 shows a comprehensive dataset of photometric observations of AT2017gfo
compiled by Villar et al. [307], highlighting the rapid fade of blue/UV bands (F225W,
F275W) post-11 hours, contrasted by a more gradual decline in NIR bands. The early
blue emission suggests the outer ejecta layers comprised light r-process elements
with low opacity, synthesized from higher Y, 2 0.25 ejecta. In contrast, the persistent
NIR emission implies inner layers with higher opacity, likely containing lanthanides
or actinides [200].

Many groups described AT2017gfo using two or three separate ejecta components
with varying lanthanide abundances [230]. For instance, Fig. 3.1 features a best-fit
model from [307], combining three spherically symmetric KN models with opacities
x = (0.5,3,10) cm? g_l. The inferred ejecta masses were M ~ 0.02, 0.047 and
0.011 M, with average velocities vej ~ 0.27, 0.15 and 0.14 ¢. Most ejecta exhibited
intermediate Y, ~ 0.25 — 0.35, leading to nucleosynthesis up to the second r-process
peak, with smaller portions reaching either higher or lower Y, values.

The dynamical ejecta alone are insufficient to account for the observed emission.
The bulk of the ejecta, especially the low-Y, component, is more likely attributed to
outflows from the post-merger accretion disk [285, 109]. The source of the early-time
blue emission, consistent with shock-heated dynamical ejecta properties, remains
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debated.
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Chapter 4

Gamma-Ray Bursts

In this Chapter, we delve into the physics of gamma-ray bursts (GRBs). In Section 4.1 we
summarize the fundamental concepts on the physics of GRB and the salient moments that led
to the discovery of these sources [195, 236]. In Section 4.2 we analyze the necessary conditions
in binary mergers to launch a successful relativistic jet, describing also its launch mechanism
and structure [44]. In Sections 4.3 and 4.4 we report the GRB prompt and afterglow emission
model used in our analysis [44, 43]. Lastly, in Section 4.5 we briefly describe the GRB
associated to GW170817 [8]. The first Section is mainly based on the works by Meszaros
[195] and Piran [236], while the Sections regarding the model are mainly based on Barbieri et
al. [44, 431, Salafia et al. [267, 266] and references therein.

4.1 Background of gamma-ray bursts

4.1.1 Fundamental concepts of GRBs

Gamma-ray bursts (GRBs) are short and intense pulses of gamma-rays. The bursts
last from a fraction of a second to several hundred seconds. Their isotropic luminosity
of 10°! — 10”2 erg/s makes GRBs the most luminous events in the Universe.

GRBs are categorized based on the observed duration of gamma-ray emission
into two main types: short GRBs (sGRBs), which last less than 2 seconds, and long
GRBs (LGRBs), characterized by a more prolonged emission. The origin of GRBs
lies in the accretion of matter from a disk onto a compact object. Specifically, LGRBs
are associated with the core collapse of massive stars, while sGRBs are typically
linked to mergers between neutron stars (NSNS) and black hole-neutron star (BHNS)
binaries, under certain conditions outlined later. This accretion process results in
the creation of a collimated, unsteady, relativistic jet, which can be visualized as a
series of shells traveling at varying speeds. In the simplest scenario, when these
shells collide, they generate internal shocks that transform a portion of the jet kinetic
energy into photons. These internal shocks are thought to be responsible for the
GRB prompt emission, although alternative mechanisms like magnetic reconnection
have also been proposed. Following the prompt emission, the relativistic jet expands
into the interstellar medium (ISM). This interaction decelerates the jet, leading to the
formation of a strong relativistic forward shock that propagates into the ISM, known
as the external shock. Near this shock, electrons in the ISM are accelerated through
the Fermi process, resulting in synchrotron radiation that powers the so-called GRB
afterglow emission.

The jet’s journey, however, begins with its propagation through matter surround-
ing its birthplace. For LGRBEs, the jet pierces through through the dense stellar wind
resulting from the core collapse, while in sGRBs, it must pass through ejecta from
the merger. A jet that possesses sufficient kinetic energy to break through this sur-
rounding matter is termed a successful jet, producing the emissions described above.
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FIGURE 4.1: Schematic representation of a GRB jet. 8t is the jet half opening angle, while
Byview is the viewing angle.

In contrast, a jet that fails to penetrate this matter is known as a choked jet, which does
not generate GRB emissions.

4.1.2 History of GRBs

GRBs were first detected in 1967 by the Vela satellites, but they were not publicly
announced until 1973 [166]. The Vela satellites were carried with all-sky gamma-ray
detectors and they were flown by the U.S. Department of Defense to monitor for
nuclear explosions which could violate the Partial Test Ban Treaty, which prohibited
nuclear test explosions in the atmosphere, outer space and underwater. When these
gamma-ray flashes were first detected, it was determined that they did not come from
the Earth’s direction and it was soon realized that they constituted a new class of
astrophysical sources and this phenomenon led to a huge interest in all the scientific
community.

It was realized that a high spatial and temporal resolution instrument dedicated
only to study GRBs was necessary. For this reason, the Compton Gamma-Ray Obser-
vatory was launched in 1991 with Burst And Transient Source Experiment (BATSE)
on board. The all-sky survey from the BATSE instrument showed that GRBs were
isotropically distributed, strongly suggesting their cosmological origin. At cosmolog-
ical distances, the observed GRB fluxes involved huge energies, which emerged in a
small volume in a very short time (due to the the fast time variability). Therefore, the
formation of a relativistically expanding fireball was proposed as the main emitting
mechanism of GRBs [220, 131].

In 1997 the Italian-Dutch satellite Beppo-SAX detected an X-ray emission asso-
ciated with a GRB [82], representing the first afterglow detection. This led to the
possibility of identifying the candidate host galaxies, measuring redshift distance
and confirming that GRBs were cosmological sources [202, 90]. The detection of
other GRB afterglows followed in rapid succession, in some cases extending to radio
wavelengths [118] and over timescales of months [305]. Sometimes it was possible
to identify candidate host galaxies [263]. These studies of afterglows have provided
strong confirmation for the fireball model of GRB.
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4.1.3 Swift and Fermi

The Swift multi-wavelength afterglow satellite (launched in 2004) brought many
advancements in the observation of GRBs, particularly in terms of the enhanced
sensitivity of its Burst Alert Telescope (BAT) compared to earlier instruments. Addi-
tionally, Swift boasts a rapid response capability, being able to reorient itself within
less than 100 seconds towards the location identified by BAT. This quick position-
ing is performed by detectors with superior angular resolution, namely the X-Ray
Telescope (XRT) and the UV-Optical Telescope (UVOT). This satellite achieved the
long-awaited purpose of accurately localize afterglows starting about a minute after
the burst trigger, in gamma-ray, X-ray and optical bands [124]. This unveiled the
previously unexplored afterglow behaviour from minutes to hours, allowing a study
of the transition from the prompt emission to the following long term afterglow,
discovering a range of X-ray early behaviours.

Over the past ten years, the Fermi satellite has emerged as a pivotal player in
the study of GRBs. Launched in 2008, this satellite was specifically engineered to
conduct comprehensive gamma-ray observations across the entire sky. The satellite
has significantly advanced gamma-ray astronomy through enhancements in angular
resolution, effective area, field-of-view, energy resolution and range, and temporal
resolution. Onboard, Fermi is equipped with two primary instruments: the Large
Area Telescope (LAT) and the Gamma-ray Burst Monitor (GBM). LAT is an imaging
gamma-ray detector that operates within the photon energy range of 20 MeV to
greater than 300 GeV and captures about 20% of the sky in its field-of-view. GBM,
comprising 14 scintillation detectors, is adept at detecting gamma-rays in the energy
range of 10 keV to 25 MeV across the entire sky, with the exception of areas blocked
by the Earth. Notably, it was the Fermi GBM, in conjunction with the space telescope
INTEGRAL, that detected GRB170817A, marking a significant contribution to the
emergence of multi-messenger astronomy.

4.2 Relativistic jet

4.2.1 Launch and breakout conditions

Jets launched by NSs have been observed in our galaxy [227, 303]. Several studies
have postulated that a rapidly rotating, highly magnetized proto-NS formed from a
merger could potentially launch a relativistic jet [198, 210]. Conversely, the neutrino-
driven winds [229] and the magnetically-driven winds [77] from a proto-NS during its
early evolutionary stages are likely to saturate the surrounding area with an excessive
number of baryons. This baryon-rich environment, might hinder any nascent jet from
achieving relativistic velocities [76].

At the time of merger, the magnetic field is amplified due to Kelvin-Helmholtz
instabilities [164, 27]. If the remnant is a BH, or it collapses into one in a timeframe
significantly shorter than the accretion timescale, several processes come into play.
The development of a large-scale ordered magnetic field with a significant poloidal
component enables the Blandford-Znajek jet-launching mechanism (see next Section)
[60] to function.

Given the challenges associated with a proto-NS central engine, this work assumes
that for NSNS mergers only a BH remnant, which may or may not evolve through a
hypermassive neutron star (HMNS) phase, is capable of launching a relativistic jet.
To ensure the formation of a HMNS we can impose a simple condition on the binary
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and ejecta masses [136, 67, 270]:
Mrem = My + Mz — Mayn — Maisk — Maw > 1.2M7ov, (4.1)

where M; and M, are the masses of the binary components, M4y, is the dynamical
ejecta mass, Mg\ is the disk mass, Mgw = Egw/c? is the mass loss associated to
GWs emission with total energy Egw and Mroy is the maximum mass of a non-
spinning NS. The latter multiplied by 1.2 represents the maximum mass that can be
supported by uniform rotation (the factor 1.2 can be considered independent from the
NS EoS [67]). We compute Egw using the public available repository bns_lum!, that
implements numerical-relativity fitting formulae from Zappa et al [312], including
GW mass loss from the inspiral to the early post-merger phase [270].

Even if the remnant is a BH the jet needs enough energy to successfully break
out of the ejecta cloud. Following Duffell et al. [97], we can compare the total jet
energy Ejet with the minimum energy required for successful breakout Eyy, requiring
Ejet > Epke- Given the initial opening angle of the injected jet e and the isotropic
equivalent kinetic energy of the ejecta E¢j, we can write Ey as:

Epkt = KEejf)]Zet, 4.2)

with x = 0.05. If the total jet energy is smaller than Ep, all its energy is given to the
ejecta.
Obviously, as far as BHNS mergers are concerned, the remnant is always a BH.

4.2.2 Jetlaunch

When the NS is tidally disrupted and some of the released material forms a disk, its
accretion on the remnant can induce the launch of a relativistic jet through the so
called Blandford-Znajek mechanism [60, 168], producing a luminosity [296]:

GZ
Lpy o C—3MZBH320%I f(On), (4.3)

where B is the amplitude of the magnetic field at the BH horizon, 0 < Oy <1/2is
the dimensionless angular velocity evaluated at the horizon,

XBH
Q= , (4.4)
201+ /1 - x34)

and f (Qp) = 1+ 1.380% — 9.2Q); is a correction for high-spin values. For NSNS we
compute the remnant spin following Zappa et al. [312], while for BHNS we follow
Pannarale et al. [223] (see their equation 11).

After the merger, the magnetic field B can be amplified by Kelvin-Helmholtz and
magneto-rotational instabilities up to a given fraction of the rest mass energy density
of the disk [127] and we can write:

5
c .- _
B* @MMBI?I, (4.5)

Ihttps://git.tpi.uni- jena.de/core/bns_lum
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with M the rate of mass accretion on the remnant BH. Then it follows:
Lpz o« Mc*Q3f (Qn), (4.6)

where the scaling is consistent with general-relativistic hydrodynamic (GRHD) simu-
lations of compact binary mergers where a jet is launched [281].
The jet kinetic energy is:
Ejet = Lpz X tacce, (4-7)

with £, the duration of disk accretion,
tace = (1 - gw - é{s) Mdisk/M- (48)

¢w and ¢ represent the fraction of the disk mass lost in wind and secular ejecta.
Therefore

Ejet,O =€ (1 - é(w - gs) Mdiscczg%{f (QH) 7 (4-9)

where € is a dimensionless constant, fixed by imposing the accretion-to-jet energy
conversion efficiency 7 = € Q% f(Qp) to be 7 = 1072 when xpy = 0.71, therefore
matching the inferred efficiency in GW170817 [264]. This leads to € = 0.022.

Part of this energy is spent by the jet in its propagation through the ejecta cloud
as explained before. If Ejeto < Epit, Where Ep is defined by (4.2), we consider the
jet to be choked during the propagation and we neglect its emission; otherwise, we
assume the jet to successfully break out, with an available energy Ejet = Ejet,0 — Epxt-

4.2.3 Jet structure

We assume jets that successfully break out to be endowed with a jet structure (angular
energy and bulk Lorentz factor profiles) featuring a uniform core of half-opening
angle 6;, surrounded by “wings” with power-law decreasing energy density and
Lorentz factor. Explicitly

dE B €c
I.—1
1+(9/9j)5p’

(4.10)

re) =1+ (4.11)

where €. = (Ejet — Epkt)/ 7162 is the core energy per unit solid angle and T, is the core
Lorentz factor. We keep the structure parameters identical across the population,
fixing 0; = 3.4°, sg = 5.5, I'. = 251 and sp = 3.5, which are the best-fit values for the
GRB170817A afterglow from Ghirlanda et al. [125].

It is crucial to recognize that the typical structures of jets from NSNS and BHNS
mergers could potentially differ. This variation primarily arises from the different
environments in which the jets are launched. Specifically, the process of jet self-
collimation, which involves the formation of a hot, over-pressured cocoon, might be
less effective in BHNS post-merger systems. This is due to the comparatively lower
density expected in the polar region of a BHNS system, as compared to a NSNS
system [144, 133, 269].

In NSNS systems, the collision of the two stars typically results in shock-driven
ejecta, leading to a more isotropic distribution of dynamical ejecta, as opposed to
the BHNS scenario. The latter, according to Foucart et al. [114], primarily produces
dynamical ejecta near the equatorial plane due to the tidal disruption of the neutron
star, as evidenced in studies like Kawaguchi et al. [163]. Additionally, the intermediate
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state of a supra-massive (SMNS) or HMNS in NSNS mergers, known for generating
strong post-merger winds [108], is absent in BHNS mergers. Therefore, in this work,
a larger jet half-opening angle, 6. = 15°, is also considered as a second variation for
the jet structure in BHNSs, to account for these differences. Figure 4.2 shows the
rest-frame SED peak photon energy E,.x (left panel) and the isotropic-equivalent
energy Eis, (right panel) as functions of the viewing angle 6,, for the two assumptions
on the jet half-opening angle.
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FIGURE 4.2: Rest-frame SED peak photon energy Epcax (left panel) and isotropic-equivalent

energy Ejs, normalized to the value E?so measured by an on-axis observer (right panel), as

functions of the viewing angle 6,. Blue and red colors refer to a different assumption on the
jet half-opening angle, 6; = 3.4° and 6; = 15°, respectively.

4.3 GRB prompt model

We compute the prompt emission spectrum following Salafia et al. [267, 266], assum-
ing the conversion efficiency of jet energy into radiation to be 7, = 0.15 in regions of
the jet with I' > 10, and zero otherwise. The isotropic equivalent specific luminosity
at observer frequency v, as measured by an observer who sees the jet under a view-
ing angle 6, and under the assumption of a viewing-angle-independent emission
duration T, is then given by Salafia et al. [267]

- _%/"* - oS, o*dE
Ly,iso(v,0,) = T sin6df ; d¢ S, (V(1+z)/5)rd0,

(4.12)
where z is the source redshift, 6, is the angle such that I'(f,,) = 10 (which is 6, = 8.7°
with our parameters), J is the relativistic Doppler factor of material located at spherical
angular coordinates (6, ¢), and S, is the comoving spectral shape, which we assume
to be a power law with an exponential cut-off, S,/ o (v')* exp [—(1 +a)v' /v } , with
a = 0.24 and hvlg = 3keV (I here is Planck’s constant), similarly as in [266], and the

normalization is such that f Sydv =1.
From the specific luminosity we obtain the photon flux in the [hvg, hv;] observing
band as

1 /Vl Ly, (v(1+2)) dv, (4.13)

p[hl/o,hyl] = 47'[d% " hV(l =+ Z)

where d;, is the source luminosity distance. Figure 4.3 shows the inverse cumulative
distributions of photon fluxes in the [10,1000] keV (blue) and [15,150] keV (red) bands
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FIGURE 4.3: Fermi/GBM (Swift/BAT) observed inverse cumulative distribution of 64ms
(20ms)-binned photon fluxes in the 10-1000 (15-150) keV band (the colored band shows the

90% confidence band due to Poisson and measurement uncertainties) compared with our
model (dashed line).

for our population (dashed lines), and the corresponding distributions for short GRBs
observed by Fermi/GBM and Swift/BAT, respectively (solid lines, with the shaded
area showing the 90% confidence regions, including both measurement uncertainties
and Poisson count statistics) (see [78]). The distributions for our model are computed
accounting for the duty cycle and field of view factors for each instrument, for a fair
comparison.

4.3.1 Cocoon shock breakout

As the jet head progresses, it pushes aside the ambient material it encounters. This
action creates an over-pressured region around the jet, commonly referred to as a
cocoon. This cocoon is a critical aspect of the jet’s structure and dynamics, playing a
significant role in the jet’s evolution and interaction with its surroundings.

The cocoon around a jet can originate from two distinct scenarios. First, it may be
formed by a choked jet that fails to produce a sGRB in any direction. Alternatively, a
cocoon can also be generated by a successful jet, one that does create a regular sGRB.
In this latter case, the sGRB is emitted along the system’s axis, but in a direction that
points away from us, rendering it undetectable from our vantage point [135, 265].

To account for the contribution of a putative shock breakout emission component,
for viewing angles 6, < 60° we include an additional emission component with
identical properties as GRB170817A, namely an isotropic-equivalent luminosity Lis, =
10% erg/s and a cut-off power law spectrum (same shape as the assumed prompt
emission spectrum) with hvp, = Epeax = 185keV and a = 0.38 [19].
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4.4 GRB afterglow model

As already mentioned, after the prompt emission the jet expands into the ISM, starting
to decelerate when it has swept a quantity of material whose rest mass energy times
the jet Lorentz factor squared is comparable to its kinetic energy. This provokes the
formation of a strong forward shock (external shock). ISM electrons are accelerated,
near the shock, producing synchrotron radiation, that is the source of the GRB
afterglow emission. Behind the forward shock, in the so called downstream region,
electrons are accelerated through the Fermi process resulting in a non-thermal energy
distribution, that is generally represented by a power-law of index p. We assume
p = 2.3, following Fermi acceleration simulations in weakly magnetised relativistic
shocks [287]. We can obtain the total energy density behind the shock using shock
jump conditions from [59]. We consider that a fraction €. of this energy is given to
the electrons and that a fraction ep is given to the magnetic field. A typical value
for €. seems to be ~ 0.1 according to analysis of radio-to-GeV emission energy ratio
in LGRBs [53, 212]. Instead eg lies in the range 10~% — 107! [52, 140]. The forward
shock dynamics and its synchrotron emission can be calculated with the model used
in [266], based on [85, 125]. Following [222] we can also compute the synchrotron
self-absorption. We consider a constant ISM density n = 1073 cm 3, consistent with
the analysis of GRB 170817A and SGRBs with a modelled afterglow emission [112].

4.4.1 Dynamics

Let us consider a jet whose axis is aligned with the z axis of a spherical coordinate
system. 6 and ¢ are respectively the latitudinal and azimuthal angles. We define the
viewing angle 6, as the angle between the observer’s line of sight and the jet axis.
We also define annulus each jet’s head sub-region with latitudinal angle lying in the
range [0, 0 + df]. We do not consider energy exchanges among adjacent annuli, that
would result in lateral expansion. Therefore we assume the annuli to be independent
from each other. For each annulus the kinetic energy per unit solid angle and initial
Lorentz factor are dE/dQ) and I'(0, ). The ISM mass per unit solid angle that the
shock has swept per unit solid angle as a function of the distance from the jet’s launch
site is:

H(R) = —-nm, (4.14)

where 11, is the proton mass assuming the ISM to be composed of hydrogen only.
Following [138, 222] and imposing energy conservation, we evaluate the shock
dynamics, resulting in a Lorentz factor of material right behind the shock that evolves

as
-2
I'(R,6) = gft [\/H i (dE/dQC2 Frtp) g, 4.15)

Ho

where y is defined as
_ dE/dQ)(0,6)
‘u0<9) - 1—~(0,9)C2

The shocked material lies behind the shock in a thin layer [59]. If we assume a
uniform density distribution in the radial direction inside this layer, it is possible to
compute its thickness AR using electron number conservation. Imposing shock jump
conditions from [59] the number density of electrons in the shocked region is then

(4.16)
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given by:
1l 41
= 417
ng = Ya— 1’ ( )
where 7, is the post-shock adiabatic index [228]. Therefore the thickness AR is:
AR — M (4.18)

3(val'+1)T

The forward shock is faster than the shocked material, thus the tickness AR increases.
The relation between the forward shock Lorentz factor I's and I" [59] is:

Ty = [ya(T—1) 4+ 1] \/7a (2_71;;1}_1)”. (4.19)

Photons emitted at a given time in the shocked region are detected by the observer
at different times. If we consider that the emitting region thickness is small with
respect to the radius (AR < R), then we can assume that photons are emitted from
the shock surface. The photon arrival time is then given by:

R1— Bscosu

Bsc

where s = \/1 — T's % is the shock velocity, z is the redshift and « is the angle between
the observer line of sight and the unit vector perpendicular to the surface element,
that is cosa = cos 0 cos 8, 4 sin 0 sin ¢ sin 6,. The shock surface brightness is given

by:

foos (R, 00,0,¢) = (1+2) | dR, (4.20)

I,(v,6,¢,R) = AR'j,(v/8)&, (4.21)

with primed quantities calculated in the comoving frame, j/, is the synchrotron emis-
sivity (see the following subsection), and AR’ = T'(R,6)AR. The term ¢ (R, 6y,6, ¢) =
1/{T'(R,0)[1 — B(R, 0) cosa]} is the Doppler factor of the shocked material.

Let us divide the jet emitting surface in sub-regions and consider N bins for the
latitudinal angle 6 in the range [10~%, 71/2] and M bins for the azimuthal angle ¢ in
the range [—7t/2, 7t/2]. We calculate the emission only from one half of the surface,
because the contribution from the other half is the same for symmetry. For each
sub-region we compute I, at radii that correspond to a given t,s. Inverting equation
(4.20) we can evaluate these radii R (6, ¢, fops ). We obtain the total flux density at time
tobs by integrating over 6 and ¢:

1
F, (v, tops) = + z / d cos 9/ dpR?I,(v(1+z2),R), (4.22)
/2
where the factor 2 is due to the symmetry argument.

4.4.2 Radiation

We follow a shocked material synchrotron emission model described in [222, 274].
We assume that the forward shock accelerates the ISM electrons generating a power
law « distribution:

dns

dy

P, (4.23)
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with p > 2. As already mentioned, we assume that a fraction €. of the total energy
density e behind the shock is given to the electrons:

e = €c = €o(I' — 1)nsmpc2. (4.24)
We can then define the minimum electron Lorentz factor [274] as:

-2
Ym = max 1,p (T—l)@ ,

o - (4.25)

where 11, is the electron mass. The vy distribution is a decreasing power law, so the
majority of electrons have y = . Before the shock the magnetic field is amplified
by small-scale instabilities. The magnetic energy density eg can be expressed as a
fraction ep of the total energy density e:
B2
= — = €ge. 4.26

ep = g = €pe (4.26)
Following [304, 287] we evaluate the peak synchrotron emissivity of electrons down-
stream, in the comoving frame:

3 —2 B
~ 0.66—e P = ICel
msc*3p —1 ym

(4.27)

j 1I/’ ,max
where g is the electron charge. Using (4.21) we can write the surface brightness:
L(v) = AR 1S (V) (4.28)

with v/ = v/ and S (V') the normalized spectral shape. S (v') can be evaluated as a
sequence of power laws, including all spectral orderings [139]. The different power
laws are connected at break frequencies: v, vV, Va and Vae. Vi is the synchrotron
frequency related to ym,
2

r)’mqu
= . 4.29

27TMeC ( )

m

V. is the synchrotron frequency related to <., the electron Lorentz factor above which
they loose energy through synchrotron emission on a timescale shorter than the
dynamical timescale of expansion,

_ 6mmec®TP

r)/C - (TTBZR 7 (4.30)

where o7 is the Thomson cross section.

When v, < v. most of the electrons have a Lorentz factor smaller than -, thus
their synchrotron emission energy loss occurs on a timescale larger than the expansion
timescale (slow cooling regime). Instead when v, > v, the electrons loose their energy
faster than their expansion, the shocked region is refilled with fresh electrons (fast
cooling regime). Before leaving the shocked region in free-free transitions, emitted
photons can be re-absorbed by electrons (synchrotron self-absorption). Below the
frequency v, the emission is self-absorbed [222].
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4.5 GRB 170817A

The initial announcement of GRB 170817A was issued through a Gamma-ray Coordi-
nates Network (GCN) Notice, automatically generated by Fermi-GBM at 12:41:20 UTC,
approximately 14 seconds after the GRB detection at To = 12 : 41 : 06 UTC. This GRB
was also detected by the International Gamma-Ray Astrophysics Laboratory (INTEGRAL)
spacecraft using the Anti-Coincidence Shield (ACS) of the spectrometer of INTEGRAL
(SPI), prompted by an offline search triggered by the LIGO-Virgo and Fermi-GBM
reports. The last Fermi-GBM localization placed GRB 170817A at «(J2000.0) = 12h28™,
6(J2000.0) = —30°, covering a 90% probability region of ~ 1100 deg? [128]. The time
difference between the merger and GRB was Tp — t, = 1.734 £ 0.054s [8]. The dis-
crepancy in gamma-ray signal arrival times between Fermi-GBM and INTEGRAL
SPI-ACS provided additional constraints on the gamma-ray localization area. The
interplanetary network (IPN) localization will be crucial for future GW events that
may not be well-localized by LIGO-Virgo.

Follow-up analyses of the Fermi-GBM trigger determined the burst duration,
Tgg = 2.0 £ 0.5, where Ty is the time interval over which 90% of the burst’s fluence
is accumulated in the 50-300 keV range. Based on the Top measurement, GRB 170817A
was classified as a sGRB, with 3:1 odds against being a LGRB. This classification is
reinforced by considering the burst’s hardness ratio compared to the Fermi-GBM
catalog [128]. The SPI-ACS recorded duration for GRB 170817A of 100 ms aligns with
a sGRB classification within its historical sample [276]. The sGRB peaked at 64 ms
with a photon flux of 3.7 + 0.9 photons s~ 'ecm~2 and a Top fluence of (2.8 +0.2) x 107
erg cm 2. GRB 170817A is the closest observed sGRB with a measured redshift. A
detailed analysis of the Fermi-GBM data for GRB 170817A identified two components:
a main pulse from Ty — 0.320s to Ty 4 0.256 s, followed by a weaker tail starting at
To + 0.832s and extending to T + 1.984 s. The main pulse’s spectrum is best described
by a Comptonized function (a power law with an exponential cutoff) with a photon
index of —0.62 & 0.40, peak energy E,cox = 185 £+ 62keV, and a time-averaged flux
of (3.140.7) - 1077 erg cm~2s~ 1. The tail, consistent in location with both the main
pulse and GW position, contributed 34% of the main pulse’s fluence and exhibited a
softer, blackbody spectrum with kT = 10.3 £ 1.5keV [128].

The Fermi-GBM spectral parameters of the main peak and To interval were used
to estimate the integrated fluence measured by INTEGRAL SPI-ACS as (1.4 +04) -
10~ 7ergcm 2.

X-ray and radio observations of GRB afterglows play a crucial role in constraining
the outflow geometry, energy output, and system orientation relative to the observer’s
line of sight. The first targeted X-ray observations of GW170817, conducted by the
X-Ray Telescope on the Swift satellite (To + 0.62 days), did not detect any emission.
Swift was succeeded by follow-up observations from INTEGRAL and Chandra. Nine
days after the trigger, [298] detected a significant X-ray counterpart with Chandra,
coinciding with the optical /IR counterpart’s position. The first radio detection was
achieved by the Very Large Array (VLA) on September 2 and 3, 2017, at two different
frequencies (~3 GHz and ~6 GHz) through two independent observations [207].
Subsequent repeated detections across multiple frequencies confirmed an evolving
transient [142].

The observed X-rays and radio emissions were characterized by a non-thermal
spectrum, following a single power-law across more than eight orders of magnitude
in frequency. This suggested a common origin for the emissions, consistent with an
afterglow produced by a relativistic jet. Continuous monitoring revealed an unusual
increase in afterglow luminosity over time, deviating from the typical behavior of
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GRBs. This observation led to the exclusion of simple models such as the off-axis jet
and isotropic fireball [208]. Late-time radio observations (~ 200 days post-event) of
the GRB afterglow by [125] provided insights into the apparent source size. Their
findings indicated that GW170817 resulted in a structured relativistic jet [266].
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Chapter 5

Multi-Messenger Observations of
Binary Neutron Star Mergers in the
O4 and O5 Runs

This Chapter is primarily a copy of the original publication [78], with an additional section
regarding prospects for the O5 run. The main change from the original paper is that the
gravitational wave model is now based on a different software for consistency with subsequent
Chapters, as specified in the text. This results in only minor variations in the rates, and the
key points of the work remain unchanged. Some plots have been modified to provide more
information or for consistency with other Chapters. A detailed description of the population
used can be found in Appendix A.

5.1 Introduction

The second generation of gravitational wave detectors — now including the Advanced
Laser Interferometer Gravitational-Wave Observatory (LIGO, [1]), Advanced Virgo
[24] and, starting with the third observing run O3, KAGRA [38] - led to a revolution in
our capability to listen to the Universe, that started with the discovery of GW150914
[12], the first compact binary coalescence (CBC) detected in gravitational waves
(GWs). During the first three observing runs (O1, O2 and O3 - [5, 15, 17]), the
network, operated by the LIGO, Virgo and KAGRA (LVK) Collaborations, detected
ninety significant (pastro > 0.5) events comprising signals from merging binary black
holes (BHBH, the vast majority), binary neutron stars (NSNS, with only two confident
identifications) and even black hole-neutron star (BHNS) coalescences [18, 17]. The
latter detections, performed during the second part of O3, marked the first ever
observation of this new type of sources. So far, electromagnetic (EM) emission was
observed only in association to the NSNS merger GW170817 [6]. Thanks to Advanced
Virgo joining the network shortly before, GW170817 was localized in the sky within
an area of 28 deg? (at 90% credible level, high-latency — [306]; [6]). Remarkably,
the localisation was consistent with that of GRB170817A, a short gamma-ray burst
(GRB) detected by Fermi and INTEGRAL [8] two seconds after the GW170817 chirp.
Telescopes all over the world soon discovered an intrinsically faint, rapidly evolving
optical/near-infrared transient in a nearby galaxy within the GW170817 localisation
error box [84], which was then spectroscopically classified [234] as a kilonova (KN),
that is, quasi-thermal emission from the expanding ejecta produced during and after
the merger, powered by the nuclear decay of heavy elements synthesized by rapid
neutron capture. In the second week after the merger an additional, broadband
(radio to X-rays), non-thermal source was detected at the same position: after a
few months, the debate about the nature of the source was settled by very long
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baseline interferometry observations [208, 125], which provided conclusive evidence
in support of its interpretation as the afterglow of a relativistic jet seen off-axis.

The O3 observing run did not see any new EM counterpart detection (except
for a controversial association to the BHBH merger GW190521, see [137]), despite
the significant increase in sensitivity. The EM follow up campaigns in response to
potentially EM-bright O3 events proved generally difficult, in some cases due to
the poor sky localisation of the GW signal (e.g. in the case of GW190425, [4]) or to
the relatively large distance (e.g. GW190814, for which the non-detection of an EM
counterpart did not lead to strong constraints on the progenitor — see for example
[26] — despite the good localisation and the massive observational effort).

The fourth observing run (O4)! started in May 2023. The first half of the run O4a
ended on January 16th and the second half O4b is currently expected to begin on April
10, 2024. The improvements in the sensitivity of the LIGO Hanford and Livingston,
Virgo and KAGRA (LVK) interferometers will let us explore a wider volume of the
Universe, with a large predicted increase in the detection rate with respect to O3
[14, 233]. The optimisation of EM follow-up strategies will be fundamental in order
to enhance the probability of discovering rapidly fading transients in association
to these detections. Indications about the predicted GW and EM properties of the
population accessible during O4 would be extremely valuable to this task (see [41]
for an application using the expected kilonova light curve range).

In this Chapter we present our predictions? for the observational appearance of the
EM emission associated to NSNS mergers that will be detected during O4, focusing
on KN and jet-related emission. For completeness, we also provide a brief description
of the prospects for the O5 run, although the start date and operational detectors
are still subject to discussion®. To this purpose, we built a synthetic population of
merging NSNS binaries, with a mass distribution informed by both GW and Galactic
NSNS binaries (see Appendix A.1.1), and computed the expected properties of their
ejecta and accretion disks through numerical-relativity-informed fitting formulae.
Using these properties as inputs, we then computed the observable properties of
their associated KN, GRB prompt and GRB afterglow emission through a suite of
semi-analytical models, updating the methodology described in [44]. This allowed us
to construct the distributions of the EM observables for O4 and O5 GW-detectable
events, and to address a number of fundamental questions, such as: what is the fraction
of NSNS mergers that produce an EM counterpart? Which counterpart is best detected in
wide-area surveys or in targeted observations? How diverse is the kilonova emission in terms
of brightness and other properties? How long after the merger do we expect the detection of
most of the GRB afterglows in the radio, optical and X-ray bands?

5.2 Observing scenarios and detection limits

We consider two representative sets of detection limits (see Table 5.1) based on the
typical depth that can be reached during an EM follow up in response to a GW alert.
In particular, the ‘counterpart search’ set is representative of the search for an EM
counterpart over the GW localization volume (or of online triggering algorithms in
the case of space-based gamma-ray detectors), while the ‘candidate monitoring” set

Inttps://observing.docs.ligo.org/plan/

2When needed, in this work we assume a ACDM cosmology, with Planck Collaboration et al. [237]
parameter, namely Oy = 0.3065, Q) = 0.6935, () = 0.005, h = 0.679. Errors due to the uncertainty
in cosmological parameters are negligible in comparison to intrinsic rate density uncertainties and
modelling systematics.

Shttps://observing.docs.ligo.org/plan/
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consists of deeper limits typical of the monitoring of a candidate counterpart with arc-
second localisation (or of off-line sub-threshold searches in gamma-ray detector data).
In addition to discussing the expected rates of GW+EM events that exceed (some
combinations of) these limits, we also briefly discuss the prospects for joint GW+EM
detections in off-line sub-threshold searches in GW data triggered, for example, by a
GRB detection by an EM facility [we call this a ‘sub-threshold GW search’, see e.g. 3].

LVK [14] predicted an optimistic 90% credible O4 GW localization area of 33J_rg
deg2 assuming a LVK network configuration, while Petrov et al. [233] proposed a
higher and more realistic value of 1820*]70 deg?, considering a different minimum
number of detectors and a different minimum signal-to-noise ratio (5/N) threshold
(based on O3 public alerts). Given these expected GW localization areas in O4,
optical/infrared counterpart searches covering a significant fraction of the localization
probability will be only feasible with large, wide-field telescopes or in a galaxy-
targeted approach with smaller facilities. In both cases, the typical realistic depth
of EM counterpart search observations is down to 21 — 22 AB magnitudes in the
J,z, g bands [e.g. 83, 26], in part limited by the availability of deep templates. Radio
telescopes with a sufficiently fast survey speed can conduct searches for an EM
counterpart over a significant fraction of the GW error box [91], either by means of
an unbiased survey of the area or by preferentially targeting galaxies, realistically
reaching detection limits of 0.1 m]y at a representative frequency of 1.4 GHz [e.g. 92,
28]; X-ray searches have been attempted with the Neil Gehrlels Swift Observatory
[221] and typically reached a 10~ '3 ergcm 2 s~! keV ! limiting flux at 1 keV. Despite
not representing technically a search, we include in this category the gamma-ray sky
monitoring by Fermi/GBM and Swift/BAT, with representative 64-ms peak photon
flux limits of 4 and 3.5 ph cm 2 s~! (these limits are based on a visual comparison of
the flux distribution predicted by our model with those observed by these instruments,
see Figure 4.3 in Chapter 4).

Once a promising candidate is localized with arc-second accuracy, longer ex-
posures become feasible, and deeper limits can be reached: our deeper ‘candidate
monitoring” detection limit set assumes a detection to be possible down to 28 AB
magnitudes in the |, z, ¢ bands, representative of deep space-based observations or of
ground-based ones with large adaptive-optics-equipped facilities [e.g. 184]; in X-rays
down to 107 ergcm =2 s~ keV~! at 1 keV, representative of the limits that can be
reached by Chandra or XMM-Newton with long (2 10* s) exposures [e.g. 192, 85];
in radio down to 10 uJy, representative of limits that can be reached after hour-long
exposures with a large facility such as the Karl Jansky Very Large Array [e.g. 142].
We also include in this category the off-line, sub-threshold detection of gamma-ray
emission by Fermi/GBM and Swift/BAT, with a representative flux limit of 1 ph cm 2
s~ 1, for both.

Based on the above considerations, we defined the set of representative detection
limits given in Table 5.1. For the GW detection, we assumed a network S/N threshold
S/Npet = 12 (see next sub-section for the definition) for a confident detection, follow-
ing [14]. They also assume an S/N threshold larger than 4 in at least two detectors,
but this condition would decrease our rate of about 0.1%. We also tested the condition
that the S/N of each single detector should be at least larger than 5, resulting in a
decreasing of the rate lower than 5%. For the sub-threshold GW search we assume a
less stringent S/Npet > 6.
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5.3 GW-EM population model

Our synthetic cosmological population of NSNS mergers is characterized by power-
law chirp mass and mass ratio probability distributions, assumed independent and
fitted to currently available observational constraints from both GW-detected and
Galactic NSNS binaries (see Appendix A.1.1). We assumed a cosmic merger rate
density (Appendix A.1.2) obtained by convolving a simple P(t4) o t;l delay time
distribution (here t4 represents the delay between the formation of the binary and
its GW-driven merger), with a minimum delay tq min = 50 Myr, with the cosmic star
formation rate from Madau and Dickinson [185], and normalized (see Appendix
A.1.3) to a local rate density Rg = 347fg§’2 Gpc3yr~! to self-consistently repro-
duce the actual number of significant NSNS mergers observed so far [17]. For each
event we computed the expected S/N in the LIGO*, Virgo® and KAGRA® detec-
tors with the projected O4 7 and O5 (including LIGO-India) sensitivities, adopting
the IMRPhenomD_NRTidalv2 waveform model through the software package GWFAST®
[154] to model the GW signal [14], and computed the network S/N following (1.40).
We performed the analyses with the inclusion of a 70% uncorrelated duty cycle for
each detector. Only the LIGO Hanford and Livingston detectors were operational
in O4a, with a BNS range between 140 and 170 Mpc. Virgo is expected to join the
network in O4b, with a target sensitivity of 40-80 Mpc. KAGRA will join the run in
the spring of 2024, featuring a BNS range of approximately 10 Mpc °. Assuming a
network consisting of only two aLIGO detectors would decrease our detection rates
by about 10%.

For all events in the population we then computed the expected ejecta mass,
ejecta average velocity and accretion disk mass using numerical-relativity-informed
fitting formulae [41, 171, 245] and assuming the SFHo equation of state [291], which
satisfies the current astrophysical constraints [e.g. 203]. This equation of state predicts
a maximum non-rotating NS mass of Mtoy = 2.06 M.

We used the results as inputs to compute KN light curves from 0.1 to 50 days
in the g (484 nm central wavelength), z (900 nm) and ] (1250 nm) bands, using the
multi-component model of [230] with updates based on [66] (see Chapter 3).

In cases of mergers with final mass Miem > 1.2Mroy, corresponding to remnants
that collapse promptly or after a short-lived hyper-massive neutron star phase to a
black hole, we assumed the system to launch a relativistic jet, with an energy set by
the mass of the accretion disk and the spin of the remnant (see Chapter 4). In cases in
which the jet energy exceeded a threshold defined following [97], we assumed the
relativistic jet to be able to break out of the ejecta cloud and produce GRB prompt and
afterglow emission (a ‘successful jet’). In our population, 53% of the events launch a
successful jet, satisfying the current observational constraints on the incidence of jets
in NSNS mergers [270].

For these cases, we assumed a jet angular structure!! inspired by GRB170817A
[125] (see Chapter 4 for more details) and computed afterglow light curves from 0.1

“https://www.ligo.caltech.edu/
Shttps://wuw.virgo-gw.eu/
bhttps://gucenter.icrr.u-tokyo.ac.jp/en/
7For LIGO, Virgo and KAGRA we considered, respectively, a target sensitivity of 190 Mpc, 120 Mpc
and 10 Mpc (https://dcc-1ho.ligo.org/LIGO-T2000012/public).
8Note that we changed the GW model adopted in [78] to be coherent with the next Chapters, however
this affects our rates by about 5%.
9Updates are available at https://observing.docs.ligo.org/plan/.
10This implies that the secondary component of GW190814 [21] is most likely a black hole.
T Angular dependence of the jet energy density and bulk Lorentz factor.
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to 1000 days in the radio (1.4 GHz), optical (¢ band)!? and X-rays (1 keV), fixing the
interstellar medium density at n = 5 x 1073 cm 2 (the median density in the [112]
sample) and the afterglow microphysical parameters at ¢, = 0.1, eg = 10737 and
p = 2.15 (representative of GW170817, [125]).

Given the uncertainty on the detailed physical processes involved in the GRB
prompt emission, to compute its properties we adopted a semi-phenomenological
model similar to that used in [44] and [266], where a constant fraction 7, = 0.15 [52]
of the jet energy density at each angle (restricting to regions with a bulk Lorentz
factor I' > 10) is assumed to be radiated in the form of photons with a fixed spectrum
in the comoving frame. The observed spectrum was then obtained by integrating the
resulting radiation over the jet solid angle, accounting for relativistic beaming.

To account for a putative wider-angle cocoon shock breakout component [135],
for systems observed within a viewing angle 6, < 60° we also included an additional
component in the GRB emission whose properties reproduce those observed in
GRB170817A [8], namely a luminosity Lsg = 10% erg/s and a cut-off power-law
spectrum with vF, peak photon energy E,sg = 185keV and low-energy photon
index « = —0.62.

The photon fluxes in the 10-1000 keV (Fermi/GBM) and 15-150 keV (Swift /BAT)
energy bands were then computed assuming a fixed rest-frame duration T' = 2's for
all bursts. We provide more details on the model in Chapter 4. To compute the final
GRB prompt emission detection rates we took into account the limited field of view
and duty cycle of Fermi/GBM and Swift/BAT by multiplying the resulting rates by
0.60 and 0.11 respectively [71].

5.4 Prospects for EM counterpart in O4

5.4.1 Detection rates with the ‘counterpart search’ limit set

In the left-hand panel of Figure 5.1 we show our predictions for the EM counterpart
search scenario in O4, assuming the ‘counterpart search’ limits set. The light grey
line (“All NSNS”) represents the intrinsic cumulative merger rate, with the under-
lying light grey band showing its uncertainty (Poissonian uncertainty on the rate
density normalization assuming our mass distribution, see Appendix A.1.3), which
propagates as a constant relative error contribution to all the other rates shown in the
figure. The black line (“GW LVK O4”) is our prediction for the cumulative detection
rate of NSNS mergers by the GW detector network in O4. The blue, red and orange
lines are the all-sky cumulative rates for the joint detection of GW and g band KNz
(“Kilonova+GW”), GW and GRB radio afterglows (“GRB Afterglows+GW”), GW and
GRB prompt emission (“GRB Prompt+GW”), respectively. For the latter we show the
rate for a GRB detection by Fermi/GBM. The result for all the other bands is reported
in Table 5.1. The redshift (or luminosity distance) values at which the curves saturate
clearly show that the horizons are currently set by the GW detection.

We find that, in the O4 run, NSNS merger GW signals will be detectable out
to ~ 300 Mpc (z ~ 0.07), with a detection rate of 7.4"}.3events per calendar year.
Joint GW+EM detection rates for the various counterparts considered are reported in
Table 5.1. These rates show that the vast majority of KNee associated to O4 events
will be brighter than the assumed limits at peak, and therefore in principle within
the reach of current EM counterpart search facilities and strategies. As shown in
Figure 5.2 and detailed in sec. 5.5.1, though, the extremely fast evolution of these

12We do not consider the dust extinction in computing the optical KN and GRB afterglow emission.
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FIGURE 5.1: Cumulative multi-messenger detection rates as a function of redshift (luminosity
distance) for our NSNS population. The left-hand panel assumes the ‘counterpart search’
detection limits, representative of a search for an EM counterpart over the GW localization
volume (see Tab. 5.1). The light grey line (“All NSNS”) represents the intrinsic merger rate in a
cumulative form, with the grey band showing its assumed uncertainty [16], which propagates
as a constant relative error contribution to all the other rates as shown in the figure by the
colored bands. The black (“GW LVK O4”) line is the cumulative GW detection rates (events
per year with network S/N > 12, accounting for the single detector duty cycles) in O4. The
blue (“Kilonova+GW?”), red (“GRB Afterglow+GW”) and orange (“GRB Prompt+GW”) lines
are the cumulative detection rates for the joint detection of GW and a KN, GRB afterglow or
GRB prompt in O4 (in one of the considered bands, all-sky except for the GRB prompt, which
accounts for the Fermi/GBM duty cycle and field of view). The right-hand panel assumes
deeper detection limits (see Tab. 5.1) representative of the monitoring of a well-localized
candidate (and a sub-threshold search for the GRB prompt).



TABLE 5.1: Assumed detection limits and predicted detection rates in our observing scenarios. Below each rate we also report in parentheses the fraction over
the total O4 NSNS GW rate (“LVK O4”). The GW detection limits refer to the S/Nyet threshold. Near infrared and optical limiting magnitudes are in the AB
system; radio limiting flux densities are in mJy @ 1.4 GHz; X-ray limiting flux densities are in erg cm~2 s~ keV~! @ 1 keV; gamma-ray limiting photon fluxes
are in photons cm~2 s~ in the 15-150 keV (Swift/BAT) or 10-1000 keV (Fermi/GBM) band. Detection rates are in yr~!. The reported errors, given at the 90%
credible level, stem from the uncertainty on the overall merger rate (hence they cancel out in the fractions), while systematic errors are not included.

GW Kilonova + GW O4 GRB Afterglow + GW O4 GRB Prompt + GW O4
LVK O4 J z g Radio  Optical X-rays Swift/BAT Fermi/GBM

Count. Search
Limit 12 21 22 22 0.1 22 10713 35 4
Rate 74703 24737 49776 54183 028704 0.047007 0327537 0.037003 0.17+92¢
(% of O4 GW) (100%) (33%) (67%) (73%)  (4%) (0.6%) (4%) (0.4%) (2%)
Cand. Monitoring
Limit / 28 28 28 0.01 28 10-1 1 1
Rate / 57187 5787 5787 07770% 047707 055M0%  0.051008 0.32105
(% of O4 GW) / (77%)  (77%)  (77%)  (10%) (6%) (8%) (0.6%) (4%)
GW subthreshold
Limit 6 21 22 22 0.1 22 10713 35 4
Rate 60757 39755 1573, 23M% 1.08f)8% 025703 146715 0.15M0% 0.90% 528
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sources will make their actual identification very challenging, and will require a
coordinated global effort and the use of large facilities. Our predicted joint GW
and GRB rates for EM searches are instead much lower (0.32f8:§?1 yr*l for the GRB
afterglow and 0.17702¢ yr~! for the GRB prompt'®), and they reflect the faintness
of these components for the considered flux thresholds, mainly because of the large
abundance (97%) of off-axis jets (i.e. with 6, > 26;, where 6; is the core angle as
defined in Chapter 4).

5.4.2 Detection rates with the ‘candidate monitoring’ limit set

In the right-hand panel of Figure 5.1 we show the results for the scenario simulating
the monitoring of a well-localized candidate and the GRB prompt sub-threshold
detection, assuming the ‘candidate monitoring” limits set. These rates represent the
hypothetical maximum detection rates that can be achieved in the limiting situation
in which all events are localised to arc-second accuracy, allowing for observations as
deep as the assumed limits. The KN rate in this panel is therefore shown mostly for
reference, as the most likely scenario is one in which the arc-second localisation is
obtained through the identification of the KN in a shallower wide-area search. Still,
given that all jet-producing events in our population also produce a KN, and given
that almost all our KNae exceed the ‘couterpart search” limit set, the rates reported for
the afterglow in this panel do represent actual achievable rates.

The light grey and black lines in the panel are the same as the left panel. The blue
and red lines are the all-sky cumulative detection rates for the Kilonova+GW and
GRB Afterglow+GW detectable sources with this limit set.

In this panel we also show with orange lines the rates of joint GW+GRB detections
assuming a detection threshold (see Table 5.1) representative of an off-line sub-
threshold search in the gamma-ray detector data.

The fact that the deeper optical and infrared limits do not increase significantly
the KN detection rate reflects the fact that the majority of KNee associated to O4
events in our population are already brighter (at peak) than the limits adopted in the
search scenario. As far as the GRB afterglow is concerned, we find that the deeper
limits allow to increase the detection rate in the radio, optical and X-ray bands by
factors of ~ 3, 10 and 2, respectively, with the highest detection rate in the radio,
reaching 0.77732 yr~1. Also for the GRB prompt sub-threshold detection we find
a small increase in the rates up to O.32J_“8:32 yr~!. All detection rates are reported in
Table 5.1.

5.4.3 Sub-threshold GW search in response to an external EM trigger

The bottom group of rows in Table 5.1 report the detection rates predicted by our
model adopting a lower GW detection threshold S/Npet > 6, which we take as
representative of a sub-threshold GW search for events coincident with an external
EM trigger. The most relevant external trigger, in our context, is a GRB, as it allows for
the search to focus on a short time interval and on a relatively small sky area, therefore
increasing significantly the sensitivity with respect to an all-sky, all-time search [3].
Thanks to the expanded GW horizon in the sub-threshold search, the rate of joint
GRB+GW detections increases to a more promising 0.90" 28 yr~! (for Fermi/GBM),
which is in good agreement with the rate predicted by the LVK Collaboration for
the same kind of search [19] and would mean a relatively high chance of a new

13These values can be scaled for different detection limits using Figure 5.6 in Section 5.6
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GRB-NSNS association. Sub-threshold searches may in principle be conducted also
in response to the EM detection of a KN or GRB orphan afterglow candidate: for that
reason, we also report the joint GW+KN and GW+afterglow rates in the table, but we
caution that these are not representative of a real expected rate, as the serendipitous
discovery of KNe and orphan GRB afterglows in current all-sky surveys is hampered
by limited cadence, depth, and availability of time at large facilities for spectroscopic
classification of candidates.

5.5 EM Properties in O4

In the following section, we characterize the EM properties of the GW-detectable
(with S/Npet > 12) NSNS mergers in our population. Our purpose is mainly that of
informing EM follow up strategies, by constructing expected distributions of source
brightness at various times and frequencies and for different EM counterparts.

5.5.1 Kilonova

In Figure 5.2 we show the time evolution of the distribution of KN brightness for
binaries in our population that are GW-detectable in O4. In particular, in the left-
hand panel we show the bands that contain 50%, 90% and 99% of the light curves
at each time. Blue (upper panel) and red (lower panel) colors refer to the ¢ and
] band, respectively. When scaled to the median distance (~ 174 Mpc) of these
events, AT2017gfo (colored circles) lies at the top of the 50% band, showing that our
assumptions are conservative in that they predict KNee that are on average slightly
dimmer than AT2017gfo, but with a similar temporal evolution. While the peaks
of these KNz span a relatively wide apparent magnitude range 17 — 24, 50% are
concentrated in the relatively narrow interval 20 — 22. In the right-hand panel we
show the cumulative apparent magnitude distributions at peak (solid line) and also 3
and 5 days after the merger (dashed and dotted lines), which clearly display the very
rapid evolution, especially in the ¢ band.

The detection of the KN in the ¢ and | band seems particularly probable (73%
and 67% of GW events, respectively) for current all-sky EM campaign. However, the
rapid evolution, underlined by Figure 5.2, suggests that the observation should take
place within the first night for the g band and within about two nights for the z band.
While the ] band, even if it evolves more slowly, could be too faint to be detected with
current all-sky facilities (33% of GW events).

5.5.2 GRB afterglow

In Figure 5.3 we show the properties of GRB afterglows associated to GW-detectable
binaries in our population by showing the contours containing 50% (solid lines) and
90% (dashed lines) of GRB afterglow peaks on the (F,, t) plane. We also report on the
right the apparent AB magnitude and vF, at 1 keV. The red, green and blue colors
refer to our radio, optical and X-ray bands, respectively. Most peak times are at
> 10% days (we note that we restricted the light curve computation between 10~! and
10° rest-frame days), with a tail at shorter peak times. We also show 500 randomly
sampled optical light curves (thin grey lines) in the background, to help visualizing
the underlying light curve behavior. For comparison, we also show GRB170817A
data [188, small circles] at the median distance of our population (~ 174 Mpc), whose
peak lies within the 50% contours in all three bands.
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FIGURE 5.2: Distribution of O4 KN optical and infrared magnitude as a function of time. The
left-hand panel shows the apparent AB magnitude versus post-merger time for our simulated
KN light curves, restricting to O4 GW-detectable sources. The shaded regions contain 50%,
90% and 99% of the KN light curves. Blue (upper panel) and red (lower panel) colors refer
respectively to the g (484 nm) and J (1250 nm) band. Colored circles show extinction-corrected
AT2017gfo data rescaled to the median distance of our population (~ 174 Mpc). The right-
hand panel shows the cumulative distributions of apparent magnitude at peak, at 3 days and
at 5 days after the merger (solid, dashed and dotted lines, respectively)
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FIGURE 5.3: F,, AB magnitude and vF, versus time for the GRB afterglow light curves
associated to O4-detectable sources in our population. Solid and dashed contours contain 50%
and 90% of the peaks, respectively. Red, green and blue colors indicate the radio (1.4 x 10°Hz),
optical (4.8 x 10MHz), X-ray (2.4 x 10'”Hz) bands, respectively. The colored circles are the
observed data of GRB170817A [188] at the median distance of our population. The grey lines
in the background are 500 randomly sampled optical light curves.

These results stem from the strong dependence of the GRB afterglow light curve
on the viewing angle, combined with the GW-detection-induced bias on the viewing
angle distribution (which skews the distribution towards smaller viewing angles with
respect to the isotropic case, with a peak at ~ 30° — [278]). This places the majority
of the peaks months to years after the GW event, with a small sub-sample peaking
at early times (~hours) in the optical and X-rays, producing very bright emission,
thanks to a smaller viewing angle.

The GRB afterglow properties highlighted in Figure 5.3 and the low rates shown
in Table 5.1, suggest that the preferred candidate for an all-sky observing campaign
is the KN, at least in the first days after the GW event. Once the KN is detected, it
seems convenient to wait weeks or months after the event, to proceed in search of a
GRB afterglow with deeper detection limits.

5.5.3 GRB prompt

In Figure 5.4 we show the distribution of rest-frame spectral energy distribution
(SED) peak energy Epek versus the isotropic-equivalent energy Eis, of events for
which both the GW signal and the GRB prompt emission meet our detectability
criteria (considering the O4 LVK network and Fermi/GBM, green filled contours), and
separately those that are detectable in GW (black dashed contours) or by Fermi/GBM
(magenta contours). In particular, different shades in the green regions progressively
contain 50%, 90% and 99% of joint GRB prompt- and O4-detectable binaries!*. The

14The detection rate corresponding to this region is shown by orange lines in Figure 5.1 and reported
in Table 5.1.
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FIGURE 5.4: Rest-frame SED peak photon energy Epeax versus the isotropic-equivalent energy
Ejso for our NSNS population. The filled green colored regions contain 50%, 90% and 99%
of the binaries both GRB Prompt- and O4-detectable. The magenta lines contain 50%, 90%
and 99% (solid, dashed and dotted, respectively) of the GRB Prompt-detectable binaries. The
black dashed line contains 90% of the O4-detectable binaries. The black dots with error bars
represent a SGRB sample for comparison [268]. The orange dot is GRB170817A.

dashed black line is the 90% confidence region for the O4-detectable binary without
the constrain on the GRB prompt detectability. The comparison between the GRB
prompt detections by Fermi/GBM and the known cosmological population shows
a broad consistency with the sample of short GRBs (sGRBs) with known redshift
[268, grey diamonds]. The position of GRB170817A in this plane [19] is shown by the
orange diamond, which is consistent by construction with the position of the small
island in the left-most part of the plot, which represents events whose emission is
dominated by the cocoon shock breakout component. Differently from [78], where for
events with viewing angles (6, ) less than 60 degrees, we computed the peak energy
Epeak as a weighted average based on the isotropic energy Ejs, both with and without
shock breakout, in our current approach, we adopt a fixed value of E;t;_ = 185 keV
whenever the shock breakout photon flux exceeds that of the GRB prompt photon
flux. The expansion of the green island on the plot is due to the application of a
Gaussian filter, a choice made to facilitate clearer interpretation of the data. While this
methodology introduces some variations in the plot’s contours, the overall qualitative
insights remain consistent with previous findings.

5.5.4 Viewing angle versus redshift

In Figure 5.5 we show the distribution of some sub-samples of our population in
the viewing angle 6, versus redshift z plane. Grey filled contours refer to GW LVK
O4-detectable binaries, while empty contours refer to joint GW and EM detectable bi-
naries: in particular the blue, orange and red lines refer to KN+0O4, GRB Prompt+GW
04 and GRB Afterglow+GW O4 detectable binaries, respectively. The detection rates
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FIGURE 5.5: Viewing angle 6, versus redshift z for our NSNS population. The filled grey
regions contain 50%, 90%, 99% of the GW O4-detectable binaries. Solid, dashed and dotted
contours contain 50%, 90%, 99% of the binaries that exceed both the O4 GW S/Npet limit and
any one of the ‘couterpart search’ limits relevant to the particular counterpart considered
(blue: KNj; red: GRB afterglow; orange: GRB prompt). The corresponding detection rates are
reported in Figure 5.1.

corresponding to these regions are shown by lines of the same color in Figure 5.1 and
are reported in Table 5.1. The figure clearly shows the weak dependence on redshift
for the jet-related emission, whose luminosity is strongly dependent on the viewing
angle. Moreover, 90% (50%) of the GRB Prompt+GW O4 and GRB Afterglow+GW O4

events have relativistic jets seen under a viewing angle lower than ~ 15 (10) degrees.

5.6 Detection rate versus detection limit

In section 5.4 we report the detection rates for joint GW and EM events considering
two representative detection limit sets based on the two main scenarios considered
in this work. In order to allow the community to explore alternative observing
configurations that correspond to different detection limits, we show in Figure 5.6
the distribution of the detection rates as a function of the detection limit for the GRB
Prompt+GW O4 (upper panel, orange) and GRB Afterglow+GW O4 (lower panel, red)
detectable binaries (for KNee, such information is already contained in the right-hand
panels of Figure 5.2).

For the GRB Prompt+GW O4 detection we show the rates assuming an all-sky
tield of view and a 100% duty cycle (solid line) and accounting for the duty cycle and
field of view of Fermi/GBM (dashed line) and Swift/BAT (dotted line). The figure
shows how the GRB prompt+GW detection rate increases with the prompt emission
detector sensitivity: if it were possible to reach photon flux threshold values of ~0.1
ph cm~2 571, the cocoon emission would start to be detected in essentially all jet-
launching binaries (this produces the bump in the orange lines at the low-flux-limit
end).
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FIGURE 5.6: Detection rates as a function of the detection threshold limit for our NSNS
population. The upper panel refers to GRB Prompt + GW O4 detectable binaries. The solid
line indicates an all-sky field of view with a 100% duty cycle, the dashed and dotted lines
accounts for the Fermi/GBM and Swift/BAT duty cycle and field of view, respectively. The
lower panel refers to GRB Afterglow + GW O4 detectable binaries. The solid, dashed and
dotted lines indicate the radio, optical and X band, respectively.
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For the GRB Afterglow+GW O4 events, we show individually the rates for the
radio (solid), optical (dashed) and X (dotted) bands. The detection limit value at
which the curves saturate indicates the sensitivity needed to detect all the GRB
Afterglow+GW O4 events, with a corresponding detection rate of 4.075 yr~? (that
is the GW O4 detection rate of 7.411%% yr~! times the 53% fraction of jet-launching
system).

5.7 Prospects for EM counterpart in O5

For the O5 run, assuming a complete network at design sensitivity including LIGO-
India, we expect an increase in the rate of about an order of magnitude, thanks to
the increasing sensitivity of the detectors and the expansion of the GW horizon (see
Figure 5.7). In particular, we find a GW detection rate of 67.138%5 yr~!, with a horizon
around redshift z ~ 0.2.

Among these GW-detectable events, the fraction of events with an observable EM
counterpart is similar to what was described in O4. Therefore, considering the set of
counterpart search’ limits, we expect a rate of potentially detectable KNee of 24.97353¢
yr‘1 up to redshift z ~ 0.08. As for the emissions related to the relativist jet, also in
this case the rates are less promising, with a rate of prompt and afterglow emissions
respectively at 1.037}5, and 1.27)3 yr—!. Although much lower compared to the KN,
these rates would already be a huge improvement compared to O4, ensuring at least
one joint detection of GW+GRB per year.

Assuming the ‘candidate monitoring’ limit set, we expect for the KN an increase
in the rate of about a factor of 2, bringing their horizon to be limited only by the GW
horizon. For GRB prompt and afterglow, we expect an increase of about a factor of
1.5 and 3 respectively. This can be particularly relevant for the afterglow, ensuring
some observation every year, under the assumption of being able to reach deeper
limits following the identification of the KN.

All the detection rates are reported in Table 5.2.
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FIGURE 5.7: Same as Figure 5.1, but assuming the LVKI O5 network.
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TABLE 5.2: Same as Table 5.1, but assuming the LVKI O5 network.

GW Kilonova + GW O5 GRB Afterglow + GW O5 GRB Prompt + GW O5
LVKI O5 J z g Radio Optical X-rays Swift/BAT Fermi/GBM

Count. Search
Limit 12 21 22 22 0.1 22 1013 3.5 4
Rate 6711508 41753 16.07313 2497386 12000 02500 1.6735 017192 1.03755,
(% of O5 GW) (100%) (6%) (24%)  (37%) (1.8%) (04%) (25%)  (0.3%) (1.5%)
Cand. Monitoring
Limit / 28 28 28 0.01 28 10~ 1 1
Rate / 5297701 5297721 5291721 37t38 24737 2873 0257038 157728
(% of O5 GW) / 77%)  (77%)  (T7%)  (5.6%) (3.6%)  (4.2%)  (0.4%) (2.3%)
GW subthreshold
Limit 6 21 22 22 0.1 22 10713 3.5 4
Rate Sa77 45785 21RE 3673 317§ 0937 8100 089X 53%Y)
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5.8 Discussion and conclusions

In this Chapter we presented our predictions for the detection rates and properties
of KNee and GRBs (including both prompt and afterglow emission) that will be
associated to double neutron star binary mergers to be detected during the next GW
detector network run O4, started in May 2023. These predictions are based on a
synthetic population of events with an observationally motivated mass distribution
and event rate density, for which we computed GW signal-to-noise ratios, KN light
curves, GRB afterglow light curves and prompt emission peak photon fluxes, enabling
the direct evaluation of the detectability of each emission component for each event
in the population.

KNee are produced in 77% of mergers in our population, the remaining fraction
being massive events that result in a prompt black hole collapse with neither disk nor
ejecta (see Figure A.4 in Appendix A.1.1). We find light curves that are intrinsically
similar to, but on average slightly dimmer than, AT2017gfo (Fig. 5.2). Despite the
larger median distance with respect to events detected in the previous runs, their
apparent brightness in most cases (95% of events with an associated KN) will still
exceed the typical limits reached in previous optical counterpart searches, but for a
limited time (only the first night in the ¢ band, few nights in the z band), making the
detection and identification of these sources more challenging than it had been for
AT2017gfo. Our result that most O4 KNee will be accessible down to current typical
EM counterpart search detection thresholds is in line with e.g. Chase et al. [74], Setzer
et al. [280] and Sagués Carracedo et al. [262].

Relativistic jets are produced in 53% of the events in our population. Their GRB
prompt emission exceeds our assumed limits in only a few percent of the events, with
only a minor improvement when considering the deeper thresholds representative of
a sub-threshold search in the gamma-ray detector data. A more promising route for
the association of a GRB with a NSNS event in O4 will be that of a sub-threshold GW
event search in response to a gamma-ray trigger, which results in a joint detection
rate of 0.90:1):22 yr‘1 in our model, thanks to the expanded GW horizon.

Radio observations represent the best route for the detection of the relativistic
jet afterglow when monitoring a well-localised event. Indeed, radio afterglows are
brighter than our ‘candidate monitoring” detection limits in around one tenth of the
simulated events, corresponding to a detection rate of 0.77 32> yr~! (achievable if
all candidates are localised to arc-second accuracy through the detection of their KN
emission). These predictions indicate that one new relativistic jet counterpart in O4,
which would constitute an important new piece of information on these sources, is
not unlikely, yet not guaranteed.

For what concerns the observable properties of the relativistic jet counterparts, if a
fortunate GRB prompt emission event will be detected, we expect it to be dominated
by either the cocoon shock breakout emission component (for events closer than
~ 100 Mpc), or more likely by emission from the slower, less energetic material that
surrounds the jet core, if a mechanism similar to that which produces the prompt
emission of cosmological GRBs extends to two-three times the jet core opening
angle (Fig. 5.4). A due caveat here is that it is unclear to which extent the (poorly
known) prompt emission mechanism of GRBs operates outside the jet core and,
conversely, the current understanding of shock breakout emission does not extend to
highly anisotropic, highly relativistic cases, making any statement on the observable
properties of the shock breakout from parts of the cocoon closer to the jet axis highly
uncertain. The observable GRB afterglows (Fig. 5.3) are expected to display similar
properties as those of GRB170817A, that is, a shallow increase in flux density over a
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few months after the merger, followed by a peak and a relatively fast decay afterwards.
Still, a few percent of the detectable events in our population feature an earlier peak,
corresponding to a smaller viewing angle, which would constitute an interesting case
study that would bridge the gap between the viewing angles of cosmological GRBs
and that of GRB170817A.

In the last years, several works predicting the joint GW+EM detection rates during
O4 have been published or circulated as pre-prints, each focusing on a single or at
most two EM counterparts [119, 314, 205, 272]. Factoring in the lower local NSNS
merger rate density assumed in this work with respect to studies that used the O2
estimate (which was higher by a factor of around three), our joint GW+EM detection
rate predictions are in general agreement with most of these previous works. In
particular, Frostig et al. [119], Zhu et al. [314] and Mochkovitch et al. [205] find a
similarly large fraction 60-80% of KNee detectable with similar thresholds as ours;
factoring in the different fraction of jet-launching events (53% in this work, compared
to 100% in the others), our estimate, that up to 10% of the afterglows will be detectable
in radio, is in agreement with the 20% estimated by Duque, Daigne, and Mochkovitch
[100] and Saleem et al. [272]. The prediction that only few percent of the NSNS events
detectable in O4 through GW emission will have a detectable short GRB is in line
(again factoring in our 53% fraction of jet-launching systems) with, e.g., Belgacem
et al. [51], Howell et al. [152] and Yu et al. [311], while Patricelli et al. [226], Saleem
[271] and Mogushi, Cavaglia, and Karelle [206] find somewhat higher fractions (but
note that the estimate for sub-threshold GW detections triggered by GRB detections
from [271] is in good agreement with ours).

It is worth stressing the fact that the entirety of these models either assume
identical properties for all counterparts, or use empirical parametrizations for the
distributions of their properties. The strength of our approach lies in computing the
ejecta properties and EM emissions directly from the binary parameters, instead of
e.g. extracting EM model parameters randomly from given distributions.

In this work we worked under the assumption that the GW sky localization areas
of O4 NSNS mergers will always be covered down to our assumed representative
thresholds by EM counterpart searches. This is clearly not feasible when considering
single facilities (due to limitations in the accessible sky and in the time that can
be dedicated to each search), but we note that the combined coverage of different
facilities can probe very large localization areas, as demonstrated by the searches for
EM counterparts of the single-detector event GW190425, e.g. [36, 83, 183, 150]. A
more refined assessment of the detection rates that can be realized in practice would
require facility-specific simulations of the GW localization and of the actual search
strategy (as done e.g. in [119]), which is out of the scope of this work.

As a final remark, our estimates make GRB170817A an extremely lucky event (in
line with, e.g., [205], but see also [231]), which is not going to repeat soon. Given the
excellent agreement of our model predictions with the short GRB cumulative peak
flux distribution observed by Fermi/GBM and Swift/BAT (see Figure 4.3 in Chapter
4), we consider this a robust statement. Still, we caution that all our predictions
are based on loose observational constraints, and carry systematic uncertainties that
have not yet been explored, due to the complexity of the full population modeling.
The synergy between gravitational and electromagnetic telescopes in future runs
will provide us with more observations, allowing to get closer and closer to the real
physics of these events.

The data produced in this Chapter are publicly available on Zenodo through
the link https://doi.org/10.5281/zenodo.6900865. All scripts and files to repro-
duce the main figures in the text are publicly available at https://github.com/
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acolombo140/04NSNS.
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Chapter 6

Multi-Messenger Observations of
Black Hole - Neutron Star Mergers
in the O4 and O5 Runs

This Chapter is primarily a copy of the original work [79], accepted for publication in As-
tronomy & Astrophysics. Some plots and part of the text may differ to accommodate minor
revisions from the peer review process. Part of the Appendix has been moved to the main text.

6.1 Introduction

The first detections of binary compact objects composed of a black hole and a neutron
star (BHNS binaries) through gravitational waves (GWs) recently accelerated the
study of BHNS physics [22]. To date, there are four BHNS events detected with
false-alarm-rate (FAR) < 1 yr—!; GW200115_042309, GW200105_162426, GW190917_
114630, and GW190426_152155 [23], by the LIGO-Virgo-KAGRA Scientific Collabora-
tion (LVK) consisting of the two Advanced Laser Interferometer Gravitational wave
Observatories [aLIGO, 2], the Advanced Virgo [25], and KAGRA detector [38].

BHNS observations provide novel and complementary information on the for-
mation pathways of compact objects to be compared with those of binary black hole
(BBH) and binary neutron star (BNS) mergers [e.g., 170, 273]. The first detections
of mergers suggest that BHNS binaries are a population hosting highly asymmetric
binaries with a large mismatch between the BH and NS mass compared to BBHs and
BNSs, suggesting different progenitor stars and formation avenues [e.g., 68, 130].

In a BHNS merger, the NS undergoes one of two faiths: It is either partially or
completely torn apart by the tidal forces of the BH outside the innermost stable
circular orbit (ISCO), or it is directly engulfed by the BH [e.g., 162, 116, 113]. The
outcome of the NS hinges on the relative position between the BH ISCO Risco and
the distance di4, at which the BH gravitational field is capable of causing tidal
disruption of the star. The condition dyq, > Risco depends on several factors, and it
is favored for larger values of the NS tidal deformability, larger BH spins, and lower
BH masses [e.g., 162, 41]. When the NS is disrupted in a BHNS merger, neutron-rich
material is released. This tidal debris is comprised of two distinct components: one is
a gravitationally bound portion that forms an accretion disk around the BH remnant,
the other is an unbound component, commonly referred to as the "dynamical ejecta”
[e.g., 162, 116, 113]. The presence of this matter outside the BH can potentially power
a kilonova (KN) and launch a relativistic jet, which can in turn produce ‘prompt” and
‘afterglow’ emission possibly contributing a sub-class of gamma-ray bursts (GRB) [e.g.,
180, 199]. Detecting EM emission from a BHNS merger would help in constraining
the equation of state (EoS) of matter at nuclear densities [173, 95], measuring the



66 Chapter 6. BHNS in O4 and O5

Hubble constant [e.g., 277, 216], and understanding the role of BHNS mergers in the
production of heavy elements [176, 177].

When compared with expectations from numerical relativity, the signals from
the two BHNSs detected in January 2020 suggest that these mergers did not lead to
significant ejection of matter [22, 57, and references therein]. This is consistent with
the non-detection of EM signals during the follow-up campaign [e.g. 3174, although
the uncertainties in the distance and GW sky localization region disallow completely
excluding the possibility of a potentially detectable EM emission. Moreover, the
fraction of BHNS bright events is commonly considered low [117], as the possibility
of highly rotating BHs and stiff NS EoS is disfavored by LVK constraints [20, 13].
However, the possibility of BHNS mergers with BHs in the lower mass gap (Mg <
5M) would allow for EM counterparts even under the assumption of non-rotating
BHs and soft EoSs. In particular, the hypothesis of events in the mass gap is suggested
both by LVK observations [21, 313] and by "delayed" supernova model theories [120,
94, 68], upon which the population considered in this study is based. The current and
upcoming observation runs of the global network of GW interferometers (IFOs), with
an ever-improving sensitivity, open the doors to elucidating the elusive properties of
BHNS systems, detecting their GW signals and, for a subclass of these, their joint GW
and EM signals.

This study is an attempt to infer realistic prospects of the rate of BHNS mergers
as multi-messenger (MM) sources during the current O4 and upcoming O5 runs and
to explore their properties. Our study is based on population synthesis models for
the BHNS systems, numerical-relativity-informed prescriptions for the properties
of the materials expelled from the mergers, and semi-analytical models to compute
the observable properties of the associated KN, GRB prompt, and GRB afterglow
emission.

Before run O4 started (in May 2023), a number of papers appeared in the literature,
which anticipated estimates of the MM detection rates of BHNS mergers. Boersma
and van Leeuwen [62] focused on the observation of GRB radio afterglows with the
SKA1 radio array finding that a joint detection is unlikely within O5, even with such a
sensitive instrument. They point out how current uncertainties on the BH spin hugely
affect the results, as expected from the role that the BH spin plays in the disruption of
the NS. Similarly, Zhu et al. [315] focused on the KN and GRB afterglow counterparts
of BHNS mergers and find a prominence of plunging systems with negligible EM
emission for a population of low-spinning BHs. Consequently, they suggest relying
on searches in data streams from optical surveys as a strategy to discover KN and
afterglow counterparts of BHNS systems (so-called ‘blind searches’, e.g., [32, 33]),
rather than dedicating target-of-opportunity (ToO) time after GW triggers with low
chances of a successful outcome. Regarding the GRB prompt counterpart, Zhu et al.
[316] was the first to derive a population model for BHNS systems starting from three
long-duration GRBs (including GRB211211A), under the hypothesis of a BHNS origin.
They estimate a joint GW+KN+GRB detection rate of BHNS mergers of ~ 0.1 yr—!
during O4, though large uncertainties remain.

In this study, we extend the analysis of the MM properties of BHNS mergers
considering GRB prompt, multi-wavelength GRB afterglow, and KN emissions for
BHNS systems detectable above the GW network threshold. Furthermore, we study
the impact of the EoS of NS matter and of the BH spin distribution on the expected
population of MM events. This enables us to account for two of the main sources of

1A summary of the follow-up campaigns of these two events can be evinced from the Global
Coordinates Network circulars at https://gcn.gsfc.nasa.gov/other/S200105ae.gcn3, and https:
//gcn.gsfc.nasa.gov/other/S200115j.gcn3.
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FIGURE 6.1: Distribution of BHNS binaries in our population on the NS mass versus BH mass
plane, restricted to events for which the mass 1yt remaining outside the remnant is larger
than zero [171, Eq. 9], the fundamental condition for an EM emission. In each panel, the red
shaded regions contain 50%, 90% and 99% of the binaries (darker to lighter shades). Upper
panels assume the SFHo EoS, while lower panels assume the DD2 EoS. Left-hand panels
assume all BH spins are negligible, while right-hand panels assume uniformly distributed
BH spin parameters in the interval [0,0.5].

uncertainty on BHNS systems. Also, our predictions for detectable EM counterparts
are based on the follow-up performance expected for existing or planned instruments
across the EM spectrum. Finally, our predictions for the MM signals allow us to
derive follow-up strategies tailored to BHNS events.

The paper is organized as follows. In Section 6.2, we describe the distribution
of binary parameters in our BHNS population model, the emission models for the
GW and EM signals, and the assumed MM representative detection limits for O4
and O5. In Section 6.3, we present our results for the MM detection rates, and in
Section 6.4 we detail the expected properties of the different EM counterparts. In
Section 6.5 we report Appendix C of the original work [79], regarding variations on
the detection limits and a brief discussion on the GW-inferred sky localization. We
discuss these results in Section 6.6, specifically comparing our results with similar
studies in the literature. We also discuss observing strategies that would best target
the BHNS mergers. Finally, in Section 6.7 we summarize our results and conclude.

Throughout this work, we assume a flat cosmology with cosmological parameters
drawn from Planck Collaboration et al. [237].

6.2 GW and EM population models

6.2.1 Progenitor binary population

Given the scarcity of observational constraints, we chose to build our population
based on binary population synthesis models. In particular, we assumed the BH
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and NS mass distributions resulting from the fiducial parameter set (model A) from
Broekgaarden et al. [68]. We assumed the fiducial metallicity specific star formation
rate density from the same work, based on the phenomenological model described
in Neijssel et al. [214], and normalized to an observationally-derived merger rate
density of Ry = 14975°Gpc~3yr~! at redshift z = 0. We computed this value to
self-consistently reproduce four BHNS events detected with FAR < 1 yr—! [17],
following a similar procedure to the one described in Appendix A.1.3. For the BH
spin parameter xpy prior to the merger, we considered two different configurations:
a conservative one with xgy = 0 for all binaries and a more optimistic one with a
uniform distribution in the interval gy € [0,0.5], which corresponds to the typical
spin range found in several simulations [121, 49].

In order to explore the dependence of our results on the uncertain NS EoS, we
computed the NS tidal deformabilities assuming two EoS models: the soft SFHo
EoS [146], with a maximum non-rotating NS mass Mroy = 2.06 M, and a 1.4 M,
NS radius R;4 = 11.30km; and the stiff DD2 EoS [291], with Mtoy = 2.46 M and
Ri4 = 13.25km. Both EoS are in agreement with current constraints from GW170817
and the Neutron star Interior Composition Explorer [NICER, e.g. 203, 204, 244], with
a slight tension for the DD2, which we therefore consider as optimistic regarding
the emission of EM radiation. Hereafter, we take the conservative set-up with non-
spinning BHs and the SFHo EoS as our fiducial population and consider the other
pairs of BH spin distributions and NS EoS as variations on this fiducial model.

In Figure 6.1 we show, for all the four variations, the regions containing 50%, 90%,
and 99% of the binaries with a mass remaining outside the remnant m,, > 0, that is
the fundamental condition for having an EM emission. Here, we determine this mass
using numerical-relativity-informed fitting functions from Kriiger and Foucart [171,
Eq. 9], see section 6.2.3. Our fiducial scenario, which assumes no spins for the BH
and a soft EoS for the NS, is therefore the most pessimistic scenario in terms of EM
emission. Indeed, in the fiducial model, only events with a Mpy < 4.5M can emit an
EM counterpart. By varying the spin and the EoS with more optimistic assumptions,
it is possible to find EM counterparts associated to events with a My < 11Mg,. These
variations also correspond to a different fraction of BHNS events with m,,: > 0. We
find a range between 2.2% — 13% of GW triggers that satisfied the previous condition,
in agreement with different estimates in the literature [256, 57].

Figure 6.1 shows that, in our fiducial population model (upper-left panel), all
the BHNS systems susceptible to emit EM radiation have a small-mass BH, with
Mpgh < 5 Mg, due to their zero spins. Until the first discoveries of GW from merging
compact objects, the existence of BH with such low masses was largely doubted.
Indeed, the observation of galactic X-ray binaries suggested a sharp cutoff of BH
masses below around 5 Mg, [219, 103], leading to the existence of a ‘lower mass gap’
in BHs masses between 5 M, and the most massive NS at Moy ~ 2.2 — 2.5 Mg,
(according to EoS analysis and various observational constraints; for a review, see
[217]). In addition, this mass gap had theoretical support from binary evolution
scenarios such as the ‘rapid’ core-collapse supernova mechanism [120, 50].

However, recent GW observations could suggest the lower mass gap could not
be as empty as anticipated, through the detection of the merger of a system with a
secondary component likely in the bounds of the purported lower mass gap [21, 313].
A mass distribution overlapping with the mass gap, such as ours, is supported in
theory by the ‘delayed” supernova explosion model from which our population is
drawn [68].

Future GW observations will continue to test the robustness of the lower mass gap.
If these observations do not support the lower mass gap, then BHNS systems such
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as in our fiducial model, with low-mass and non-spinning BHs, would be a viable
channel for EM radiation from BHNS mergers, in addition to the high-mass, high-spin
systems identified previously and included in our population model variations. In
this case, the requirements on the SN scenario to produce EM-bright BHNS mergers
would not be as stringent as anticipated by Xing et al. [310]. In any case, including
a population of systems with BHs in the mass gap, such as our fiducial model, is
a novelty of our work and contributes to shifting the focus from high-spin BHs to
low-mass BHs as progenitors for EM-bright BHNS mergers.

Finally, we checked that our prescription for the binary masses are consistent
with the current (yet weak) constraints deduced from the first observations of BHNS
mergers. To this effect, as reported in Appendix A.2.1, we compared the mass
distributions of the NS and BH component of the systems in our BHNS population
model with the constraints derived by [57] from the first detections of mergers in
the GW domain. We find that, indeed, our prescriptions are consistent with the first
constraints deduced from GW data, though these remain quite uncertain.

6.2.2 GW model

For each merger event, as a detection statistic, we computed the expected network
matched-filter signal-to-noise ratio defined as (see e.g. Chap. 7 of [186] for a formal
derivation)

feue Ry (f)?
min Sn,z’(f)

with the index i running over the detectors in the network, fmin = 10 Hz, fout being a
cutoff frequency determined by the events’ parameters, E(i) (f) denoting the Fourier-
domain GW strain projected onto the detector i and S, ;(f) the i IFO’s noise power
spectral density. We also computed the 90% credible sky localization area AQgge, for
each signal. For O5, we assumed a network consisting of the two aLIGO, Advanced
Virgo, KAGRA and LIGO-India (LVKI) with the projected O5 sensitivities Abbott et al.
[14]%; for O4 we did not consider LIGO-India (hence we assumed an LVK network)
and we assumed the O4 sensitivities from Abbott et al. [14]>. Both for the O4 and
O5 scenarios, we performed the analyses with the inclusion of a 70% uncorrelated
duty cycle for each detector (this is the same value adopted in [14]). The S/N and
sky localization area computations were carried out through the GWFAST software
package [155, 154], using the IMRPhenomNSBH waveform model [225, 89] which, in
GWFAST, depends on the detector-frame chirp mass, the mass ratio, the dimensionless
spins of the two binary components projected along the orbital angular momentum,
the luminosity distance, the sky position, the binary inclination angle with respect
to the line of sight, the polarization angle, the time of coalescence, the phase at
coalescence and the tidal deformability of the neutron star [155]. For the parameters
not discussed in Section 6.2.1, we draw the values from uninformative priors limited
to their relevant physical range. We refer to Iacovelli et al. [155] for details on the prior
ranges and definitions. GWFAST computes forecasts for the statistical uncertainty on the
measurement of the source parameters resorting to the Fisher matrix approximation,
which is valid in the high S/N limit [301]. The full likelihood is approximated by a
multivariate Gaussian in the parameters, with covariance equal to the inverse of the

(S/N)2=Y_.(S/N)2, (S/N)? = 4/ df, 6.1)

2The projected noise amplitude spectral densities we used can be found at https://dcc.ligo.org/
LIGO-T2000012/public. For KAGRA we considered a target sensitivity of 10 Mpc in O4 and 127 Mpc
in O5. For the other detectors we assumed the highest target sensitivity.
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Fisher matrix. The error on the sky localization is computed as [40]

Ay, =27 1010 | sin 6] /Cos Cpg — C3,, 6.2)

where 6 and ¢ here represent the polar and azimuthal angles of the source position in
the sky in a geocentric frame (they are related to the right ascension and declination
as RA = ¢ and dec = 71/2 — 0, respectively), and Cgg, Cgy and Cyp¢p are the relevant
elements of the covariance matrix as estimated from the Fisher information matrix.

To keep the inversion error of the Fisher matrix under control in the subspace
{6, ¢}, we resort to a Singular Value Decomposition (SVD) and eliminate from the
inversion singular values below a threshold value of 10717 [99]. This allows in particu-
lar to avoid numerical instabilities in presence of strong correlations between distance
and inclination. This is particularly relevant for GW events with an associated GRB
emission, which are usually close to face-on. We refer to Section 2 and App. D of
Tacovelli et al. [154] for a detailed discussion of this issue and for a comparison of
different inversion methods.

6.2.3 EM emission models

For all events in our population we computed the expected mass in dynamical
ejecta Mqyn and the average velocity Vdyn and the mass ., remaining outside the
remnant BH, using the numerical relativity-informed fitting formulae from Kriiger
and Foucart [171, their Eq. 9], Kawaguchi et al. [163, their Eq. 1] and Foucart, Hinderer,
and Nissanke [116, their Eq. 4]. In cases where Mdyn > 0.5Moyt as predicted by these
formulae, we imposed mqy, = mg‘y"‘;‘(mout) = 0.5myt [113, 250]. Finally, we computed
the mass of the accretion disk as Mgjsk = Mout — Mdyn-

We utilized the obtained outcomes as inputs to calculate the observable properties
of the EM counterparts associated with each binary in our population, following a
procedure analogous to Colombo et al. [78] and Barbieri et al. [44, 41]. In particular,
we computed the KN light curves in the g (484 nm central wavelength), z (900 nm),
and | (1250 nm) bands, employing the anisotropic multi-component model presented
in Breschi et al. [66], based on Perego, Radice, and Bernuzzi [230]. For events with
Maisk > 0, we assumed the system to launch a relativistic jet whose energy E. was
computed following the method described in Colombo et al. [78]. This method relies
only on estimates of the post-merger physical quantities of remnant and disk mass
and is applicable to both BHNS and BNS systems. If the ratio of jet energy to ejecta
mass surpassed the threshold based on Dulffell et al. [97, their Eq. 20], we assumed
that the relativistic jet successfully breaks out from the ejecta cloud, leading to the
production of both GRB prompt and afterglow emissions.

In order to compute the observables associated to the relativistic jet, the jet’s
angular structure has to be specified, i.e. the angular profile of the jet isotropic-
equivalent energy E(6) and bulk Lorentz factor I'(6), as a function of the latitude
6 of the material from the jet axis [e.g. 270]. We considered two variations. In the
tirst we assumed the same structure used in Colombo et al. [78], inspired by the
GRB 170817A structure as inferred by Ghirlanda et al. [125]. It features a uniform jet
core of half-opening angle 6; = 3.4° outside of which the energy falls off as a power
law E « 67> and the bulk Lorentz factor as I' « §~3°. The bulk Lorentz factor in
the core was fixed at I'. = 250. The core isotropic-equivalent energy was set based
on the requirement that the total jet energy equals a fraction of the accretion disk
rest-mass energy, following the method described in [44, 78]. In brief, such fraction
is ~ 1073 if the remnant BH spin is agHrem ~ 0.7 [based on the accretion-to-jet
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energy conversion efficiency of GW170817 as estimated in 264], and the dependence
ON ApHrem 1S based on the [60] mechanism efficiency as derived in Tchekhovskoy,
Narayan, and McKinney [296].

In order to compute the photon flux in the gamma-ray detector band, an additional
assumption on the spectrum is needed. We obtained it by assuming a latitude-
independent comoving spectral shape that is a power law with an exponential cut-
off, with a comoving vF, peak photon energy E; cak = 3-2keV (similar to [266] and
identical to [78]), and summing the contributions from all jet latitudes after accounting
for relativistic beaming, as done in Salafia et al. [267]. We defer the reader to Appendix
B of Colombo et al. [78] for more details on the computation of the prompt emission
properties.

While the choice of such a structure facilitates the comparison with our BNS
results from Colombo et al. [78], the typical jet structure of BNS and BHNS jets could
arguably differ, due to the distinct environments in which the corresponding jets
are launched. In particular, the jet self-collimation due to the development of a
hot, over-pressured cocoon may be less effective owing to the presumably lower
density in the polar region of the BHNS post-merger system, with respect to a BNS
system [69, 96]. Indeed, in the latter, shock-driven ejecta arising from the collision
of the two stars are expected to lead to a more isotropic distribution of dynamical
ejecta compared to to the BHNS case [114], in which dynamical ejecta are primarily
produced near the equatorial plane due to tidal disruption of the NS [163]. In addition,
the intermediate supra- or hyper-massive NS state in BNS mergers, which is expected
to generate strong post-merger winds [e.g. 107, 158], is absent in the BHNS case. For
these reasons, we also considered a larger jet half-opening angle ; = 15°, which is
our second variation for the choice of the jet structure. In this case, we left all the
other jet structure parameters unchanged, with the exception of the jet core isotropic-
equivalent energy E. = E(0), which was rescaled to keep the total jet energy constant
(see Figure 4.2).

For each jet structure, we generated afterglow light curves spanning from 0.1
to 1000 days in the radio (1.4 GHz), optical (¢ band), and X-rays (1 keV) assuming
a fixed interstellar medium number density of n = 5 X 1073,cm~3 (the median
density in the [112] sample) and employing afterglow microphysical parameters of
€e = 0.1, eg = 10737, and p = 2.15, representative values for GW170817, as reported
in Ghirlanda et al. [125]. These physical parameters pertain to the microphysical
behavior in the shock system formed when the jet decelerates in the circum-burst
medium. Therefore, they are set solely by the jet’s energy and Lorentz factor, which
we have chosen to be as inferred in GW170817, hence our choice of microphysical
parameters as in GW170817. Concerning the GRB prompt, we employed a semi-
phenomenological model, similar to the approach utilized in previous studies such as
Barbieri et al. [44] and Salafia et al. [266]. This model assumes that a constant fraction
14 = 0.15 [52] of the jet energy density, limited to regions with a bulk Lorentz factor
I' > 10, is radiated in the form of photons with a fixed spectrum in the jet comoving
frame [78, Section B.3]. The observed spectrum was then derived by integrating the
resulting radiation across the solid angle of the jet, accounting for relativistic beaming
at the relevant viewing angle.

6.2.4 Multi-messenger detection criteria

The sub-population of BHNS systems that will be detectable and that can provide
MM datasets is determined by the instruments available for the GW observations
and the follow-up efforts.
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For the detection of the GW signals in both O4 and O5, we applied a network S/N
threshold of 12. This limit is the same as that assumed in our previous study of BNS
systems [78] and it is representative of the S/N threshold for a confident detection
by the LVK Collaboration [14]. Such relatively high S/N cut also makes the GWFAST
Fisher-information-matrix-based parameter estimation forecast more reliable [154].

For EM follow-up during O4, we adopted the same limits in the radio, optical,
X-ray and gamma-ray bands as in Colombo et al. [78], that is, a limiting radio flux
density of 0.1 mJy at 1.4 GHz, representative of the limits for current radio arrays
adopting the ‘galaxy targeted” or ‘unbiased’ search strategies [e.g. 92]; optical and
near-infrared limiting AB magnitudes of ¢ < 22, z < 22 and | < 21 respectively,
in line with the typical depths reached in EM counterpart searches during the O3
run [e.g., 83, 26, 34] and with new wide-field instruments [87, 182]; X-ray limiting
flux of 10713 erg/ cm?/s/keV at 1keV, representative of the limits that can be reached
by Chandra or XMM-Newton with long exposures (~ 10%s, e.g., [192]; [85]); in the
gamma-ray band for the detection of the GRB prompt emission, a limiting 10-1000 keV
average photon flux of 4phcm 257!, as deduced from the cumulative distribution of
photon fluxes of GRBs in Fermi/GBM which is our reference instrument [78, Appendix
B.3].

From O4 to O5, we expect a significant improvement in the depth of the search
for counterparts in the radio and optical bands, owing to new instruments coming
online. In the radio band, we considered an order of magnitude improvement with a
limiting flux of 0.01 mJy [92]. We note that this flux level was approximately that of
the afterglow in GW170817 upon discovery in the 3 — 6 GHz bands in deep searches
at the location of the KN transient [11, 188], but this level could be reached by the
next-generation instruments in untargeted counterpart searches, such as the SKA2
[65], Next-Generation VLA [81] or DSA-2000 [143].

In the optical band, we accounted for the arrival of new large field of view (FoV)
instruments such as the Vera Rubin Observatory [aka, ‘the Rubin Observatory” 156].
For this purpose, we considered a magnitude threshold of 26 in the ¢ band and
24.4 in the z band, corresponding to the limit reached in the preferred follow-up
strategy suggested for the target-of-opportunity program of Rubin Observatory [180s
exposure, 35].

However, for the X-ray and gamma-ray bands, we considered the same limits
in O5 as in O4, due to the later launching of the next generation of high-energy
instruments with significant improvements in both the FoV and sensitivity, such as
THESEUS [30], HERMES [110] or the Gamow Explorer [308, pp. 2030+]. Although we
did not consider these instruments for follow-up in O4 and O5, in Section 6.6.2 we de-
veloped new follow-up strategies tailored to BHNS mergers inspired by recently pro-
posed strategies for upcoming large-FoV X-ray instruments, such as ATHENA /WEFI
[211] which could tile the GW localization skymap in search for the X-ray afterglow
counterpart [258].

We stress that, in this work, we operated on the premise that the GW sky localiza-
tion areas of O4 and O5 BHNS mergers will consistently be surveyed to the assumed
detection thresholds by the combined efforts of various observatories, as evidenced
by the EM counterpart searches following the BNS event GW190425 [83, 150]. A more
detailed evaluation of the actual detection rates attainable in practical terms would
necessitate conducting simulations that mimic the search strategies implemented by
individual facilities. In Section 6.5, we explore how our prospects for the detection
rates change by varying our assumptions about the detection limits and the events
sky localization.
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6.3 Multi-messenger detection prospects

Using the synthetic population described in Section 6.2, we can determine the detec-
tion rates of BHNS mergers in the GW domain and in the various EM counterparts
by applying S/N and peak brightness cuts to each of the events in the population.
We start by presenting the results for our fiducial set of assumptions and then study
the variations on the EoS, BH spin distribution, and jet core opening angle.

In Figure 6.2, we present cumulative detection rates as a function of redshift,
with error propagated from the uncertainty on the intrinsic merger rate as described
in Section 6.2.1 and from the uncertainty on the jet opening angle for the related
emissions (see Figure 6.3 and below for the uncertainty on the assumptions of our
population model).

In total, we expect a BHNS GW detection rate of 15.01“%%4 yr~! (90% confidence
interval) for our assumed BHNS mass distribution and detection thresholds during
O4. The cumulative rate of GW-detectable sources with an EM-detectable KN? (blue
curve) follows the same trend as the distribution of GW detections up to a distance of
200 Mpc, indicating that the majority of KNee in our population is luminous enough
to be detected within this distance. Up to 200 Mpc, we expect 2.2% of GW triggers to
give rise to a detectable KN. At dp, 2 200 Mpc the cumulative rate of KNee flattens
out as an increasing number of KNee fail to exceed the assumed detection thresholds,
with the cumulative rate saturating at 0.16)17 yr~?1, about two orders of magnitude
lower than the total GW detections.

The cumulative rate of GW-detectable BHNS with an afterglow counterpart
detectable in the radio band (red curve) features a shallower slope with respect
to the GW or GW+KN cumulative rates, owing to the strong dependence of the
afterglow peak brightness on the inclination angle. The total rate of radio afterglow
detection is predicted to be 0.0157 0053 yr~1.

Concerning the GRB prompt emission (orange curve), we find a cumulative rate of
GW-detectable events with an EM-detectable counterpart that increases with redshift
with the same slope as that of GW events, hence with a constant ratio between
the two rates on the order of 10. This is due to the fact that the prompt emission
luminosity drops rapidly for viewing angles outside the jet core opening angle, such
that the selection of the prompt emission boils down to simply a selection of solid
angle, which does not vary appreciably with distance, on top of the GW detectability
selection. The latter dominates in determining the GW+EM horizon, because the
distance up to which the prompt emission is detectable for an on-axis observer largely
exceeds the GW horizon.

It’s important to emphasize that in the O4 scenario, we considered a full network
with high target sensitivities as reported in Section 6.2.2. However, at the time of
writing, only the LIGO Hanford and Livingston detectors are operational, with a
BNS range between 140 and 170 Mpc. Virgo is expected to join the network in the
second part of O4, scheduled to begin on March 27, 2024, with a target sensitivity of
40-80 Mpc. KAGRA will join the run in the spring of 2024, featuring a BNS range of
approximately 10 Mpc *. Assuming a network consisting of only two aLIGO detectors
would decrease our detection rates by about 14%. However, since the joint detection
rates are low, even an optimistic assumption for the network does not change the
general sense of our analysis. The effects of different network assumptions on the sky
localization are discussed in Section 6.5.

3In the case of all EM+GW events, we display only one band in Figure 6.2 for clarity. The results for
the other bands considered in the study can be seen in Table 6.1.
4Updates are available at https://observing.docs.ligo.org/plan/
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FIGURE 6.2: Cumulative MM detection rates as a function of redshift (luminosity distance)
for our fiducial BHNS population (SFHo EoS, non-spinning BHs) and assuming a jet core
half-opening angle 6; = 3.4° for the jet-related emissions. Triangles indicate the 90t percentile
of the cumulative detection rate (Figure 6.3 shows how this is affected when varying our
assumptions). Left-hand panel: assumes the LVK network configuration and the O4 projected
sensitivities. The light grey line (“All BHNS”) represents the intrinsic merger rate, with the
grey band showing its uncertainty drawn from that on the local merger rate. This uncertainty
propagates as a constant relative error contribution to all the other rates shown in the figure.
The error region for the jet-related emissions takes also into account a possible larger core
half-opening angle 6; = 15°. The black (“GW LVK O4”) line is the cumulative GW detection
rate (events per year with network S/N > 12) in O4. The blue (“Kilonova+GW”), red
(“Afterglow+GW”) and orange (“Prompt+GW?”) lines are the cumulative detection rates for
the joint detection of GW plus either a KN, a GRB afterglow or a GRB prompt in O4 (all-sky
except for the orange line, which accounts for the Fermi/GBM duty cycle and field of view).
The assumed thresholds are shown in the legend. Right-hand panel: similar to the left-hand
panel, but assuming an LVKI GW detector network with the O5 projected sensitivities, and
deeper EM detection thresholds (see text).

Moving to O5, we find an overall increase in detection rates by one order of
magnitude, which stems from both the better GW sensitivity and the deeper EM
detection limits assumed. For the KN (blue curve), whose detection horizon is
primarily determined by the EM threshold, the larger median distance of the GW-
detected events is largely compensated by the expected increase in sensitivity of
the optical searches, such that the KN detections track the GW detections up to
a higher redshift. The GW detection rate increases up to 140%‘%3 yr~1. The total
detection rate of KN signals in O5 reaches a promising value of 2.1727 yr~1, despite
our conservative assumptions about the EoS and BH spin. The joint detection rate
of GW along with GRB jet prompt emission (orange curve) and radio afterglow (red
curve, whose horizon is mostly set by the GW sensitivity) also increases, but not as
dramatically. GW-detectable systems with a detectable radio afterglow reach a total
rate of 0.14700% yr~!, similar to that of GW+KN in O4.

Intriguingly, some GW-detectable BHNS mergers with a detectable afterglow
feature a KN whose peak brightness is below our assumed thresholds, opening the
possibility for the afterglow being the primary counterpart to some BHNS systems
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FIGURE 6.3: Predicted 90" percentile of the cumulative MM detection rates for our four
population model variations, assuming a jet core half-opening angle 6; = 3.4° for the jet-
related emissions. Different marker shapes indicate different adopted EoSs (triangle: SFHo;
circle: DD2). Filled markers are for xgg = 0, while empty markers are for a uniform spin
parameter distribution between 0 and 0.5. The error bars indicate the uncertainty on the local
merger rate. For GRB afterglow and prompt they also take into account a variation on the jet
core half-opening angle (f; = 15°). Similarly as in Figure 6.2, the left-hand panel assumes
an LVK GW-detector network and the O4 projected sensitivities, while the right-hand panel
assumes an LVKI network and the O5 sensitivities. EM bands and detection thresholds are
the same as in Figure 6.2.

in O5. We come back to this point in Section 6.6.2. Even in O5, the rate of GW-
detectable BHNS with a detectable GRB prompt emission remains lower than one
in 10 years, making the prospects for such events not particularly promising. Under
the assumption of a larger opening angle for the jet, as explored in Secs. 6.4.2 and
6.4.3 with 6; = 15° instead of 6; = 3.4°, we would expect a larger rate of GRB prompt
counterparts, up to 1yr—!. Indeed the horizon for GRB prompt emission detection
largely exceeds the GW horizon, such that GRB prompt detection is ensured for lines
of sight looking into the jet.

We stress that the start dates, duration, and sensitivities projected for the O5 run
are based on the best current estimates. Therefore, there is a possibility that the target
sensitivities might be overestimated, as well as the inclusion of LIGO-India in the
network from the beginning of the run. Removing LIGO-India from the network
would decrease the detection rates by about 42%.

In both O4 and O5, the distance of the horizon for GW+EM events, i.e., the value
of the redshift corresponding to the saturation of the curves, is smaller compared to
the curve requiring just the GW detection. This is because only the lighter events,
and therefore those with a smaller intrinsic S/N, are capable of emitting an EM
counterpart, as highlighted in Figure 6.1. Thus, the GW+EM horizon is set by the GW
detection of events with a BH smaller than a certain value.

The results in Figure 6.2 are affected by the uncertainty in the intrinsic BHNS
merger rates. Moreover, they are affected by the uncertainty on the BHNS formation
pathway that determines the binary parameter distribution (e.g., BH mass, mass ratio,
and spins) and on the NS EoS. In Figure 6.3, we study the effect of this uncertainty
through the variations of two assumptions of our population model. For simplicity,
we only show the 90 percentile of the cumulative detection rate for GW and EM
signals at the redshift where this value is reached for visualization purposes.
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Concerning the GW detections (black symbols with black error bars), the vari-
ations of the NS EoS and xpy prior induce a negligible change in detection rate
and distance, in line with the marginal effect of both the component spins and tidal
deformability in the inspiral signal. In O4, the variations induce a large uncertainty of
one order of magnitude in KN detection rate (blue symbols), which largely surpasses
the intrinsic uncertainty on the BHNS merger rate that we normalize our population
to. This increase in KN detection rate follows with a large increase in redshift distance
to which they are observable. This shows the crucial role of formation channel and
NS properties in the MM detection prospects and, in turn, the potential to constrain
these with MM data in the future. The choice of the NS EoS, with the stiffer DD2,
leads to a factor of a few more KN detections than SFHo, due to the larger ejecta mass.
The spin distribution plays another significant role, with higher spins favoring the
disruption of the NS and a significant amount of ejecta in the post-merger phase.

For the afterglow counterpart in the radio band (red symbols), the effect of a stiffer
EoS is also present due to its influence on the disk mass. One must keep in mind
that, beyond the binary parameters, the afterglow is also largely determined by the
microphysics parameters of the jet’s forward shock and the density of the circum-
merger medium. The possible variation of these is another source of uncertainty.
However, we focus here on the effects of EoS and BH spin distribution, because the
effects of the afterglow parameters and of the density on MM population models
have already been explored for BNSs, and are expected to be similar for BHNSs [e.g.,
134, 101].

Considering the O5 run, the trends for O4 are reproduced in all the counterparts.
However, the role of the EoS and BH spin in determining the detection rate of KNee
(blue symbols) is less important. This is due to the better optical limits we consider
in O5, such that an overall larger fraction of KNee is detectable (as discussed in
Figure 6.2), hence a lesser sensitivity to the secondary effects.

To summarize these results, we present in Tab. 6.1 the total detection rates of
BHNS mergers in the O4 and O5 runs for our fiducial population model and the three
variations. In addition, in Section 6.5, we briefly consider the prospects of GW sky
localization of the sources to discuss the MM results presented in this section. For a
more detailed discussion of how to leverage the potential for source localization, see
Section 6.6.2.



TABLE 6.1: Detection limits and predicted detection rates for O4 and O5, assuming our fiducial population model (SFHo EoS and xpp = 0) and three variations.
For the jet-related emissions, we assume a half-opening angle 6; = 3.4°, while in parenthesis we report the rate assuming 6; = 15°. The GW detection limits
refer to the S/Npet threshold. Near infrared and optical limiting magnitudes are in the AB system; radio limiting flux densities are in mJy @ 1.4 GHz; X-ray
limiting flux densities are in erg cm 2 s~ keV~! @ 1 keV; gamma-ray limiting photon fluxes are in photons cm 2 s~ ! in the 15-150 keV (Swift/BAT) or 10~1000
keV (Fermi/GBM) band. Detection rates are in yr~!. The reported errors, given at the 90% credible level, stem from the uncertainty on the overall merger rate,
while systematic errors are not included.

GW KN + GW GRB Afterglow + GW GRB Prompt + GW

J z g Radio Optical X-rays Swift/BAT  Fermi/GBM
LVK O4
Limit 12 21 22 22 0.1 22 1071 35 4
Rate SFHo, xpn = 0 15.075%*  0.05700 0.167017 0167017 0.015%00%  0.0027000%  0.027002  0.002759%%  0.012+9053
6, = 15°) (0.0117505)  (0.0015501)  (0.0570%)  (0.007F0007)  (0.044700°)
Rate SFHo, xpu = [0,0.5] 16.1735° 0297930 054792 0537025 0.0670% 0014795  0.0875%  0.006%000  0.04700
(6; = 15°) 0107058 (0.02%98%)  (0.2270%)  (0.04100)  (0.20M04)
Rate DD2, xpy = 0 19.07777 0307035 056703 0547035 0.03TH0,  0.0071000;  0.04T00)  0.00370003  0.027507
(6, = 15°) (0.047003)  (0.0047000) (0.11700) (021905 (0.1270.5%)
Rate DD2, gy = [0,0.5]  18.07132 0.9710% 157708 1557050 013708 0.03%00 0161000 0.01270012  0.07700;
(6, = 15°) 021793y (0.03%0%)  (0.557037)  (0.09700: 05753
LVKI O5
Limit 12 21 24.4 26 0.01 26 1071 35 4
Rate SFHo, xpy = 0 140737 0087008 15705 217F 0147508 0.05700 0077097 0.008735%%8  0.0470%
(6, = 15°) (023702 (0.071903)  (0.18701])  (0.037083)  (0.1570.53)
Rate SFHo, xpny = [0,0.5] 13673° 048%0% 56732  7.0"7 081708 023707 033703 0.04100 0.20190%
(6, = 15°) (1467030 (073079 (1.2273%)  (0.1770%)  (0.92%92))
Rate DD2, xpy = 0 144188 0537031 68T 7978 0557035 021794 027191 0.0370% 0.17517
(6; = 15°) 09202 (0427030 (0.927023)  (0.1270%8)  (0.6470%
Rate DD2, xpy = [0,0.5] 144717 16757 1347538 159734 19729 047705 0717070 0.071908 04703
6, = 15°) (32133 (L7119 (2.8M2%)  (047)3) (22139
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6.4 Detailed study of the detectable EM signals

We now turn to detailed studies of the different EM counterparts.

6.4.1 Kilonova
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FIGURE 6.4: Distribution of O4 (left-hand panel) and O5 (right-hand panel) KN g band (484
nm, upper panel in blue) and | band (1250 nm, lower panel in red) magnitudes as a function
of time. The shaded regions show the apparent AB magnitude versus post-merger time
for 50%, 90% and 99% of our simulated KN light curves GW-detectable sources. Colored
circles show extinction-corrected AT2017gfo data rescaled to the median distance of the GW
triggers (~ 212 Mpc in O4, ~ 381 Mpc in O5). The solid, dashed and dotted lines show the
cumulative distributions of apparent magnitude at peak, at 3 days and at 5 days after the
merger, respectively.

In Figure 6.4, we plot the distributions of the g and | band KN light curves of the
GW-detectable events for the O4 and O5 runs, with the photometry of the KN signal
associated with GW170817, AT2017gfo, at the median distance of the GW-detectable
events with mgyt > 0 (~ 212 Mpc in O4, ~ 381 Mpc in O5). We took the photometric
data from Villar et al. [307]. We note that, for the first few days, the typical BHNS KN
light curve is at least two magnitudes dimmer than AT2017gfo, signaling the intrinsic
weakness of the BHNS KN with respect to BNS KN sources at the origin of the low
detection prospects described in Section 6.3.

By applying the detection threshold we considered in O4 and O5 (22 and 26
magnitudes for the ¢ band, respectively and 21 for the | band), we find that most
of the KNe are undetectable in O4, whereas a majority of them are detectable in
O5 in the ¢ band. Indeed, the magnitude threshold is slightly above the median
peak magnitude of O4 and largely below for O5. This explains the jump in KN-
detectable fraction that was found in Figure 6.2 and the lesser effect of the EoS and
spin distributions in Figure 6.3.

However, the distribution of magnitudes at 3 days post-merger shows that, even
the deep limits considered in O5 are too shallow to detect the signal by this time.
In fact, the distribution of light curves suggests that the post-peak dimming is even
faster than for AT2017gfo. This poses the well-known issue of detecting the KN
counterpart in time before it dims away, which has been a limiting factor in follow-up
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searches, notably because of the large GW skymaps. This issue is partially solved by
considering infrared bands, where the signal is longer-lived. However, our numbers
show that the weaker sensitivity of instruments, e.g. in the z and ] bands, hinders
the detectability prospects in these bands. This can be solved by large-FoV optical
instruments such as the dedicated ZTF or survey instruments with a ToO program
such as the Rubin Observatory [35]. An additional solution to the recession of the GW
horizon and the dimming KNze is to search for the non-thermal counterparts such
as the radio afterglow directly with tiling instruments, a strategy that is available to
upcoming radio surveys and that we will study further in Section 6.6.2.

6.4.2 GRB afterglow
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FIGURE 6.5: F,, AB magnitude and vF, versus time for the GRB afterglow light curves
associated to O5-detectable sources in our population. In the top panel we assume a jet core
half-opening angle 6; = 3.4°, in the lower panel we assume 6; = 15°. Solid and dashed
contours contain 50% and 90% of the peaks, respectively. Red, green and blue colors indicate
the radio (1.4 x 10°Hz), optical (4.8 x 10MHz), X-ray (2.4 x 10"Hz) bands, respectively. The
colored circles are the observed data of GRB170817A [188] at the median distance of the GW
triggers. The gray lines in the background are 300 randomly sampled light curves in the
respective bands.

In Figure 6.5 we show the properties of GRB afterglows associated with O5 GW-
detectable binaries in our population by showing the contours containing 50% (solid
lines) and 90% (dashed lines) of GRB afterglow peaks on the F, (AB magnitude, vF,)
versus observer time plane. The red, green, and blue colors refer to the radio, optical,
and X-ray bands, respectively. In the upper panel, we assume a jet half opening angle
of 0; = 3.4° and in the lower panel of 6; = 15°. In the narrow jet population, most
peak times are at > 10 days, with a small subsample peaking at early times (~ hours)
in the optical and X-rays, producing very bright emission, due to on-axis events with
small viewing angles. In the population with a larger opening angle of 15°, more
jets can fall within the viewing angle of the observer. As a result, the number of
on-axis events will increase compared to the narrow jet population, leading to the
bimodality of the distribution of afterglow peaks at short and long times apparent in
the bottom panels of Figure 6.5. In order to help visualize the underlying light-curve
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behavior, we display 300 randomly sampled afterglow light curves from our GW
triggers (thin gray lines) in the background (the band is the same as the respective
contours). The small circles indicate GRB 170817A data [188] at the median distance
of our population of GW triggers with m1,,: > 0 (~ 381 Mpc in O5), whose peak lies
within the 50% (90%) contours in all three bands, assuming 6; = 3.4° (6; = 15°).

6.4.3 GRB prompt
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FIGURE 6.6: Rest-frame SED peak photon energy Epcax versus the isotropic-equivalent energy
Eiso for our BHNS population. In the top panel we assume a jet core half-opening angle
0 = 3.4°, in the lower panel we assume 6; = 15°. The filled green colored regions contain
50%, 90% and 99% of the binaries both GRB Prompt- and LVKI 05-detectable. The magenta
lines contain 50%, 90% and 99% (solid, dashed and dotted, respectively) of the GRB prompt-
detectable binaries. The black dashed line contains 90% of the O5-detectable binaries. The
black dots with error bars represent a SGRB sample for comparison [268]. The orange dot is
GRB170817A.

In order to visualize the GRB prompt emission parameter space accessible by
multi-messenger observations, in Figure 6.6 we show how the rest-frame spectral
energy distribution (SED) peak energy E,c.k and the isotropic-equivalent energy Eiso
are distributed for events that satisfy our detectability criteria for the GW signal, the
GRB prompt emission, or both. The two variations in the jet half-opening angle are
displayed in two separate panels: 6; = 3.4° (right panel) and 6; = 15° (left panel).
Green filled contours refer to events that can be jointly detected by the O5 LVKI
network and Fermi/GBM: different shades of green contain a progressively higher
fraction (50%, 90%, and 99%) of the joint GRB prompt- and O5-detectable binaries.
The black dashed contour contains 90% of the events that are detectable in GW. The
magenta contours contain 50%, 90% and 99% of events detectable by Fermi/GBM.

For comparison with the known cosmological population, we show with gray
diamonds the properties of a sample of short GRBs (SGRBs) with known redshift
[268]. The orange diamond in the plot corresponds to the position of GRB 170817A.

Given the monotonic dependence on the viewing angle of both Eis and Epeak, as
shown in Figure 4.2, the GRBs in our model naturally feature an "Amati" correlation
[29, 299], with events on the upper-right part of the plane observed close to on-axis
and events with lower Ejs, and Epcax Observed farther from the jet axis [see 268, for
a detailed explanation of why and how this kind of correlation is induced by the
presence of an angular jet structure]. The contours show clearly that Fermi/GBM
preferentially detects events close to on-axis (actually, close to ¢; where the accessible
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solid angle is maximised); the GW detectors preferentially detect events with a larger
viewing angle (peaking at around 30° due to a trade-off between the larger solid
angle and the weaker GW strain with increasing viewing angle, e.g. [278]); joint GRB
plus GW detections occupy a region in between these two, especially for 6; = 3.4°
where the peaks of the GW and GRB distributions are more widely separated.

The main impact of the two different jet core half-opening angle assumptions on
these distributions consists in a horizontal shift towards lower Eis, for increasing 6;.
This is a consequence of the fact that we keep the total jet energy fixed when varying
the opening angle, which implies that the maximum attainable E;s, for each jet (which
corresponds to that measured by an on-axis observer) scales as 9].’2. This shows that,
if the average opening angle of BHNS jets were indeed larger than that of BNS jets,
and if the spectral properties of the prompt emission were otherwise similar as we
assumed, then BHNS-associated GRBs would follow a distinct Amati correlation
with respect to BNS-associated ones. This statement clearly rests on very uncertain
assumptions and must therefore be taken with a grain of salt.

Inspection of Table 6.1 additionally shows that a larger 6; positively impacts the
joint GRB plus GW detection rate, despite the GRBs being dimmer overall. This is a
consequence of the fact that, for the current generation of GW detectors, the horizon
for a joint detection is set by the GW than by the GRB: while the latter can be detected
in principle out to z 2 2, the former are currently accessible only out to z ~ 0.1 — 0.3
(see Figure 6.2).

6.5 Sky localization and detection limits

In Section 6.3 we show the detection rates for joint GW and EM events considering
representative detection limits based on the typical depth that can be reached during a
wide-field EM follow-up in response to a GW alert in O4 and O5, without information
on the GW sky localization. In order to provide the community with the opportunity
to explore alternative observing configurations that correspond to varying detection
limits as well as constraining the sky localization, we report in Figure 6.7 and in
Figure 6.8 the distribution of detection rates as a function of the detection limit for the
joint EM+GW channels considered in this work, in O4 (upper panels) and O5 (lower
panels).

In particular, in Figure 6.7 we show the detection rates for the GRB prompt+GW
(left panel, orange) and GRB afterglow+GW (right panel, red) detectable binaries
for our BHNS fiducial population (for KNee this information is already displayed
in Figure 6.4). For the GRB Prompt+GW detections, we showcase the rates under
three different assumptions: we assume an all-sky field of view and a 100% duty
cycle (solid line), we account for the duty cycle and field of view of Fermi/GBM
(dashed line) and Swift/BAT (dotted line). Both in O4 and O5 the curves tend to
flatten after a value of about 10 ph cm 2 s71, as the GRB prompt detection is limited
by the GW detection. For the GRB afterglow+GW we show individually the rates for
the radio (solid), optical (dashed), and X (dotted) bands. The saturation point of the
curves indicates the sensitivity required to detect all the EM+GW events, resulting
in a corresponding detection rate for the GRB afterglow and KN (see Figure 6.8) of
0.341035 yr~1 for the O4 run and 2.1373-2 yr~! for the O5 run (assuming the SFHo
EoS and xpy = 0).

In order to provide additional information about the sky localization, in Figure 6.8
we show the detection rates as function of the detection limit for the KN+GW (in the
g band) and GRB afterglow+GW (in the radio band), considering all the detectable
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FIGURE 6.7: Detection rate as a function of detection limit threshold for our fiducial BHNS
population. In the top panel we assume the LVK O4 detectors network, while in the lower
panel we assume the LVKI O5 detectors, both with a 70% duty cycle for each detector. The
orange and red colors indicate respectively the GRB prompt+GW and the GRB afterglow+GW
detectable binaries. In the left panel, the solid line indicates an all-sky field of view with a
100% duty cycle, the dashed and dotted lines account for the Fermi/GBM and Swift/BAT
duty cycle and field of view, respectively. In the right panel, the solid, dashed, and dotted
lines indicate the radio, optical, and X bands, respectively.

binaries (solid lines), the detectable binaries with AQ)gge, < 100 deg2 (dashed lines)
and the ones with AQgpy, < 10 deg2 (dotted lines). In the top panel we assume
the LVK O4 detectors network (colored lines) and a network consisting of only two
aLIGO (black lines), while in the lower panel the LVKI O5 detectors network (colored
lines) and the same network without LIGO-India (black lines).

In O4, as expected, there is a significant degradation in sky localization assuming
a GW network without Virgo and KAGRA. However, the detection rates are still low
for a complete network, due to the intrinsic challenges that we discussed previously,
posed by the BHNS population. Regarding the O5 run, assuming the LVKI network,
the sky localization is excellent, with nearly all events having AQgyy, < 100 degz.
Furthermore, in the absence of LIGO-India, the presence of Virgo and KAGRA at
their design sensitivities would result in only a twofold reduction in the rate relative
to 100 square degrees, yielding a KN+GW rate of ~ 1 yr'.
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FIGURE 6.8: Detection rate as a function of detection limit threshold for our fiducial BHNS
population. In the top panel we assume the LVK O4 detectors network (colored lines) and a
network consisting of only two aLIGO (grey lines). In the lower panel we assume the LVKI
O5 detectors network (colored lines) and the same network without LIGO-India (black lines).
Every network is assumed with a 70% duty cycle for each detector. The blue and red colors
indicate respectively the kilonova+GW (g band) and the GRB afterglow+GW (radio band)
detectable binaries. The solid line indicates all the detectable binaries, the dashed and dotted
lines the detectable binaries with AQgy, < 100deg2 and the ones with AQgge, < 1Odeg2,
respectively.



84 Chapter 6. BHNS in O4 and O5

6.6 Discussion

6.6.1 Comparison with other works with similar goals

As pointed out by Boersma and van Leeuwen [62], the distribution of BH spins plays
a crucial role in determining the prospects of MM detections of BHNS mergers. This
role is more important than the NS EoS, and the uncertainty due to the unknown spin
distribution surpasses the uncertainty on the intrinsic BHNS merger rate. However,
in contrast to Boersma and van Leeuwen [62], we find that the prospects for radio
afterglow detections in the upcoming runs of the Ligo-Virgo-generation of GW inter-
ferometers are not that poor, assuming the radio instruments follow their planned
development. In the O5 run with a limiting radio sensitivity of 0.01 mJy, the detection
rate is no lower than 1 every few years in the fiducial model where BHs are non
spinning, and can reach order 1yr~! in the case BHs are endowed with a moderate
spin (see Tab. 6.1). The issue of localizing the source in order to discover the afterglow
remains since we find that the likeliness of detecting a short GRB counterpart is low,
as in Boersma and van Leeuwen [62], and more so in O5 than in O4. Even with the
current generation of IFOs, the coming online of more GW detectors will decrease the
expected size of the GW skymaps, and the deployment of more optimized follow-up
strategies can help to meet the challenge of covering them.

In their KN modeling, Zhu et al. [315] follow an approach similar to ours when
informing the parameters of a semi-analytical model (e.g., mass and opacity of various
ejecta components) with numerical simulations. For the O5 run, we find a similar
limiting magnitude of 23-24 in the visible bands found by Zhu et al. [315] to recover
half of the KN counterparts, with the spinning-BH hypothesis (see Tab. 6.1). We
also share their conclusion of the fast decay of these signals, possibly hindering their
detection even three days post-merger. A possible way to circumvent this issue is
to search for the afterglow using wide-FoV instruments to tile the GW skymap, as
suggested in the X-rays by Ronchini et al. [258] and as we will discuss in Section 6.6.2.

Conversely, Zhu et al. [316] find a much larger rate of combined GW, GRB prompt
and KN detections in O4 and O5 than we do. Interestingly, their study follows a
very different method, which relies on the parameter inference of three long-duration
GRBs that are hypothesized to be of BHNS-merger origin. Their analysis suggests
massive-BH and highly-spinning BH progenitors, which could explain their much
higher detection rates. Of course, this conclusion is highly dependent on the emission
model they use to infer the properties of the progenitors of these three bursts. In any
case, the comparison of our formation-channel-based work with studies such as Zhu
et al. [316] underlines the importance of considering BHNS systems in all of their
manifestations: as GW triggers with EM counterparts but also as the progenitors of a
fraction of SGRBs ([129], or even some LGRBs, [recently, e.g., 249, 179]), for which
the longer observation history can be an advantage over the GW triggers as a tool to
study the population of BHNS mergers.

6.6.2 Direct searches for the radio afterglow with a titling strategy

In Section 6.3, we studied the detectability of the radio afterglow of merging BHNS
systems at a fixed detection threshold of the radio flux. In practice, this criterion
assumes knowing the location of the source, e.g., thanks to a detection of the KN
before the afterglow searches. In the O2 and O3 GW observing runs, searching for the
KN signal was seen as a stepping-stone to locate the event before performing deep
searches for other EM counterparts, such as the relativistic jet’s afterglow. Efforts in
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TABLE 6.2: Relative number of GW-detectable systems with detectable GRB afterglows (radio
band), with and without detectable KN, for our fiducial population model, in an O5-type run,
and the two jet opening angle hypotheses. The threshold for GRB radio afterglow detection
considered was 0.01 mJy. KN detection is defined by detection in g (24) or in z (22.5), see text
for more details.

Fractions of GW triggers with detectable radio afterglow, 6; =3.4° 6; =15°

among which: 05 05

KN detectable 67% 74 %
KN undetectable 33% 26%
KN undetectable & GRB prompt undetectable 12 % 15%

developing large-FoV optical instruments and networks of instruments were partly
driven by the wish to ensure this KN detection, overcoming the potentially large
uncertainties of GW skymaps.

However, as shown in the O3 run, and for those events likely hosting a NS,
covering the GW skymaps in optical searches is challenging (we refer to GW190425
and the two BHNS systems; see Section 6.1 and, e.g., [83, 22]). In addition, our
results show that most KNee associated to BHNS systems remain undetectable for the
majority of the GW triggers (see Tab. 6.1 and Figure 6.4). This should also be the case
for BNS systems [e.g. 78]. Furthermore, detecting a KN is challenging considering its
fast decay. This limitation motivates the development of new follow-up strategies
to detect the afterglow emission without having first acquired the source’s location
thanks to the KN detection.

Luckily, the long duration of the radio afterglows due to the system’s off-axis
inclination angles, as exemplified in Figure 6.5, represents a significant advantage
over the shorter-lived KNeae suggesting the direct search of the afterglow counterpart
after a GW trigger with optimized follow-up strategies.

To quantify the gain in discovering the afterglow in absence of a KN counterpart
we show in Tab. 6.2 the number of detectable BHNS afterglows with and without
a detectable KN in an O5-type run. We considered a radio afterglow threshold of
0.01 mJy for O5 as in Section 6.3 and KN limits of 24 in ¢ and 22.5 in z. In Section 6.3,
we had considered a g-magnitude limit of 26 respectively for O5, representing the
performance of a single deep instrument. However, due to limitations in sky coverage
and instrument availability, it is likely that networks of optical instruments with
shallower imagery will continue to play a significant role in kilonova discovery
searches. Therefore, a more realistic estimate of the overall follow-up performance in
O5 is a shallower limit of 24 in g.

The table shows that, in O5, 33% of GW triggers with a detectable afterglow do
not present a detectable KN for 6; = 3.4°, and 26% for 0; = 15°. This suggests that
relying on the KN as a stepping-stone for afterglow searches limits the potential for
afterglow detection. As expected, inspection of this subclass of events shows that the
afterglows without KN are mostly high-distance events with low inclination angles,
close to the GW horizon. In addition, 12-15% of these afterglows present neither a KN
nor a detectable GRB prompt emission, prohibiting the GRB prompt from providing
localization data.

To bypass this dependence on the KN signal, we explore the possibility that
large-FoV radio instruments can tile the GW skymap in search for the afterglow,
as already considered for future radio arrays by Dobie et al. [92] and in the X-ray
band for upcoming large-FoV instruments by Ronchini et al. [258]. In Figure 6.9,
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FIGURE 6.9: Population contours of the GW-detectable events in O5 with detectable radio
afterglow in the plane of detectability interval of the afterglow versus 90%-confidence GW
skymap size. We distinguish the events with a detectable (blue) or undetectable (orange)
KN. The limiting fluxes and magnitudes for the radio afterglows and KN are as in Tab. 6.2.
The green and red lines indicate the limit above which the tiling strategy is viable for the
DSA-2000 and the ngVLA, respectively. That is, the GW skymap can be covered at least 5
times by tiles over the afterglow time of observability (Eq. 6.3). The vertical lines indicate the
GW skymap sizes that require a total observing time of one and five hours to cover by the
two instruments, using the same color code.

we show the contours of GW triggers with detectable radio afterglows in O5 runs,
by distinguishing those with and without detectable KN, using the same radio and
KN limits as in Tab. 6.2. The orange contours corresponds to the KN-less afterglows
discussed in Tab. 6.2, which could be the target of this radio tiling strategy.

In this plot, a tiled search for the afterglow is only viable under the following

condition: AT AQ
radio > N x GW

A ttile A QFOV

such that the GW skymap of size AQgw can be covered entirely at least N times by
tiles of size AQpoy in the time that the afterglow is detectable. Being able to cover
the GW skymap more than once ensures to acquire enough photometry points to
identify the afterglow among various transient sources. We added this integer N,
that increases the observation time required to tile a GW skymap, also to capture the
unmodelled effects of overheads in observations and gaps in instrument availability;
one can consider a fiducial value of N = 5. Here, Aty is the tiling period, that is, the
time interval between two tiles, which we take to be the integration time for radio
imagery, neglecting repointing time and similar overheads. AT;,4;, is the afterglow
detectability time interval, i.e., the time length during which the afterglow flux is
above the radio threshold of the given instrument, as determined from our afterglow
model (Section 6.2.3).

This tiling strategy is especially interesting for large-FoV instruments. We follow
Dobie et al. [92] in considering the DSA-2000 [143] and the Next-Generation VLA
(ngVLA, [279]), both instrument concepts with plans for a target-of-opportunity
program. The DSA-2000 is a survey instrument with a single-image FoV of AQg.y =
10.6 deg2 that can reach an rms sensitivity of 1 yJy in Aty = 1h in the 2 GHz band

(6.3)
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[143]. The ngVLA is a general-purpose radio array with a smaller FoV of AQg,y =
0.13 deg2 and a shorter time of Aty = 10 min to reach 1 uJy® in the same band.
In the radio tiling strategy, the critical factor is the tiling speed down to a given
sensitivity:
_ AQgey

Y= ) (6.4)
Attile

which, is Xpsa = 10.6 deg2 /hand Zpgvra = 0.78 deg2 /h for the two instruments,
respectively, down to 1 uJy.

In Figure 6.9, the green and red lines show the tiling limit according to Eq. 6.3
for the DSA-2000 and ngVLA. The dashed vertical lines indicate the GW skymap
sizes that can be covered in five hours of total tiling observation by these instruments.
We find that all of the KN-less GRB afterglows are in reach of the tiling strategy of
DSA-2000 and most of them are in reach for ngVLA, thanks to their large tiling speeds.
The limits of 1 uJy for DSA-2000 and ngVLA, an order of magnitude deeper than
the detection limits applied in Figure 6.9, would allow these instruments to make a
good sampling of the light curves and identify the GRB afterglow transient. We note
that, similarly to KN searches, once a transient candidate is identified by the radio
searches, these candidates can be announced and monitored by other instruments,
sharing the load of follow-up observations. In this scenario, the monitoring of radio
candidates identified early enough can even lead to the KN detection through optical
searches.

In O5, we find that these KN-less GRB afterglows will be detectable for up to
tens of days, leaving more than enough time to tile the skymaps. The prominence of
the KN-less afterglows at larger skymap sizes over the afterglows with KN further
motivates this strategy. We note that, even in O4 where the KNee are in principle
detectable, this strategy opens an alternate channel for counterpart discovery in
the case that the optical network did not detect the detectable KN beforehand, e.g.,
for lack of instrument availability or ToO program time. In O5, most of the GRB
radio afterglows are discoverable with a total observing time of less than 5 hours for
DSA-2000, corresponding to 5 tiles of DSA-2000. A significant fraction of events are
discoverable within 5 hours by ngVLA, corresponding to 30 tiles for this instrument.

The potential for radio tiling to improve the outcome of EM searches is critical for
systems such as BHNSs for which the detection prospects are tight (see Section 6.3).
The DSA-2000 and ngVLA concepts project to carry out target-of-opportunity pro-
grams. This ToO time could be used for the GRB afterglow discovery of already-
localized events, as was the case for radio arrays for GW170817. Alternatively, this
time could be condensed into the tiling of GW skymaps. With this second option, a
radio array can allow the discovery of up to 100% more GRB afterglow counterparts
than if the community relies on the detection of the KN first.

In any case, like all tiling strategies, the radio tiling strategy requires archival
images of the sky to flux limits as deep as the follow-up searches. This is required to
carry out difference-imaging and identify the transient sources. To our knowledge,
such archival images do not exist in the GHz band. However, the instruments that are
best fit for tiling strategies are survey instruments, such as the upcoming DSA-2000,
which could then rely on its own survey images for the searches in its ToO program.

Whether targeting the KN or the GRB afterglow, the choice of events to follow
up and when to start tiling could benefit from low-latency release of GW constraints
on the binary parameters. In particular, the early publication of the binary masses

5The announced performance for the ngVLA is 0.41 uJy in one hour [279, Tab. 1], equivalent to 1 uJy
in 10 min, considering Fyy, o t~1/2.
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would help determine the expected afterglow flux, and information on the inclination
angle would help predict the peak time or optimal interval for observation. For the
KN, follow-up teams have already developed models to generate the light curved
likely to arise from a source, given the binary parameters [41, 92]. A similar tool for
afterglows could help optimize searches, if the GW constraints on the binary systems
are released in low latency.

6.7 Summary and conclusions

In this Chapter, we studied the MM detectability of merging BHNS binaries in the
O4 and O5 runs of the global GW detector network. BHNS systems are MM sources
and here we explored their observability by characterizing their multi-frequency
EM emission and computing the cumulative MM detection rates. We started by
constructing a synthetic population based on the binary evolution models from
Broekgaarden et al. [68], assuming two different BH spin prescriptions and two
variations of the NS EoS. We computed the expected properties of the material
expelled during and after the coalescence using fitting formulae calibrated on a large
set of relativistic hydrodynamical simulations. We then used this information as input
to semi-analytical models to compute the observable properties of the associated
KN, multi-wavelength GRB afterglow and GRB prompt emission. This allowed us
to construct the distributions of the EM observables for O4 and O5 GW-detectable
events.

Overall, the prospects for O4 are poor, with less than one detectable KN counter-
part every few years when assuming non-spinning BHs in the binaries. Under the
assumption that BHs can have spins up to xgu = 0.5, the prospects are of the order
of one detectable counterpart per year, the effect of the spin distribution on the rate
of detectable counterparts being larger than that of the EoS.

As of O5, the prospects for MM observations will be brighter, thanks to the
improved performance of the GW and EM instruments. We expect one detectable
KN counterpart per year assuming non-spinning BHs, and about ten per year if the
BHs are spinning. The prospects for detectable radio GRB afterglows follow the same
trend, with one detectable counterpart assuming spinning BHs in O5.

The strong effect of the spin distribution on the EM counterparts opens the way
to constraining the formation channels of the BHNS systems since these channels
determine the distribution of binary parameters. However, it is only as of O5, when
the potential detection rates will be significant, that the constraining power of MM
observations will appear.

In any case, even when the KNee are detectable, their observation should remain
challenging due to their fast dimming, and the large GW skymap sizes. This motivates
tailored observing strategies aiming to provide an alternative channel to discover
afterglow counterparts directly in the radio band, leveraging the afterglow’s long
duration, in case the KN was not detected. Large field-of-view radio arrays, such
as the projected DSA-2000 and ngVLA, can effectively carry out a tiling of the GW
skymap during their target-of-opportunity program. This radio tiling strategy could
allow to recover up to twice as more GRB afterglow counterparts of BHNS systems
than if one relies on first detecting the KIN.

The data produced in this Chapter are publicly available on Zenodo through the
link https://zenodo.org/doi/10.5281/zenodo.10700748. The scripts and files to
reproduce the main figures in the text are publicly available at https://github.com/
acolombo140/0405BHNS.
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Chapter 7

Multi-Messenger Observations in
the Einstein Telescope Era

In this Chapter, we present preliminary prospects for multi-messenger observations of binary
neutron star and black hole - neutron star mergers in the Einstein Telescope era. The model
used is the one described in Chapters 5 and 6, based on Colombo et al. [78, 79]. Part of the
results presented here will be included in the Chapter of the Einstein Telescope Blue Book
dedicated to multi-messenger observations. Since the following Chapter is not based on a
peer-reviewed work, the results presented here should be treated with caution.

7.1 Introduction

The first detection of gravitational waves (GW) from a binary neutron star (NSNS)
merger, GW170817, by Advanced LIGO [1] and Virgo [24] marked a significant
milestone in multi-messenger (MM) astronomy. This event, characterized by both
GW and electromagnetic (EM) emissions, substantially enhanced our understanding
of EM transients originating from NSNS mergers [9, 11, 8].

Despite the improved sensitivity in the O3 and the first half of the O4 observing
runs, no new EM counterpart detections were reported. The challenges in EM follow-
up campaigns were often attributed to either the inadequate sky localization of GW
signals or the considerable distance of the events.

Recent detections of black hole-neutron star (BHNS) mergers through their GW
emission have opened new possibilities [22]. Although EM emissions have not yet
been confidently associated with these mergers, the subject remains of keen interest.

The forthcoming third-generation (3G) GW observatories, such as the Einstein
Telescope (ET; [242]) and Cosmic Explorer (CE; [251]), promise remarkable advance-
ments. Compared to current detectors, these observatories are expected to offer an
order of magnitude improvement in sensitivity and an expanded bandwidth, both at
lower and higher frequencies. This enhancement will significantly boost the potential
for discoveries in astrophysics, cosmology, and fundamental physics.

The current design of ET incorporates several innovative features compared to
the second-generation LIGO-Virgo detectors. Notably, ET is planned as a unique tri-
angular observatory located 200-300 meters underground, a strategic decision aimed
at reducing seismic noise. Its triangular layout, comprising three nested detectors
with arms stretching 10-15 km, is designed to offer redundancy, the capability to
distinguish GW polarizations, and the creation of a null stream for disturbance rejec-
tion. Additionally, ET’s xylophone configuration is a distinctive aspect. Each detector
consists of two interferometers: one optimized for high frequencies with high laser
power, and the other for low frequencies, operating at cryogenic temperatures and
low laser power.
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In this preliminary study, we analyze the expected observational characteristics
of EM emissions from NSNS and BHNS mergers detectable by ET, with a focus on
kilonova (KN) and jet-related emissions. We constructed a synthetic population of
merging NSNS and BHNS binaries, calculating the expected properties of their ejecta
and accretion disks using numerical-relativity-informed fitting formulae. Employing
these properties as inputs, we then computed the observable features of their associ-
ated KN, GRB prompt, and GRB afterglow emissions using a suite of semi-analytical
models. This approach enabled us to construct distributions of EM observables for
ET-detectable events, providing a comprehensive view of this new era in astronomy:.

7.2 GW-EM models

For the analysis conducted in this Chapter, we assumed two populations of merging
compact objects, one of NSNS and one of BHNS.

The NSNS population was the same as assumed in Chapter 5 (based on [78]),
in which the mass distribution was calibrated with current observational data from
GW detections and Galactic NSNS systems, assuming a cosmic merger rate density
derived by convolving a delay time distribution (P(tq) o t;l), with a minimal
delay of t4min = 50 Myr, with the cosmic star formation rate as per [185] (refer to
Appendix A for details). This was normalized to align with the local rate density
Ro = 347fg§2 Gpc 3 yr~!, ensuring a consistent match with the observed frequency
of significant NSNS mergers [17] (see Appendix A.1.3).

For BHNS we assumed the fiducal population described in Chapter 6 (based on
[79]). Specifically, we relied on the BH and NS mass distributions from the standard
parameter set (model A) detailed in Broekgaarden et al. [68]. We also incorporated the
fiducial metallicity-specific star formation rate density from the same study, grounded
in the phenomenological model of Neijssel et al. [214]. This approach was normalized
to match an empirically derived merger rate density of Ryg = 1491?5’3Gpc*Z"}Ir*1 at
redshift z = 0, accurately reflecting the four BHNS events observed with FAR <'1
yr~! as reported in [17]. The normalization process followed methodologies similar
to those in Appendix A.1.3. For the BH spin distribution we fixed the conservative
model where xgy = 0 for all the binaries.

For both the populations we assumed the soft SFHo EoS ([146]), predicting a
maximum non-rotating NS mass of Moy = 2.06 M, and a radius of R; 4 = 11.30km
fora 1.4 Mg NS.

For each merging event within our study, we have calculated the expected signal-
to-noise ratio (5/N) for ET using a matched-filter approach. Additionally, we calcu-
lated the 90% credible area for sky localization AQge, for each detected signal (for
BHNS only for the events with an EM counterpart, mqu: > 0). For ET we assumed
the triangle configuration with 10 km arms, locating the detector in Sardinia. We
considered the ET-D sensitivity curve and we incorporated a 85% uncorrelated duty
cycle for each detector, aligning with the standard set in [64].

The computations of S/N and sky localization were performed via the GWFAST
software package [155, 154], utilizing the IMRPhenomNSBH waveform model [225, 89]
for BHNS and IMRPhenomD_NRTidalv2 [89] for NSNS. This model in GWFAST depends
on several parameters, including the detector-frame chirp mass, mass ratio, dimen-
sionless spins of the binary components, luminosity distance, sky position, binary
inclination angle, polarization angle, time and phase of coalescence, and the neutron
star’s tidal deformability [155]. For parameters not explicitly discussed previously,
values were drawn from non-informative priors within their physically relevant
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ranges, as detailed in Iacovelli et al. [155]. For an in-depth discussion on this topic
and a comparison of different inversion methods, we refer to Section 6.2.2 in the
previous Chapter and Section 2 and Appendix D of lacovelli et al. [154].

Our population analysis included computations of expected ejecta mass, aver-
age velocity, and accretion disk mass, utilizing numerical-relativity-informed fit-
ting formulae [41, 171, 245]. For BHNS we calculated the accretion disk mass as
Mgisk = Mout — Mdyn, where 1yt is the mass remaining external to the remnant
BH for each event in our compact object population [116]. We also implemented a
condition where if Mdyn exceeded half of my: as predicted by these formulas, we
set Mgy to its maximum value mfi“;r’f(mout) = 0.5mqyt, following the guidelines of
Foucart et al. [113] and Rees [250] (see Chapter 2).

These results served as inputs for calculating the EM counterparts observable
features for each binary in our population. Specifically, we computed the KN light
curves in the ¢ (484 nm), z (900 nm), and | (1250 nm) bands, using the anisotropic
multi-component model of Breschi et al. [66], which is based on Perego et al. [230].

For NSNS, in scenarios where the merger results in a remnant mass Mrem >
1.2Mrov, indicative of either immediate or delayed collapse into a BH, we hypothe-
sized the launch of a relativistic jet. For BHNS, the formation of a relativistic jet with
energy E. was presumed if Mg;sx > 0. We assumed that if the jet energy surpasses a
certain threshold (based on [97]), it successfully penetrates the ejecta, leading to GRB
prompt and afterglow emissions.

For both the populations, we adopted a jet angular structure motivated by the
one of GRB170817A [125], fixing the median interstellar medium density and micro-
physical parameters representative of GW170817. We computed the GRB afterglow
light curves over 0.1 to 1000 days in the radio, optical, and X-ray spectrums.

Our methodology for GRB prompt emissions employed a model approach akin
to [44] and [266]. A constant fraction 17, = 0.15 of the jet energy density, restricted
to regions with a bulk Lorentz factor I' > 10, was assumed to be emitted as photons.
The resulting observed spectrum was an integration of this radiation over the jet’s
solid angle, incorporating relativistic beaming effects.

For NSNS systems observed within a viewing angle 6, < 60°, we also included a
cocoon shock breakout component, modeled following GRB170817A [8], featuring a
luminosity and spectrum characteristic of this event. In BHNS we did not consider
this additional emission, because off the lack of observing constraints from this kind
of sources.

Finally, photon fluxes in specific energy bands were calculated, assuming a stan-
dard burst duration, and considering the observational constraints of Fermi/GBM
and Swift/BAT. Further details and model specifics were elaborated in Chapter 4. Our
calculations of GRB prompt emission detection rates also accounted for the limited
field of view and duty cycle of these instruments, as quantified by [71].

7.2.1 Multi-messenger detection criteria

In this analysis, we focused on NSNS and BHNS systems detectable through GW and
MM observations, considering the capabilities of upcoming observational facilities.
In order to facilitate the comparison with the previous Chapters and to avoid facility-
specific simulations of the GW localization and of the actual search strategy, we
assumed the O5 detection thresholds described in Section 6.2.4

For GW signal detection, we implemented a S/N threshold of 12. This relatively
stringent S/N threshold also enhances the reliability of the parameter estimation
forecasts based on the GWFAST Fisher-information-matrix [154].
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Regarding EM follow-up, we anticipated substantial improvements in radio and
optical search depths, owing to new instrumentation. In the radio spectrum, we
expect a tenfold sensitivity increase to 0.01 mJy [92] respect to our limits in O4, achiev-
able by next-generation instruments like the SKA2 [65], Next-Generation VLA [81],
or DSA-2000 [143]. In optical observations, advancements are anticipated with large
FoV instruments like the Vera Rubin Observatory [156]. We considered magnitude
thresholds of 26 in the ¢ band and 24.4 in the z band, corresponding to the Rubin
Observatory’s target-of-opportunity program [35]. For X-ray we assumed a flux limit
of 1073 erg/cm? /s /keV at 1keV, achievable by Chandra or XMM-Newton with ex-
tended exposures [192, 85]; and a gamma-ray detection threshold for GRB prompt
emission of 4phcm~2s7! in the 10-1000 keV range, derived from Fermi/GBM GRB
flux distributions [78].

As in the previous Chapters, it is crucial to note that our analysis is predicated on
the assumption that the GW sky localization areas for NSNS and BHNS mergers will
be thoroughly surveyed to the outlined detection thresholds by a coordinated effort
of various observatories. This assumption is based on the EM counterpart searches
following the BNS event GW190425 [83, 150, 36]. A more comprehensive analysis of
practical detection rates would require simulations mimicking the search strategies
of individual observatories.

7.3 Multi-messenger prospects with ET

In the left panel of Figure 7.1, we present our forecasts for the NSNS EM counterpart
detection scenario in conjunction with ET, based on the limits established in the previ-
ous Section. The light grey line, labeled “All NSNS”, depicts the intrinsic cumulative
merger rate, with the corresponding light grey band illustrating its uncertainty. This
uncertainty originates from Poissonian fluctuations in the rate density normalization,
considering our mass distribution (detailed in Appendix A.1.3). This uncertainty
propagates as a constant relative error to all subsequent rate estimates, displayed in
the Figure as colored bands.

The black line, denoted as “GW ET”, represents our estimated cumulative de-
tection rate of NSNS mergers assuming an ET triangle 10 km configuration. The
colored lines — blue for KNae and GW joint detections (“Kilonova+GW”), red for GW
and GRB radio afterglows (“GRB Afterglows+GW?”), and orange for GW and GRB
prompt emissions (“GRB Prompt+GW”) — indicate all-sky cumulative rates, with the
exception of the GRB prompt detection, that is based on observations by Fermi/GBM.
Results for other spectral bands are summarized in Table 7.1. The dashed lines repre-
sent the cumulative detection rates assuming only binaries with a sky localization
AQgge, < 100deg?.

Our analysis suggests that NSNS merger will be GW detectable by ET up to
approximately z ~ 1.5, translating to a detection rate of 21402?;’;%8 events per year.
Joint GW+EM detection rates for various counterparts are detailed in Table 7.1.

These rates imply that, up to redshift z ~ 0.4, the majority of KNee associated with
ET events will likely exceed the brightness thresholds at their peaks, hence falling
within the capabilities of Vera Rubin, with a detection rate of 4698f§igg yr~1. The
large number of detectable events and the rapid evolution of these sources poses
significant challenges for the choice of the GW events to follow and the subsequent
EM identification. The ability of ET to localize the sky position significantly influences
the effectiveness of the search for a counterpart by determining how many pointings
EM instruments need to adequately cover the GW signal location, as discussed by [64].
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FIGURE 7.1: Cumulative MM detection rates as a function of redshift (luminosity distance)
for our fiducial NSNS and BHNS population (SFHo EoS, non-spinning BHs) and assuming a
jet core half-opening angle 6; = 3.4° for the jet-related emissions. Left-hand panel: assumes
the ET triangle 10 km configuration. The light grey line (“All NSNS”) represents the intrinsic
merger rate for the NSNS population, with the grey band showing its uncertainty due to the
local merger rate. This uncertainty propagates as a constant relative error to all the other rates.
The black (“GW ET”) line is the cumulative GW detection rate (events per year with network
S/N > 12). The blue (“Kilonova+GW”), red (“Afterglow+GW”) and orange (“Prompt+GW”)
lines are the cumulative detection rates for the joint detection of ET GW plus either a KN, a
GRB afterglow or a GRB prompt (all-sky except for the orange line, which accounts for the
Fermi/GBM duty cycle and field of view). The dashed lines are the cumulative detection rates
assuming only the binaries with AQggo, < 100deg2. The assumed thresholds are shown in
the legend. Right-hand panel: same as the left-hand panel, but for the BHNS population.
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TABLE 7.1: Detection limits and predicted detection rates for NSNS and BHNS, assuming ET triangle 10 km. We report in parenthesis the detection rates
assuming AQgpe, < 100deg2. The GW detection limits refer to the SNRpe threshold. Near infrared and optical limiting magnitudes are in the AB system; radio
limiting flux densities are in mJy @ 1.4 GHz; X-ray limiting flux densities are in erg cm~2 s~! keV~! @ 1 keV; gamma-ray limiting photon fluxes are in photons
cm~2 s~ ! in the 15-150 keV (Swift/BAT) or 10~1000 keV (Fermi/GBM) band. Detection rates are in yr—!. The reported errors, given at the 90% credible level,

stem from the uncertainty on the overall merger rate, while systematic errors are not included.

GW ET KN + GW GRB Afterglow + GW GRB Prompt + GW
] z g Radio Optical X-rays  Swift/BAT Fermi/GBM

NSNS
Limit 12 21 244 26 0.01 26 101 3.5 4
Rate 21402133%%%  4.577% 5001775 46987727 77l 635, 1087756 52754 3471
(AQggy, < 100deg?) (34132 (77973% (19119))  (8.8'%7) (32133 (4617 (0497578 (2873
BHNS
Limit 12 21 24.4 26 0.01 26 10-13 3.5 4
Rate X 3053513735 0.09i§;33§ 7.731{;3 37.0t5§§;;g 1.6%%7 4.2j%;§iz 4.8j%;%3 0.12t§;é§ 0.81f§f§
(AQgg9, < 100deg?) 0.07%500) (.77 (5.1135) (0457550 (0411530 (0421030  (0.03700)  (0.171540
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For this reason in Table 7.1 we also report the detections rates for the best localized
binaries, having AQgge, < 100deg2. In this case the KN detection rates decrease to a
more realistic value of 191 ﬁ?ﬁ yrfl.

As discussed in the previous Chapters, the high proportion (97%) of off-axis jets
makes the predicted joint GW and GRB rates comparatively lower, with a detection
rate of 77fé}9 yr*1 for GRB radio afterglows and 344_“3% yr*1 for GRB prompt (for the
best localized events the rates decrease to 8.8".%” yr~! and 2.8773 yr~!, respectively).
According to this analysis, the majority of sGRB currently detected by Fermi/GBM will
have a GW detectable counterpart, in accordance with [258]. Moreover, differently
from the close KN population, the jet related emissions will constitute a unique
population to study MM astronomy in the distant Universe, with an EM horizon set
by the ET GW detection up to redshift z ~ 1.5.

In the left panel of Figure 7.1, we report the same cumulative detection rates for the
BHNS population. We expect a GW detection rate of ?)OS?)SJE;’;%;;1 yr~1, detectable up
to redshift z ~ 2. For these events, we expect that only about 2% will manage to emit
material during the coalescence (14, > 0), potentially powering an EM counterpart.
This results in significantly lower rates compared to the NSNS population.

In particular, we find a KN detection rate of 37.03513:2 yr_l, that decreases to 5.13%

yr~! considering only the events with AQgge, < 100deg”. The KN horizon is the same
as the NSNS case around z ~ 0.4.

GW-detectable systems with an observable radio afterglow and GRB prompt are
forecasted to achieve a total rate of 1.6ﬂ:g yr~! and 0.81f8:2§ yr—1 (0.45J_r8:‘21g yr~! and
0.17f8:% yr~! for the well localized events). Their EM horizon is sensibly smaller than
the GW one respect to the NSNS case. This occurs because only events with lower BH
masses, and consequently with a reduced intrinsic S/N, have the capacity to generate
an EM counterpart, as discussed in Chapter 6. Consequently, the combined GW+EM
detection horizon is defined by the GW detection of events involving BHs below a
specific mass threshold.

Although the detection rates for the BHNS population are significantly lower
compared to NSNS cases, it is important to note that we are considering the most
conservative population scenario, with non-rotating BHs and a soft EoS for NSs.
Relative to the O5 run, the detection rates increase by more than a factor of 10,
ensuring the identification of EM counterparts from these types of sources. Thus, ET
could represent a pivotal advancement for MM astronomy in the context of BHNS
observations.

7.4 EM properties

7.4.1 Kilonova

In Figure 7.2, we display the temporal progression of KNee apparent AB magnitude
in the ¢ band for ET-detectable binary systems in our NSNS (left column) and BHNS
(right column) populations. The filled color regions shows the ranges encompassing
50%, 90%, and 99% of the light curves over time, considering all the ET-detectable
binaries (upper panels) and only the binaries with AQgge, < 100deg?. For comparison,
we also report the observed data of AT2017gfo [307] at the median distance of the
GW-detectable events, for NSNS ~ 2.3 Gpc (~ 1 Gpc for the well-localized events)
and for BHNS ~ 2.7 Gpc (~ 1.3 Gpc for the well-localized events).

For the NSNS population we find that, considering all the ET-detectable binaries,
the KN peaks span from an apparent AB magnitude of 22 down to 28, while the
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FIGURE 7.2: Distribution of ET otical KNee as a function of time for our NSNS (left column)
and BHNS (right column) population. The left-hand panel shows the apparent AB magnitude
versus post-merger time for our simulated KN light curves, restricting to ET GW-detectable
sources. The shaded regions contain 50%, 90% and 99% of the KN light curves in the g
(484 nm) band. Colored circles show extinction-corrected AT2017gfo data rescaled to the
median distance of our populations.The right-hand panel shows the cumulative distributions
of apparent magnitude at peak, at 3 days and at 5 days after the merger (solid, dashed and
dotted lines, respectively). The lower panels show the same but restricted to the binaries with

AQogo, < 100deg?.

50% is concentrated in the 24.5-26.5 interval. Considering the constraint on the sky
localization, the majority of peaks are found in the 23-25 interval, making almost all
the KNee accessible to Vera Rubin.

For the BHNS population, we generally observe magnitudes that are two orders of
magnitude higher. This is partly due to the greater average distance of this population
compared to the NSNS one. Additionally, in comparison to observational data, this
population of KNee appears to be less luminous than GW170817, whose data exceed
the 90% curves, whereas for NSNS, it is above the 50% ones.

With the lines in the right panels, we indicate the cumulative distributions of
apparent magnitudes at their peak (solid line), and also at 3 and 5 days post-merger
(dashed and dotted lines), showcasing their rapid brightness decline, particularly for
the BHNS population. As described in Section 6.6.2, a possible effective strategy to
counteract the challenge of rapidly dimming KNz involves directly seeking out non-
thermal counterparts, like radio afterglows, using tiling instruments. This approach
is well-suited for upcoming radio surveys, enabling a possible efficient search for
these transient events.

7.4.2 GRB afterglow

In Figure 7.3, we illustrate the properties of GRB afterglows associated to GW de-
tectable NSNS (upper panel) and BHNS (lower panel) binaries. The figure presents
contours encompassing 50% (solid lines) and 90% (dashed lines) of the peak values
of GRB afterglows on the flux (F,) versus time (f) plane. Additionally, the right side
of the figure provides the corresponding apparent AB magnitude and vF, at 1 keV.
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FIGURE 7.3: F,, AB magnitude and vF, versus time for the GRB afterglow light curves
associated to ET-detectable NSNS (upper panel) and BHNS (lower panel) mergers. Solid
and dashed contours contain 50% and 90% of the peaks, respectively. Red, green and blue
colors indicate the radio (1.4 x 10°Hz), optical (4.8 x 10'4Hz), X-ray (2.4 x 10'7Hz) bands,
respectively. The colored circles represent the observed data of GRB170817A [188], scaled
to the median distance of our population. The grey lines in the background are a random
sample of optical light curves. We assume for both the populations the same jet half-opening
angle 6; = 3.4 deg.
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The depicted red, green, and blue colors correspond to the radio, optical, and X-ray
bands, respectively. Most of the peak occurrences are beyond 10? days, noting that
light curve calculations were restricted between 10~! and 10 rest-frame days, and
exhibit a distribution extending to shorter peak times. To enhance visualization of
the underlying light curve behavior, we have included a sample of randomly chosen
optical light curves (thin grey lines) in the background. For context, we also include
GRB170817A data [188, small circles] at the median distance of our populations.

These observations are largely influenced by the strong dependency of GRB after-
glow light curves on the viewing angle, combined with the viewing angle distribution
skewed by GW detection (tending towards smaller angles compared to an isotropic
distribution, with a peak at about 30° — [278]). As a result, the majority of peaks occur
several months to years post-GW event, with a minority peaking earlier (around
hours) in the optical and X-rays, exhibiting notably bright emissions due to closer
viewing angles.

7.4.3 GRB prompt
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FIGURE 7.4: Rest-frame SED peak photon energy Epeax versus the isotropic-equivalent energy
Eiso for our NSNS (left panel) and BHNS (right panel) populations. The filled green colored
regions contain 50%, 90% and 99% of the binaries both GRB Prompt- and ET-detectable. The
magenta lines contain 50%, 90% and 99% (solid, dashed and dotted, respectively) of the GRB
Prompt-detectable binaries. The black dashed line contains 90% of the ET-detectable binaries.
The black dots with error bars represent a sGRB sample for comparison [268]. The orange dot
is GRB170817A. We assume for both the populations the same jet half-opening angle ¢, = 3.4
deg.

In Figure 7.4, we present for NSNS (left panel) and BHNS (right panel) the
distribution of rest-frame spectral energy distribution (SED) peak energy Epcax versus
isotropic-equivalent energy Ejs, for events that meet our detection criteria for both
the GW signal and GRB prompt emission.

The green shaded areas encompass 50%, 90%, and 99% of the binary systems
detectable by both Fermi/GBM and the ET. The magenta lines, varying in style from
solid to dashed to dotted, represent the 50%, 90%, and 99% containment levels,
respectively, of binary systems that are detectable through GRB prompt emission
without the requirement of ET detection.

To contextualize Fermi/GBM-detected GRB prompt events within the broader
cosmological population, we incorporate a sample of sGRBs with known redshift,
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symbolized by gray diamonds [268]. The specific case of GRB 170817A is marked as
an orange diamond on the plot, serving as a reference point.

A dashed black line is included to denote the 90% confidence region for binaries
detectable by ET, independent of the GRB prompt emission detectability constraint.
This curve displays the most significant differences between the two populations. For
NSNS, the curve shows a bimodal distribution, as we also consider a cocoon shock
breakout component for events with a viewing angle less than 60 degrees, replicating
the properties of GRB170817A. This component is predominant for particularly close
events (within 100 Mpc), thus it is not as relevant in comparison to the cosmological
population of sGRBs. Since our BHNS population lacks this cocoon shock breakout
component, the black curve does not intersect with the cocoon shock breakout event
cluster and extends into lower Ejs, values.

7.5 Conclusions

In this Chapter, we presented a preliminary study of the potential of MM astronomy
during the ET era, focusing on NSNS and BHNS mergers. In particular, we explored
the observability of these sources by characterizing their different EM emissions
and computing the cumulative MM detection rates. These forecasts stem from a
simulated set of NSNS events characterized by a mass distribution and event rate
density derived from observational data, and a set of BHNS events based on the
binary evolution models from Broekgaarden et al. [68] with non-spinning BHs. For
these populations, we calculated the GW S/N, KN light curves, GRB afterglow light
curves, and prompt emission peak photon fluxes. This approach allows for a direct
assessment of the detectability of each emission component for each individual event
within the population.

For the NSNS population, we find that these events can be detected up to a
redshift z ~ 1.5, with an annual detection rate of the order of 10* per year. The KN
population can be detected by an instrument like the Vera Rubin Observatory up to a
redshift of z ~ 0.4, ensuring several tens detections per year, even when considering
only the best-localized events. The rates for prompt and afterglow emissions are of
the order of ~ 10, but this population is limited only by the gravitational horizon up
to z ~ 1.5. Specifically, we find that most sGRBs detected by Fermi/GBM will likely
have a GW counterpart.

The rates for the BHNS population are less promising, as only a small fraction
of these can emit a counterpart. However, the rates are more than tenfold higher
compared to the O5 era, ensuring a few KN detections per year, and jet-related
emissions every few years.

In the near future we plan to expand this study, in particular, we will investigate
how changes in the properties of NSNS and BHNS populations, such as different
EoS, BH spins, mass distributions and redshift evolution might affect the detectability
and characteristics of GW and EM counterparts. Moreover, we will also analyze
how different configurations of the ET, as well as potential collaboration with other
observatories like Cosmic Explorer, could enhance GW detection and localization,
thereby improving MM observations. The versatility of our model will also enable us
to study the prospects of specific EM facilities, providing clear guidelines to maximize
the scientific yield of the ET era in the field of MM astronomy:.
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Chapter 8

Summary

In this thesis, I presented our forecasts for the electromagnetic (EM) emissions associ-
ated with binary neutron star (NSNS) [78] and black hole - neutron star (BHNS) [79]
mergers, observable in the current and forthcoming observing runs O4 and O5 of the
LIGO, Virgo and KAGRA Collaboration (LVK), as well as by third-generation (3G)
gravitational wave (GW) observatories such as the Einstein Telescope (ET; [242]) and
Cosmic Explorer (CE; [251]).

To accomplish this, we constructed a synthetic population of NSNS binaries,
guided by GW observations and data from Galactic NSNS systems, in conjunction
with a BHNS population derived from the fiducial model in [68]. We computed the
signal-to-noise ratios for the GW signals of each binary system within these detectors
and estimated the GW-based sky localizations utilizing the GWFAST software [154].

Subsequently, we computed for each binary the properties of the material expelled
during the coalescence, namely the mass and velocity of the dynamical ejecta and the
mass of the accretion disk, using fitting formulae informed by numerical relativity
[163, 245,171, 114]. Utilizing this information, we evaluated the detectable features
of the corresponding kilonova (KN), gamma-ray burst (GRB) prompt, and GRB
afterglow emissions via a suite of semi-analytical models, enhancing the methodology
delineated in Barbieri et al. [44]. This model allowed us to map the distributions
of EM observables for events that are detectable in the O4, O5 runs, and by 3G
GW observatories. As a result, this investigation contributes to several critical areas,
providing a fundamental insight into the present and future of multi-messenger (MM)
astronomy.

In Chapter 5 we presented our prospects for MM observations of NSNS in the O4
and O5 runs, finding a GW detection rate of 7.4fé.15'3 ylr*1 and 67.138%5 yrfl, respec-
tively. Among these events, KNz are generated in 77% of the mergers, with the rest
leading to massive events that culminate in an immediate black hole formation, lack-
ing both a disk and ejecta. Our analysis reveals light curves resembling AT2017gfo,
albeit generally less luminous. Despite being at a greater median distance compared
to those detected in earlier runs, in most instances, their apparent magnitude will
surpass the conventional limits of previous optical counterpart explorations, albeit
for a shorter duration, restricted to the first and second night. This renders the identi-
fication and observation of these sources more challenging than that of AT2017gfo.
We infer that the majority of O4 and O5 KNeae will be observable within the current
typical EM counterpart search sensitivity thresholds, corroborating findings from
Chase et al. [74], Setzer et al. [280], and Sagués Carracedo et al. [262].

Relativistic jets manifest in 53% of the events in our population. The GRB prompt
emissions from these jets surpass our defined thresholds in only a fraction of cases,
with a negligible enhancement even when considering more sensitive gamma-ray
detector data searches. For O4, a more efficacious approach to associating a GRB
with a NSNS event might be through a sub-threshold GW event search following a
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gamma-ray trigger, yielding a joint detection rate of 0.90:1):22 per year in our model,

aided by the expanded GW horizon.

Radio wavelengths are optimal for detecting the relativistic jet afterglow in a
precisely localized event. Approximately one-tenth of the simulated events produce
radio afterglows brighter than our 'candidate monitoring’ threshold, translating
to a detection rate of 0.77‘:(1):%; per year (assuming all candidates are pinpointed to
arc-second precision via their KN emission). These projections suggest the feasible
discovery of a new relativistic jet counterpart in O4, a valuable addition to our
understanding of these phenomena, though not a certainty.

Regarding the discernible attributes of these relativistic jet counterparts, if a
propitious GRB prompt emission event is observed, it will likely be dominated by
the cocoon shock breakout emission for closer events (within ~ 100 Mpc), or by
emissions from the slower, less powerful material encircling the jet core. This latter
scenario assumes a mechanism akin to that responsible for the prompt emissions of
cosmological GRBs extends to about two to three times the jet core’s opening angle.
However, it’s important to note the uncertainties surrounding the prompt emission
mechanisms of GRBs outside the jet core and the limited understanding of shock
breakout emissions in highly anisotropic and relativistic scenarios. The anticipated
GRB afterglows are expected to show properties akin to GRB170817A, characterized
by a gradual increase in flux density over several months post-merger, followed by a
peak and a swift decline. Nonetheless, a small percentage of detectable events in our
population might peak earlier, indicating a narrower viewing angle and providing a
unique study case that bridges the gap between the viewing angles of cosmological
GRBs and GRB170817A. In conclusion, our findings suggest that GRB170817A was
an exceptionally fortuitous occurrence (aligning with, for instance, [205], but also see
[231]), unlikely to recur soon. The strong alignment of our model predictions with
the cumulative peak flux distribution of short GRBs observed by Fermi/GBM and
Swift/BAT lends credence to this assertion.

In Chapter 6 we presented our prospects for BHNS MM observations in O4
and O5, with a GW detection rate of 15.074x* yr=! and 14073 yr~!, respectively.
In brief, the forecast for O4 is not promising, with an expectation of less than one
KN counterpart detectable every few years, particularly under the assumption of
non-rotating BHs in binary systems. However, if we assume BHs with spins up
to xpg = 0.5, the detection prospects improve to approximately one counterpart
annually, indicating that the impact of spin distribution on detectable rates exceeds
that of the NS EoS.

Looking ahead to O5, the outlook for MM observations becomes more optimistic
due to enhancements in both GW and EM detection capabilities. Assuming non-
spinning BHs, the rate of detectable KN counterparts should reach one per year,
and this could escalate to around ten yearly if the BHs are spinning. The detection
prospects for radio GRB afterglows exhibit a similar pattern, with an expectation of
one discernible counterpart in O5, assuming spinning BHs.

The pronounced influence of spin distribution on EM counterpart detections paves
the way for more precise constraints on the formation channels of BHNS systems, as
these mechanisms govern the distribution of binary parameters. Nonetheless, it is
only from O5 onwards, with potentially higher detection rates, that the constraining
potential of MM observations will truly manifest.

Nonetheless, even when KNz are within detection range, their observation re-
mains challenging due to rapid fading and extensive GW skymap areas. This scenario
necessitates specialized observational strategies, particularly focusing on an alter-
native route to identify afterglow counterparts directly in the radio spectrum. This
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approach would exploit the prolonged duration of afterglows, especially in instances
where the KN was not observed. Advanced, wide-field radio arrays like the proposed
DSA-2000 and ngVLA are well-suited to implement a tiling strategy across the GW
skymap within their target-of-opportunity programs. Such a radio tiling approach
could potentially double the recovery rate of GRB afterglow counterparts from BHNS
systems compared to relying solely on initial KN detections.

Finally, in Chapter 7 we presented our preliminary prospects for MM observations
in the ET era, assuming our joint population of NSNS and BHNS mergers.

In examining the NSNS population, we find that such events are detectable up
to redshift z ~ 1.5, boasting an annual detection rate of the order of 10* events per
year. For the KN population, detection by a facility like the Vera Rubin Observatory is
feasible up to a redshift of z ~ 0.4, compatible with [64]. This translates into numerous
detections yearly, even when focusing on events with the most precise localizations,
making the selection of GW events to follow up on crucial. The occurrence rates
for both prompt and afterglow emissions are of the order of ~ 10 per year, yet this
estimation is contingent solely on the GW horizon, extending up to z ~ 1.5. Notably,
we ascertain that the majority of sGRBs identified by Fermi/GBM are likely to have
an associated GW signal, aligning with [258].

Conversely, the detection prospects for the BHNS population appear less encour-
aging, as only a limited fraction of these events are expected to produce observable
counterparts. Nevertheless, the detection rates show a significant increase, more than
tenfold, compared to the O5 era. This implies the likelihood of several KN detections
each year and emissions related to jets occurring every few years.

In the works presented in this thesis, we operated under the premise that the GW
sky localization regions for NSNS and BHNS mergers will invariably be comprehen-
sively scanned by EM counterpart searches, down to our designated representative
sensitivity thresholds. While this level of coverage is impractical for individual ob-
servatories (owing to constraints in sky accessibility and the time allocation for each
search), it’s important to recognize that the collective efforts of multiple facilities can
effectively survey extensive localization areas. This approach has been exemplified in
the search for EM counterparts of the single-detector event GW190425, as highlighted
in works like [36, 83, 183, 150]. A more nuanced evaluation of the actual detection
rates achievable would necessitate facility-specific simulations of GW localization and
the corresponding search strategies, akin to the analysis conducted in [119]. However,
such detailed simulations fall beyond the scope of this current work.

It is also crucial to acknowledge that all our projections are founded on broadly-
defined observational parameters and are subject to systematic uncertainties, which
have only been partially examined due to the complexities inherent in comprehensive
population modeling. The forthcoming collaborations between GW and EM commu-
nities in future observational runs are anticipated to yield richer and richer results,
thereby gradually honing our understanding of the true physics underlying these
extraordinary astrophysical phenomena.
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Appendix A

NSNS and BHNS populations

A.1 NSNS population model

A.1.1 Mass distribution

The mass distribution of merging binary neutron stars is currently not well con-
strained. Observations of galactic pulsars in double neutron star binaries historically
pointed to a narrow distribution centered around 1.33 M, [218, 219], but recent stud-
ies hint at a bimodal distribution being more likely [104], and the existence of a
sub-population detectable with current radio facilities cannot be dismissed [e.g. 238].
Selection effects in GW observations are much simpler, but the only two detections
so far (GW170817, [9]; and GW190425, [4]) are insufficient to constrain the shape of
the mass distribution. Still, analyses of GW-detected NSs [e.g. 174, 20], combined
to GW+pulsar analyses [123], and arguments based on the incidence of jets [270],
clearly point to a relatively broad distribution. With the aim of defining a simple
mass distribution informed only by merging NSNS binaries (as opposed to those
obtained by including also the masses of neutron stars in BHNS binaries, [174, 20]),
we devised the following ad-hoc method, which we adopted mainly because of its
simplicity, in absence of strong observational constraints. We assumed the component
mass probability distribution to be factorized into the chirp mass M. probability and
the probability of the mass ratio g = M,/ M, (assumed independent of each other),
namely

P(Mi, M) = JP(M)P(q) (A1)

where J(M;, My) = M./M3 is the Jacobian that relates the two parametrizations
[72]. We then adopted a parametrization for each of these unknown probability
distributions, that is

(1 —a)M*
Mgr_nﬂélx - Ml_lx

¢, min

P(Mc | Mc,min/ 0‘) = G(Mc - Mc,min)G(Mc,max - Mc) (AZ)

and

P(q|B) = (1+B)4F, (A3)

where O is the Heaviside step function and a and f are free parameters. We fixed
M max = 2Mg, which for an equal-mass binary corresponds to M; = M; = 2.3 Mg
(but we note that this choice does not impact our results significantly). We then
looked for maximum-a-posteriori estimates for M min and a given the observed chirp
masses of the two GW-detected events GW170817 (M, = 1.186 £ 0.001 M, [9]) and
GW190425 (M, = 1.44 + 0.02 M, [4]). Following [189], assuming a simple M32/?
scaling for the effective searched time-volume and neglecting the small measurement
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FIGURE A.1: Posterior probability density on our chirp mass probability distribution parame-
ters M min and «a. Filled contours show the two-dimensional posterior probability density,
with lighter colors corresponding to larger values, as defined in the colorbar.

uncertainties, the posterior probability on our two parameters can be written as
P(Mc,l | Mc,min; “)P(MC,Z ‘ Mc,min/ D‘)

57
[ Joem P(Me | Memin, ) M2 d M|

(A4)
where 7T1(Mmin) and 71(«) are the adopted priors. Given that the smallest observed
chirp mass in a merging Galactic NSNS system is ~ 1.11 M, (the chirp mass of J1756-
2251, [106]), we set T(Mmin) = ©(1.11 Mg — M min), while we adopted a broad
uniform prior on & in the range 0 < a < 20. The resulting posterior probability density
is shown in Figure A.1, which shows that the maximum a posteriori probability
density is at & = 8.67 and M min = 1.1 M, the latter being located on the edge of the
prior support (which is based on the lowest chirp mass observed in Galactic NSNS
binaries). This tells us that the estimate of M min is informed by EM Galactic NSNS
observations, in addition to GW NSNS merger observations: in that sense, this is a
multi-messenger estimate.

In order to constrain the mass ratio distribution parameter 3, we used instead the
observed Galactic NSNS mass posteriors from [104]. Their sample comprises N = 10
NSNSs that will merge within a Hubble time, for each of which they provide N; = 10%
component mass posterior samples. We constructed mass ratio posterior samples
{9i,}i=1,.N;j=1,.,N, from these samples, adopting the appropriate mass ordering to
ensure 4 < 1 for each posterior sample pair. The posterior probability on the

P(Mc,min/‘x | MC,l/ Mc,Z) & H(Mc,min)n(“)
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FIGURE A.2: Posterior probability density on the § parameter of our assumed mass ratio
probability distribution parametrization. The red solid curve shows the result of Eq. A.5
using the mass information on 10 Galactic NSNS binaries that merge within a Hubble time
from Farrow et al. [104]. The pink shaded area shows the 90% credible interval, while the
vertical dashed line marks the maximum a posteriori.

parameter based on these samples is then

N
P(B|{qi;}) < (B 11 (A.5)

Il
—_

N j

We adopted a uniform prior 77(B) in the range 0 < B < 40.

The resulting posterior probability distribution is shown in Figure A.2, which
shows a large uncertainty, but a well-defined peak at g = 14.

Figure A.3 compares the observed Galactic NSNS mass ratio cumulative distribu-
tion and our mass ratio distribution model P(g | ) with the maximum-a-posteriori
value g = 14.

Figure A.4 compares the resulting P(Mj, My | M min, &, B) model of the mass
distribution with the observations on the (Mj, M;) plane. It also shows iso-contours
of ejecta and accretion disk mass obtained with our adopted fitting formulae [171,
43] and equation of state (EoS) SFHo (left panel) and DD2 (right panel), which helps
in visualizing the absence of EM counterparts for events in the upper right corner
of the plane, and the general trends in the distribution of ejecta and disk masses in
the population. We also show with a pink line the condition for a HMNS remnant
(Mrem > 1.2Mt0ov) and so the condition to launch a relativistic jet.

We note that changing the chirp mass parametrization to either an exponen-
tial P(M.) o« O(M; — M min) exp(—Mc/ M. scale) Or a Gaussian tail P(M,) o

O(M; — M min) exp [— (M./ /\/lc,scale)ﬂ does not alter significantly our results, as
demonstrated in Figure A.5 (left-hand panel).
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FIGURE A.4: Mj, M; plane showing the mass distribution for our NSNS population. The
filled blue colored regions contain 50%, 90% and 99% of the binaries. The black dashed lines
and the grey lines represent respectively the contours for the predicted dynamical ejecta and
disk mass, assuming the SFHo EoS (left panel) and the DD2 EoS (right panel). The pink line
indicates the condition for a HMNS remnant (Meey > 1.2M7oy). Red stars and contours
show the best fit and 90% credible regions for the known Galactic NSNS [217, 104] systems
that merge within a Hubble time. Yellow and aquamarine lines represent the 50% confidence
regions for the component masses in GW190425 [4] and GW170817 [7], both constructed
using the publicly available low-spin-prior posterior samples.
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FIGURE A.5: Component mass probability distribution comparisons. Upper-left panel:
NSNS component mass probability distributions (solid lines: primary mass; dashed lines:
secondary mass) from our model, assuming three different parametrizations of the chirp
mass probability distribution, namely a power law (purple — the fiducial model described
in the text), a decreasing exponential (orange) and a Gaussian tail (light blue). Other panels:
comparison of our component mass (top-right: primary; bottom-right: secondary) and
chirp mass (lower-left) probability distributions (red lines) with those from a state-of-the-art
population synthesis model [the fiducial model from 68, blue lines] and of an observational
study that combines Galactic and GW NSNS measurements [123, black lines, obtained
considering their median distributions].

It is instructive to compare our mass probability distribution with others in the
literature. To that purpose, we show in the right-hand panels of Figure A.5 a com-
parison of the probability distributions of component and chirp masses implied by
our result (red lines) with the corresponding distributions from a recently published
population synthesis model [68, their fiducial model] based on the COMPAS code
[254], and with the result of the study by [123], which models the Galactic NSNS
population and the GW-detected NSNS binaries together. These comparisons show
that, despite the large uncertainties and the simplifying assumptions, our results fall
in a reasonably similar range as other results based on more refined methodologies.
Last, but not least, our mass distribution combined with our choice of the EoS leads
to a large fraction of remnants that satisfy the basic requirements for the launch of a
relativistic jet by the [60] process, namely a hyper-massive NS or a BH remnant and
a non-negligible accretion disk, as required by the high observed incidence of jets

[see 270, who discuss this argument and the implied mass distribution constraints in
detail].

A.1.2 Redshift distribution

Merging binary neutron stars are thought to form either from isolated stellar bina-
ries or in dense stellar environments such as stellar clusters, in which dynamical
interactions can play a non-negligible role in their formation and evolution [288, 290,
240, 56]. Taking into account the strong dependence of the GW-driven coalescence
timescale f.gw on the binary separation a, t. gw o a*, and expressing the probability
distribution of a as a power law with index x, namely dP/da o a*, the probability
distribution of the delay time between the start of the GW-driven inspiral and the
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coalescence is dP/dt.cw = (dP/da)(da/dtcw) o t_ iy /* [235]. Being the result
of a diverse and complex range of processes, it is reasonable to expect the separation
distribution dP/da to be close to uniform in the logarithm, and hence x ~ —1. This
translates into a delay time distribution dP/dt. g that is also close to uniform-in-log,
and the x /4 dependence ensures that this remains approximately true unless x is very
large in absolute value. When the coalescence timescale ¢. gw is longer than tgnp, the
time elapsed between the birth of the binary and the formation of the second neutron
star, then the delay t4 between the binary formation and its coalescence also follows
the same power law; conversely, for very short GW coalescence timescales, the delay
time tq ~ tgno2. These arguments lead to a delay time distribution of the form

dp toh tg > (tsno)
— d = , A.6
dtyq { 0 tg < (tsno) (8.6)

where (tgnp) is the mean time to the second supernova, which we take as (tsnp) =
50 Myr, appropriate for the lightest neutron star progenitors. This distribution is
broadly consistent with the results of detailed binary stellar population synthesis
models [e.g. 93]. With the further simplifying assumption of a constant fraction of
stellar mass going into binaries that end up as double neutron stars throughout the
history of the Universe, the cosmic NSNS merger rate density can be then modelled
as
2 )

o) = g = [ OG0 — ), (A7)
where t = t(z) is the lookback time corresponding to redshift z, dV is the comoving
volume element, and g, is the cosmic star formation rate density, for which we adopt
the analytical form given in [185].

A.1.3 Local rate density

The normalization of the assumed NSNS merger rate density, namely the local neutron
star merger rate density p(0) = Ry, was set based on self-consistency of the total
number of NSNS detections in the three past observing runs of the advanced GW
detector network and the number expected given our chosen mass and redshift
distributions. To do this in practice, we needed to estimate the effective time-volume
searched by the LIGO-Virgo network during the three observing runs O1, O2 and O3,
which can be defined as [e.g. 297]

Zmax 0(z) AV dz
Vs :fdet<< Zmax)/o zg();dzl T (AS)

where 7\pop = (Mmin, &, B, (tsN)) is our population model parameter vector, dV /dz
is the differential comoving volume [149], zmax is any redshift beyond the O3 GW
detectability horizon, and fget(< zmax) is the fraction of detectable NSNS mergers
within zmax. To estimate the latter, we took the publicly available LVK Collaboration
01+02+03 sensitivity study Monte Carlo samples [181], we re-sampled them to
reflect our assumed mass and redshift distributions, and then computed fget(< Zmax)
as the fraction of events that satisfied our detectability cut SNRpet > 12 over the
total within zpyax. This resulted in V4 = 5.1 x 1073 Gpc®. Given the actual number
Nobs = 2 of observed NSNS events that satisfy the same cut (i.e. GW170817 and
GW190425), and given the total O1+O2+O3 effective observing time T = 1.23 yr [17,
representing the total time span of observing periods with at least one active detector],
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we obtained the posterior on the local merger rate density Ry (conditional on our
assumed mass and redshift distribution)

P(RO ‘ Nobs) X R(])\]Obs exp (_ROVeffT) H(RO)/ (A9)
where we adopted the Jeffreys prior 77(Ro) = R, 12 The resulting median and sym-
metric 90% credible interval are Ry = 34733 Gpc =3 yr~1, which therefore includes
the statistical Poisson uncertainty stemming from the small number of observed
events, but not any model systematic uncertainty (which would result in a larger
uncertainty, probably more akin to the ones from [20]), which is not explored here.

A.2 BHNS population model

In Figure A.6, we present similar information of Figure A 4, but for the BHNS popula-
tion. The figure display in the Mns — Mpy plane our BHNS fiducial mass distribution
at redshift z = 0 [68]. The filled blue colored regions contain 50%, 90% and 99% of
the binaries. The figure also features iso-contours of ejecta and accretion disk masses,
calculated using fitting formulae from Kriiger and Foucart [171] and Kawaguchi et al.
[163], considering two EoS, SFHo (upper panel) and DD2 (right panel), and assuming
three different spin configurations for the BHs, xpu = 0, xpu = 0.5, xgu = 0.9. The
plot highlights the general trends in the distribution of ejecta and disk masses across
our population and show the strong dependence between the BH spin and the ejecta
production.

A.21 Mass distribution comparison

It is informative to compare the mass probability distribution of our population
model of BHNS systems with the one inferred from the GW data. Therefore, we
show in Fig. A.7 a comparison of the probability distribution of primary (left panel)
and secondary (right panel) component masses based on the population synthesis
fiducial model from Broekgaarden et al. [68] assumed in this work (red lines) with the
corresponding distributions obtained by Biscoveanu, Landry, and Vitale [57] (blue
lines) using an approach driven by the population of four candidate BHNS events
detected in GW so far with a FAR rate < 1 yr~!. In particular the solid blue line
represent the posterior predictive distribution and the shaded blue regions the 50%
and 90% credible intervals, under a Gaussian mass ratio model.

In the BH mass range of interest in this work Mpy < 11Mg, corresponding to
systems that can power EM counterparts in our optimistic scenario (see Sec. 6.2.1),
the mass distribution from Broekgaarden et al. [68] lies within the 90% credible
interval inferred from the GW data. Moreover, the requirement of having systems
with Mgy < 5Mg in our fiducial scenario is not in contrast with the distribution
predicted by Biscoveanu, Landry, and Vitale [57]. The NS mass distribution inferred
from the GW data is flatter than the one used in this work and they both fall off
sharply at the maximum mass. The two peaks in the red curve are caused by the
choice of supernovae remnant mass prescription in [68] and it is common to all the
variations performed in the work.

Overall, we can conclude that the mass distributions of our BHNS population
model are consistent with the first constraints deduced from GW data, lending credit
to the basis of our MM study.
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FIGURE A.6: Mys, Mpy plane showing the mass distribution for our BHNS population at
redshift z = 0 (fiducial model in [68]). The filled blue colored regions contain 50%, 90% and
99% of the binaries. The black dashed lines and the dark red lines represent respectively
the contours for the predicted dynamical ejecta and disk mass, assuming the SFHo EoS
(upper panel) and the DD2 EoS (lower panel). Violet and green lines represent the 50% and
90% confidence regions for the component masses in GW200115 and GW200105 [22], both
constructed using the publicly available low-spin-prior posterior samples.
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FIGURE A.7: Component mass probability distribution comparisons. Component masses
(left panel: BH; right panel: NS) probability distribution (red lines) for the fiducial model
in [68] used in this work and posterior predictive distributions (solid blue), 50% and 90%
credible intervals (shaded blue) inferred from the population of four candidate BHNS events
detected in GW with a FAR rate < 1 yr’1 [57].
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