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ABSTRACT

This PhD dissertation is focused on the electromagnetic (EM) counterparts of grav-
itational waves (GW) signals from double neutron star (NSNS) and black hole-neutron
star (BHNS) mergers.

I developed semi-analytical models to predict the multi-wavelength emission from
BHNS mergers, including the kilonova, its radio remnant, the prompt emission from
the relativistic jet and the related gamma-ray burst (GRB) afterglow. Adopting fitting
formulae in the literature, I established a link between the binary parameters and the
EM counterparts properties.

I anticipated the variety and the high degree of degeneracy of EM counterparts from
BHNS mergers. 1 showed how joint GW+EM analysis can reduce this degeneracy,
performing a proof-of-concept multi-messenger parameter estimation, considering a
BHNS merger with an associated kilonova. My results indicate that joint analysis can
produce better constraints on the binary parameters. This would lead to a deeper un-
derstanding of the NS and BH fundamental physics (e.g. the NS equation of state and
maximum mass, the BH spin distribution) and would give information on the formation
and evolution of compact object binaries.

Ianalyzed “ambiguous” coalescing binaries (consistent with both NSNS and BHNS),
whose nature may not be identified through the GW signal alone. In the BHNS case,
the binary would host a “light” stellar BH, with the mass falling in the theoretically
expected and to date observationally confirmed discontinuity between NS and BH mass
distributions (mass-gap). I found that the observation of the associated kilonova could
unveil the system’s nature, as in the BHNS case it can be far more luminous with respect
to the NSNS case. Applying this analysis to the GW 190425 event, I found that the kilo-
nova would have been detectable if the binary had hosted a BH (if the source had been
precisely localized), potentially disentangling the nature of the merging system. The
observation of a kilonova from an “ambiguous” event consistent with a BHNS nature
would be the first hint of the existence of “light” stellar BHs, confuting the mass-gap.
This would provide new constraints on the NS maximum mass and equation of state,

and it would strongly impact the supernova explosion models, favoring those producing

i



a continuum spectrum of remnant masses.

I presented a method to optimize the EM follow-up campaigns, based on the knowl-
edge of the system’s chirp mass. With this information, the compatible NSNS and
BHNS configurations can be obtained and the expected ranges of kilonova light curves
in different bands can be computed. The probability of detecting the EM counterpart
of a GW event could be enhanced if the observation of transients consistent at their
first detection with the expected kilonova ranges was prioritized for photometric and/or
spectroscopic follow-up.

Finally I studied the EM counterparts properties distributions of future NSNS and
BHNS mergers detected with gravitational waves. This could represent another useful

contribution for EM follow-up strategy organization.

Keywords: Neutron stars, Black holes, Binaries, Gravitational waves, Kilonovae,

Gamma-ray burst.
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CHAPTER 1

Introduction

1.1 Context

Since 2015 the LIGO-Virgo Scientific Collaboration (LVC) detected gravitational waves
(GW) from the inspiral and merger of several black hole - black hole binaries (BHBH)
(LVC 2019d, Nitz et al. 2019). On 17 August 2017, the first GW signal from the
coalescence of a double neutron star binary (NSNS) was detected (GW170817, LVC
2017b,a). This event was accompanied by electromagnetic (EM) counterparts covering
a broad-band spectrum (Soares-Santos et al. 2017, Cowperthwaite et al. 2017, Nicholl
et al. 2017, Chornock et al. 2017, Margutti et al. 2017, Alexander et al. 2017), mark-
ing the beginning of the multi-messenger astronomy. On 25 April 2019 the second
NSNS merger was detected (GW190425, LVC 2020c), without any firlmy associated
EM counterpart. Furthermore, during the last observing run O3, several promising can-
didates for NSNS and black hole - neutron star binary (BHNS) mergers were reported’,
without any associated EM counterpart.

The expected intrinsic NSNS and BHNS merger rates from population synthesis
models are, respectively, 3 x 1077 < Rygns < 4 x 107 Mpc= yr~! and 6 x
1071 < Rpuns < 107 Mpe™? yr—! (LVC 2010, Coward et al. 2012, Petrillo et al.
2013, Dominik et al. 2015, de Mink and Belczynski 2015, Fong et al. 2015, Mapelli
and Giacobbo 2018, Giacobbo and Mapelli 2018, Artale et al. 2019, Rastello et al.
2020). The expected NSNS and BHNS detection rates for O3 were, respectively,
1.3 < Rusnsdet S 6.9 yrtand 0.04 < Rpunsder < 12 yr—! (Dominik et al. 2015).

The detection of EM counterparts from GW170817 demonstrated that NSNS merg-
ers are possible progenitors of short Gamma-ray burst (SGRB, as proposed in Eichler
et al. 1989, Narayan et al. 1992) and sites for r-process nucleosynthesis, producing
heavy elements whose radioactive decay powers an ultraviolet-optical-infrared tran-
sient emission, called “kilonova” (KN) (Lattimer and Schramm 1974, Li and Paczynski
1998, Metzger 2019). Moreover the relativistic jet launched after the merger, that

causes SGRB emission (also called GRB Prompt), subsequently propagates into the

I'The list of O3 candidates is available on the LVC Public Alerts webpage https://gracedb.
ligo.org/superevents/public/03/.



Inter-Stellar Medium (ISM) and interacts with it, producing the GRB Afteglow emis-
sion (Sari et al. 1998, Salafia et al. 2019a).

The EM counterparts are produced only if some material remains outside the final
remnant of the merger. During the last phase of inspiral, the NSs are partially tidally
disrupted, producing some gravitationally unbound material (called “dynamical ejecta”,
also produced by shocks in NSNS mergers when the two stars’ crusts collide) and an
accretion disc around the remnant object. Sevaral processes can produce outflows from
the disc (“wind” and “‘secular” ejecta), while its accretion onto the remnant powers the
launch of a relativistic jet (if the remnant is a BH). NSNS mergers are always expected
to produce EM counterparts, as for all binary configurations tidal disruption and/or
collision shocks happen (Radice et al. 2018a, Kiuchi et al. 2019, Radice et al. 2020).
It is anticipated that BHNS mergers can produce EM counterparts as well, if the NS
is tidally disrupted outside the BH’s innermost stable circular orbit (ISCO) (otherwise
the NS experiences a “direct plunge” and no material remains outside the remnant BH)
(Shibata and Taniguchi 2011, Foucart 2012, Kyutoku et al. 2015, Kawaguchi et al. 2015,
Foucart et al. 2018).

Different works in the literature showed that a combined analysis of EM and GW
data from a NSNS merger helps constraining the binary’s parameters (i.e. component
masses, NS tidal deformabilities, viewing angle, distance) and the Equation of State
(EoS) of matter at supra-nuclear densities (Margalit and Metzger 2017, LVC 20185,
Radice et al. 2018b, Finstad et al. 2018, Raithel et al. 2018, Margalit and Metzger
2019, Coughlin et al. 2019). Prospects for multi-messenger analysis for BHNS mergers
have been widely discussed, showing that a great deal of information on the underlying
physics can be obtained (Pannarale and Ohme 2014, Coughlin et al. 2017, Coughlin
and Dietrich 2019).

Furthermore multi-messenger observations are fundamental to distinguish the na-
ture of the merging system for events that can not be firmly classified through the GW
signal alone (Mandel et al. 2015). The LVC classifies the coalescing binaries according
to the value of their chirp mass (a combination of the two component masses) that is
one of the most precisely measured parameter from the GW signal. If we assume that
BH and NS mass distributions are adjacent (no “mass-gap”), there exist a range of “am-
biguous” chirp mass values compatible with both NSNS and BHNS systems. Therefore
for these events the EM counterpart detection is necessary to disentangle the nature of
the binary. As an example, the inferred chirp mass for GW 190425 is “ambiguous”, thus
the presence of a BH in the binary can not be excluded (LVC 2020c¢, Kyutoku et al.
2020, Han et al. 2020). Unfortunately no EM counterpart for that event was detected,
thus no further information is available.

Therefore the EM counterpart detection is crucial for a better characterization of the

merging system and a deeper understanding of the underlying physics involved. From



the observational point of view this is very challenging. Indeed from the GW signal the
estimated sky-localisation can be poorly informative (up to ~thousands deg?). Com-
bined with the distance uncertainty, this would imply a volume error box containing
~thousands of galaxies (for a comparison, the GW170817 localisation volume con-
tained ~180 galaxies, see Arcavi et al. 2017). Among the thousands of transients in the
sky-area the identification of the one associated with the GW signal is very challeng-
ing, and rapidly decaying EM counterparts (if not all of them) would be lost. Therefore
some criteria to optimise the EM follow-up strategy would be very useful to enhance
the probability of discovering the EM counterpart of the merger.

1.2 My contribution

In Barbieri et al. (2020a) I developed a series of versatile semi-analytical models to
predict the expected multi-wavelength emission that accompanies BHNS mergers. I in-
cluded the nuclear-decay-powered kilonova emission (both from dynamical ejecta and
disc outflows), its radio remnant, the prompt emission from the jet and the related GRB
afterglow. The developed models compare well with other more sophisticated (but also
more computationally expensive) results in the literature (i.e. Kawaguchi et al. 2020).
For what concerns the KN emission, insights from general relativity numerical simu-
lations indicate that ejecta properties (such as composition and geometry) can be very
different in BHNS and NSNS mergers, in particular for the dynamical ejecta. I extended
the model presented in Perego et al. (2017) (that in turn is an extension of Grossman
et al. 2014 and Martin et al. 2015) for the contribution of disc winds to the BHNS
case. For the dynamical ejecta I defined a new model to calculate its contribution to
the KN according to the peculiar geometrical distribution expected from simulations
(Kawaguchi et al. 2016, Ferndndez et al. 2017, Foucart et al. 2019). The kilonova ra-
dio remnant is produced when the ejecta decelerate through interaction with the ISM
(likewise GRB afterglow emission). I modeled this emission improving Hotokezaka
and Piran (2015), using the ejecta geometrical properties expected from BHNS simu-
lations instead of assuming spherical symmetry. For what concerns the relativistic jet
launch, I modeled how it interacts with the environment and how this interaction affects
its structure (Salafia et al. 2019b). Finally I modeled the prompt and afterglow emission
following Salafia et al. (2015) and Salafia et al. (2019a). My model has been used in
Ackley et al. (2020) to constrain the ejecta and binary properties for the BHNS merger
candidate S190814bv and in McBrien et al. (2020) to discuss the nature of a promising
kilonova candidate from the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS) search.

The properties of the aforementioned counterparts depend upon those of the out-

flows that result from the partial disruption of the NS during the merger and from the



accretion disc around the remnant. These are necessary ingredients for transient EM
emission to accompany the GW signal. I therefore adopted fitting formulae in the lit-
erature (Kawaguchi et al. 2016, Foucart et al. 2018, Radice et al. 2018a, Salafia et al.
2020, calibrated on general-relativistic numerical simulations) to relate the properties of
these outflows to those of the progenitor binary, establishing a link between the binary
parameters and the counterpart properties (Barbieri et al. 2019a, 2020a,b). In NSNS
mergers the EM emission is mainly governed by the NSs’s masses M; and M, and their
tidal deformabilities A; and A,. Dynamical ejecta and accretion disc mass production is
favoured in binaries with large A,  or, equivalently, “stiff” EoS. In particular dynamical
ejecta production is favoured in binaries with large mass ratio ¢ = M; /My, while larger
disc masses are produced for large mass ratios or equal-mass systems with very light
NSs. In BHNS mergers the EM emission is mainly governed by the NS mass Myg,
its tidal deformability Ang, the BH mass Mgy and its spin xgy. Tidal disruption is
favoured in binaries with low mass ratio ¢ = Mgy /Mg and large Ang (corresponding
to a small Myg and/or to a “stiff” equation of state). A large ypy, that brings ISCO
closer to the BH horizon, also greatly enhances the tidal disruption.

In Barbieri et al. (2019a, 2020a) I anticipated the variety of multi-bands light curves
that can emerge from a BHNS merger, from radio to gamma-rays. These light curves
show universal traits, related to the dynamics of the emitting outflows, but they also
present clear dependences on the binary properties, though there is an high degree of
degeneracy. In Barbieri et al. (2019a) I showed how joint GW+EM analysis can reduce
this degeneracy, performing a proof-of-concept multi-messenger parameter estimation,
considering a BHNS merger with an associated kilonova. My results indicate that joint
analysis can lead to better constraints on the binary parameters (i.e. the BH spin).

Moreover, in Barbieri et al. (2019b) I analysed the case of coalescing compact-
object binaries whose chirp mass is “ambiguous”. For these events the nature of the
binary may not be identified through the GW signal alone. As mentioned before, the
properties of the binary are encoded in those of the ejecta, and therefore in those of the
EM counterparts. In particular I focused on the KN and I found that in the BHNS case it
can be far more luminous with respect to the NSNS case, even assuming non-spinning
BHs. This happens because, in the considered chirp mass interval, the mass ejection in
the majority of NSNS configurations is at its worst (the system promptly forms a BH,
producing few ejecta). Instead mass ejection for the majority of BHNS configurations
is at its best as the mass ratios are small and the NSs have low mass/large deformability.
This work shows again the potential of joint GW+EM detections, where information
from one “channel” can improve the amount of information obtainable from the other.

In Barbieri et al. (2020b) I applied the previous analysis to the GW190425 event
(whose inferred chirp mass is “ambiguous”). In agreement with other works (i.e. Kyu-

toku et al. 2020), I found that the presence of a BH in the binary would have produced



a brighter KN with respect to the NSNS case, that would have been detectable if the
source had been precisely localised. In such a case, the KN observation could have
disentangled the nature of the merging system.

As explained above, the identification of the EM counterparts associated with a GW
signal source is very challenging, due to the large volume error box. In Barbieri et al.
(2020b) I presented a method to optimise the EM follow-up campaigns, based on the
knowledge of the system’s chirp mass. With this information, the compatible NSNS and
BHNS configurations can be obtained. Then, assuming an EoS, the expected ranges of
KN light curves in different bands can be calculated. The probability of detecting the
EM counterpart of a GW event could be enhanced if the observation of transients consis-
tent at their first detection with the expected KN ranges was prioritized for photometric
and/or spectroscopic follow-up. I applied this method to GW190425 EM follow-up
campaign, finding that two of the initial promising counterpart candidates (there were
observed for ~1 day before being classified as supernovae) were not consistent with the
expected KN range at their first detection. Thus observation of other transients could
have been prioritized.

Finally, as a preparation work for a future paper (Barbieri et al. 2020c) I used NSNS
and BHNS populations (from existing synthesis codes) to estimate the expected detec-
tion rates and horizon distances in O3. I considered all the possible “channels” for
the detection: GWs, KN, GRB prompt and afterglow emission, as well as joint multi-
messenger detections. For populations from Dominik et al. (2012, 2013) I found de-
tection rates and horizons consistent with the O3 reported candidates. Finally, for the
events whose GW signal is detectable, I analysed the distribution of the KN and GRB
afterglow peak properties (time and magnitude/flux) in different bands. This could be

another useful contribution for EM follow-up strategy organisation.



CHAPTER 2

Gravitational Waves

In this chapter I present the basic physics of GW emission during compact binary sis-
tems’ coalescence. In §2.1 I summarise general relativity (GR) basic concepts that lead
to the formulation of GW equation. In §2.2 I describe the inspiral and merger phases of
compact binaries. Arguments in these two sections are presented following Maggiore
(2008) (see also references therein). In §2.3 I present the binary parameters that can be

inferred from the GW signal analysis.

2.1 Basic physics of GWs

The differential line element ds in the x point of the space-time is
ds® = gag(x)dxadxﬁ, 2.1

where g,z is the metric tensor. Note that repeated indices indicate summation (Ein-
stein’s notation). The simpliest metric tensor is the Minkowski metric, descriving a flat

space in Cartesian coordinates

—1

0

Gap (X) = 5 (22)

o O = O
O = O O
_ o O O

where o = (¢, x,y, z). Instead the curved space-time outside a spherically simmetric

mass distribution is described in spherical coordinates by the Schwarzschild metric

—(1—-2GM/c*r) 0 0 0
0 (1+2GM/c*r)~t 0 0
ws(X) = , 2.3
9ap(x) 0 0 2 (23)
0 0 0 r?sin®6



where o = (t,7,6,¢), M is the total mass, G is the gravitational constant and c is the
speed of light.
The Riemann curvature tensor is defined as
R ol'gs B org,
B0 B Oxd

oI —Ters | (2.4)

where I' is the Christoffel symbol, given by

1 /0gap | 99 9gs
wolh, = 5 (2 oy ) 25
Jastpr = 5gpr " 9xP  Bae 2.5)
The Ricci tensor is obtained from the Riemann tensor by contracting two indices:
Rps = Rj.s. (2.6)

The scalar curvature is defined as the trace of the Ricci curvature tensor with respect to
the metric:
R = g’ Rop. 2.7)

The stress-energy tensor 1,3 describes the density and flux of energy and momentum in
the space-time. The “time-time” component (o« = [ = 0) represents the energy density
divided by . The “time-space” components (v = 0 and 3 = i, with i = 1,2,3)
represent the density of the i-th component of the linear momentum. The diagonal
“space-space” components (o« = 5 = ¢ with ¢ = 1,2, 3) represent the normal stresses
(pressure), while the off-diagonal “space-space” components (o« = ¢ and § = j with
1=1,2,3,7 =1,2,3 and i # j) represent the shear stresses. The stress-energy tensor
is symmetric, thus Ti,5 = T3,.

With all these ingredients one of the most famous, important and innovative equa-

tion in physics, the Einstein’s equation, can be written:

1 8rG
Raﬂ — §gaﬁR = ?Taﬂ. (28)

This relation describes how matter curves the space-time and how curvature influences
matter. Starting from eq. 2.8, the GW equation can be derived using a perturbative
approach. For simplicity, one can start from a background Minkowski metric 7,4 (any
other more complex metric could be considered as well). Let us consider some sources,
described by a stress-energy tensor 77, producing a small perturbation /.. The metric

of the perturbed space-time is

9ap(X) = Nap + has(X). (2.9)

hap is a small perturbation, thus |h,s| < [n.s] = 1 (linearized theory). One can



simplify the left hand side of eq. 2.8 keeping only leading order terms in h.s and

applying the Lorentz gauge condition:
dh? Louhl(x) = 0 2.10
9hE() = 505 (x) = 0. (2.10)
In vacuum, where 7,,5 = 0, the homogeneous wave equation is
Ohas(x) =0, (2.11)

where O is the D’ Alambertian operator

o 0 102
0 — ag_~ 7 = VQ 2.12
T 9z 928 2 Ot? A (2.12)
implying that GWs propagate at the speed of light. Fixing a wave vector k, a solution
ofeq. 2.111is

hap(x) = Agge! BT, (2.13)
where A is a 4x4 symmetric matrix and w = kc. One can impose the “transverse-
traceless gauge” (TT-gauge)

hoo =0 witha =0,1,2,3; h =0 witha = 1,2, 3; (2.14)

to make the metric perturbation purely spatial and traceless. Then the Lorentz gauge
condition implies that the spatial metric perturbation is transverse d,h.s = 0 with

a,=1,2,3. For a GW propagating in the z direction

0O 0 0 O
0 hy he O] .

hap(x) = " githe=wt), (2.15)
0O 0 0 O

where h and h, are the amplitudes of the “plus” and “cross” polarizations (see Fig.
2.1). Thus the degrees of freedom of a GW are the two possible polarization states.

In flat space-time and assuming TT-gauge, the inhomogeneous wave equation is

167G

DhaB(X) = -

T T (2.16)

Eq. 2.16 has the same form of the wave equation for relativistic electrodynamic fields.

Therefore the solution can be obtained is a similar way as

-~
has(t, T) = 16 / g Lo T e )]“*, (2.17)

ct | — 2|
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t=P/2

t = P/4 t=P/4

Fig. 2.1 Simple representation of deformations induced by “plus” and “cross” polarized
GWs on a freely-falling particles ring. Dark dots indicate the particles’ position at
different times. White dots indicate the unperturbed positions. Image from Bishop and
Rezzolla (2016), copyright by the authors.

where the subscript “ret” indicates the evaluation at the retarded time ¢ = ¢t — |7 — 2|/ c.
The factor 4G /c* ~ 3.4 x 10749 s2 g~ cm ™! is very small. Indeed the GW detection is
very challenging.

Every massive object produces GWs when it accelerates but, due to the very small
amplitude, very rapid accelerations and huge masses are needed to produce detectable

signals. There are four categories of GWs, based on different sources:

e Continuous GWs, produced by a spinning massive object (i.e. a NS) due to some
imperfections on its shape (breaking down spherical symmetry). If the rotational

velocity is constant, so are the frequency and amplitude of the GW.

e Compact binary inspiral GWs, produced by systems hosting two compact (mas-
sive and dense) objects (i.e. white dwarves, NSs and BHs) orbiting each other.
During each revolution, the system looses orbital energy through GW emission
and the objects come closer and closer. Tighter the orbit, faster the objects’ ve-
locity, stronger the GW emission, more intense the orbital energy loss, closer the
orbit and so on until the two objects merge. The GW signal has increasing am-
plitude and frequency during the orbiting phase (inspiral) and rapidly reaches the
maximum amplitude very close to merger (chirp). More massive systems evolve
faster, thus their final inspiral phase has a smaller duration with respect to lighter

systems.

e Stochastic GWs, produced by all the possible sources in the Universe from every
direction, representing a random background with very small amplitude. It is

possible that one of the components are relic GWs from the Big Bang.

e Burst GWs, representing unmodeled signals from unknown sources (some hypo-

thetical sources are supernovae and GRBs).
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In this work I consider GWs from NSNS and BHNS mergers, thus the second category.

2.2 Coalescence of compact binaries

The term “compact binaries” indicates binary systems whose components are compact
objects (BHs or NSs!), representing the relics of massive stars’ evolution. In the current
LVC network configuration BHBH, BHNS and NSNS mergers are detectable in the
last inspiral phase (from ~ fractions of second before the merger for BHBH to ~ 100
seconds for NSNS). In this infinitesimal time with respect to the binary’s lifetime (from
Myr to Gyr) the components emit a considerable fraction of their reduced mass-energy
as GWs.

In Newtonian gravity two binary point masses move on circular/elliptical orbits
around the system’s center of mass. The Keplerian frequency is fx = (G M /a®)'/%/(27),
with a the orbit’s semi-major axis and M;; the system’s total mass. In GR GWs emis-
sion causes a loss of orbital energy and angular momentum, decreasing a and increasing
.

The first and long lasting phase is the “inspiral”, during which the two objects can
be considered as point masses whose dynamics is described by Post Newtonian (PN)
theory (Blanchet 2014). During this phase the amplitude and frequency of the GWs
slowly increase. Thanks to its long duration, the signal from inspiral is fundamental to
constrain the binary parameters by matching it with waveform templates.

The second phase is the “merger”, including the last orbits and the coalescence. Dur-
ing this phase, due to the strong gravitational fields and the extreme velocity (~ 1/3 ¢),
PN formalism is no longer valid and the system can be described only with Numeri-
cal Relativity (NR). Finite-size effects must be taken into account for NSs, as they are
characterised by a surface and they are deformable. NR simulations including the non-
linearities of the Einstein’s equation can accurately describe the system’s dynamics and
GW emission.

The final phase is the “ringdown”, through which the system reaches a new station-
ary equilibrium. The particular shape of the GW signal in this phase depends on the
remnant properties. For BHBH and BHNS mergers the remnant is obviously a BH.
For NSNS mergers the remnant can be a BH, an unstable hyper-massive NS (HMNS)
or supra-massive NS (SMNS) that after some time collapses to a BH, or a stable NS,

depending on the total mass of the system and the EoS.

"We do not consider white dwarves as the expected GW frequencies from binaries containing them
are outside the current LVC network sensitivity range.
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2.2.1 Energy loss and GW signal frequency evolution

The reference frequency for GWs from coalescing compact binaries is

C3

fcoal - m;

(2.18)

representing the double of fx for a test mass particle orbiting at the innermost stable
circular orbit Rigco around a Schwarzschild BH (non-spinning) with mass M. The bi-

b 13

nary’s “chirp mass” M. is defined as

M, M,)3/5
M, = m (2.19)
where M; and M, are the components’s masses, with My > M,. Defining the binary’s
symmetric mass ratio v = M; M, /M2, and reduced mass p = M; My /M., the chirp
mass can be also expressed as M, = 135 M, = p3°M2°. During the inspiral, the
GW luminosity averaged over a period (assuming a circular orbit) can be described to
the leading order as

Egre — V2 f1o/3, (2.20)

3205< GM. )10/3 32¢°
T et

5G 3 T 5.6G

where f = 2f is the emitted GW frequency and f = f / feonr- Close to coalescence
(f ~ 1) the GW luminosity depends only on the symmetric mass ratio: Eg{g}( f~ 1) ~
3.6 x 10712 erg s 1.

The binary orbital angular momentum L loss rate is (averaging over a period and

considering circular orbits)

rcirc __ 2
g = 22 pp e

- VMo 27/, (2.21)

32 (G];jcﬁf

>7/3 32
c

T 5.6

Close to coalescence, L& depends on My, and v: LE, (f ~ 1) ~ 3202 M. c®/(5 -
67/2).

According to the virial theorem, the binary’s orbital energy is

M? 1
Fuin = — 0ot _Lyag2 (GM) (), (2.22)
2a 2
From energy conservation Ebin = —EGW. Calculating dFy,;, /df from eq. 2.22 and

considering Ebm = dEyw,/df x df /dt, the frequency evolution can be obtained:

. ) 5/3 .

f= %WB/S(GMC /c3> s, (2.23)
This relation shows that the GW frequency evolution depends only on the chirp mass

11



(to the first order, considering circular orbits). Solving eq. 2.23 one can find the time

dependence of the GW frequency

53/8 /G M\ —5/8 -
f0 = (256)3/87r( c3 ) (feom = 1), 2.24)

where .., is the time of the merger. Inverting this relation, the remaining time to

merger as a function of the GW frequency is

circ 5 C3 o7 2.25
T = 25678/3y f8/3 <GMtot> 22
or, as a function of f ,
- 6480G M,
7 (f) = ~tot (2.26)
2563y f8/3

Finally the energy spectrum dE,,, /df and the total energy radiated in GWs Egy are (in
the quadrupole approximation)
dng B 71.2/3 2/3 2/3

- 5/3 p—1/3. L 5/3
df 3G (GMC) f 7EGW 2G (GMC) fmaX7

(2.27)

where fi,.x 1S maximum frequency at which the inspiral signal is observed.

2.3 GW signal analysis

2.3.1 Waveform and detection

The two polarisation states of the GWs emitted by a binary at distance d, assuming

circular orbits, are

A GMNS 7 f(tee) \2/31 4 cos®
h+ (t) N E( C2 > < C > 2 cos (I)N(tret)a (2 28)
. 4 GMC 5/3 ﬂ_f(tret) 2/3 . '
hy(t) = E< 2 ) ( . > cos ¢ sin Py (tret),

where ¢ is the angle between the observer’s line of sight and the binary’s orbital mo-
mentum, f(t..) is the instantaneous GW frequency (eq. 2.24) evaluated at the retarded
time ¢, =t —d/cand ®x = 27 [ f(¢')dt’ is the lowest order contribution to the orbital
phase. The latter quantity is given by

5G M.\ —5/8
) (tcoal - t>5/87

3

Oy (l) = Dy — 2( (2.29)

where @ is the orbital phase at merger. Using eq. 2.19 h, and A result proportional
to VMfo/t?’. Thus for a given M, the equal mass configuration produces a stronger GW

signal with respect to unequal mass configurations. The ratio h/h, depends on the
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angle ¢. For face-on observers (¢ = 0 rad) the two polarisation components are out of
phase by 7/2 rad, while for edge-on observers (: = 7/2 rad) hy = 0.
A single interferometer measures a linear combination of h, and h, the “strain

amplitude”
h@) = F+(0475,"¢)h+ =+ F><<a; 57 w>h><7 (230)

where F', and F, are the detector antenna pattern functions, describing the detector’s
response to each polarisation component depending on the source sky position. Indeed
F, and F, depends on the right ascension «, declination ¢ and polarisation angle ¢
Schutz (2011). By defining F' = \/W and tan{ = F\ /F, the strain amplitude
can be written as h(t) = F'(t) - [cos(§)h + sin(€)hy], removing the dependence on ).

The signal is extracted from the detector’s output through matched filtering tech-

niques, obtaining the “effective strain amplitude

heff =V Mycleshy (231)

where Noycles = f == (f / f)df is the number of cycles for which the GW signal re-
mains in the detector’s sensitivity frequency band. Using eq. 2.23 this quantity can be

expressed as
1 GMN\-5/3, . _
Neyeles = ( ) (fadl? — fo5/3). (2.32)

3278 /3 3 min max

Moreover, considering that fi;;, < fiax and using f eq. 2.32 can be simplified to

-/\/::ycles (fmin) ==

foo, (2.33)
14

Passing from time domain to frequency domain is convenient to compare GW wave-
forms with detector’s sensitivity and to calculate the signal-to-noise ratio (SNR). The

Fourier transforms of ~ and h are

hi(f) = AE(GMC>5/66i¢+(f) 1 (1 + CosQL)’

3 7/6
i ¢ e fl 2 (2.34)
7 — AZ ¢ ipx (f)
hx(f)—Ad( = ) e f7/6COSL,

with A = 1/5/12/m2/3. The Fourier transform of the strain amplitude, h(f), includes
the antenna pattern function. The SNR is then given by

SNR? = / h dln fM (2.35)
0

Snoise(f) ’

where Spoise(f) is the “spectral strain sensitivity” [Hz '], describing the noise in the

detector.
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Fig. 2.2 Comparison of example GW signals observed in LIGO Livingston with respect
to the detector’s sensitivity Speise(f). The blue line represents 25( )V for a NSNS
merger with M; = 1.4Mg, My, = 1.3M and d; = 300 Mpc, while the red line
represents a BHBH merger with M; = 10M,, My = 5M and d;, = 700 Mpc. The
orange line indicates the LIGO Livingston detector’s design sensitivity.

Fig. 2.2 shows a comparison of example GW signals 2%( f)V/f observed in LIGO
Livingston with respect to the detector’s sensitivity Spoise(f), namely the numerator
and denominator of the fraction in the integral of Eq. 2.35. It is interesting to note
that the more massive system (BHBH with M; = 10M; and M, = 5M, red line)
merges at a lower frequency with respect to the lighter one (NSNS with M; = 1.4M,
and My, = 1.3M, blue line), as expected from Eq. 2.18. Indeed (neglecting stars’
deformations) the two NSs merge when the orbit’s radius is ~ 20 — 25 km (assuming
that the stars’s radii are ~ 10 — 12 km), while the two (non-spinning) BHs merge when

the orbit’s radius is ~ 45 km (~ the sum of their Schwarzschild radii).

2.3.2 Parameter estimation

The GW signal from a compact binary coalescence depends on intrinsic parameters,
characterizing the system’s dynamics and the waveform, and on extrinsic parameters,
encoding the position of the source with respect to the detector network (LVC 2019d).
For BHBH binaries the intrinsic parameters are the masses )/; and the spin vectors
S.. The dimensionless spin vectors are defined as \; = ¢S;/(GM2), whose magnitude
is limited in the range [0,1]. The individual spins are not precisely estimated from
the GW signal, while a combination of the two, the effective aligned spin Y. is more

constrained. Y.g 1S the projection of the mass-weighted mean spin along Ly, the normal
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to the orbital plane:
(Mixy + MaXsa) -
- L 2.36
My + M N (2.36)

The extrinsic parameters are the right ascension «, the declination ¢, the luminosity

Xeff =

distance dy,, the polarization angle 1), the viewing angle ¢, the phase at coalescence ¢,
and the time of the merger ..

As shown above, the GW phase evolution during the inspiral dependends at the
leading order on the chirp mass M. This quantity is more precisely measured for low-
mass binaries (whose inspiral phase lasts longer and whose GW signal performs more
cycles in the detector’s band), while for massive binaries the relative error on M, is
larger. As an example, the relative error on the inferred chirp mass for GW170817 is less
than 0.1%, while for BHBH events it is ~ 5—15%. The system’s mass ratio ¢ = M; /M,
and y.g affect the phase at higher orders. NSNS binaries have additional parameters,
related to their deformation in a tidal field. The dominant term is the quadrupolar tidal

deformation (¢ = 2), described by the dimensionless tidal deformability

A= gk (55)5 (2.37)

where R; is the NS radius and k, is the dimensionless Love number corresponding to

¢ = 2 (Flanagan and Hinderer 2008), namely
3
ko = §G)\R§g, (2.38)

where ) is the quadrupolar polarizability (ratio of the induced quadrupole moment ();;
and the tidal field E;;), Q);; = —AE;;. Ans depends on the EoS and the NS mass. The
GW phase is mostly affected by the binary effective tidal deformability parameter A a
combination of the individual As:

= 16 (M + 12My) M{A My + 12My) M3A
A:—( 1+ 12Mp) MY Ay + (M, + 1) M3 A; (2.39)
13 ME,.

Fig. 2.3 shows an example of parameter estimation results for the BHBH merger
GW1904122%. For simplicity I show only the samples for My, M, ¢ = My/M;y, M.,
Xeft and dy,.

2Posterior samples publicly available at https://dcc.ligo.org/LIGO-P190412/
public/
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Fig. 2.3 Parameter estimation results for the BHBH merger GW190412. Indicated er-
rors are 1-o intervals.
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CHAPTER 3

Ejecta from NSNS/BHNS mergers

In this chapter I present the different ejecta production mechanisms and the properties
of each ejecta component from NSNS and BHNS mergers (§ 3.1-3.3). In § 3.4 I present

the adopted fitting formulae and approximations to compute the ejecta properties.

3.1 Merger remnant and ejecta production

Ejecta from NSNS and BHNS mergers can be divided in two categories (see i.e. Fernandez
and Metzger 2016, Metzger 2019, Shibata and Hotokezaka 2019). Some NS material
is released on the dynamical timescale (~ ms) due to partial NS disruption (induced
by tidal forces) or to shock-heating (when the NS surfaces collide). A fraction of this
material is gravitationally unbound and immediately leaves the merger region. This rep-
resents the “dynamical” ejecta. The remaining gravitationally bound material (that does
not immediately fall on the central remnant object) can have enough angular momen-
tum to form an accretion disc around the remnant. On a longer timescale (up to s) two
outflows can arise from the accretion disc. Neutrino-matter interactions and magnetic
processes produce the “wind” ejecta, while the disc spreading due to viscous processes
and the following nuclear recombination produce the “secular” ejecta (Perego et al.
2017).

In BHNS mergers the simplified condition for ejecta production is that the distance
dyiq at which tidal disruption takes place must be larger than the BH innermost stable
circular orbit (ISCO) Risco. Indeed, if dyjq < Risco any released material is fated to
fall in the BH. As explained in Foucart (2012), Risco o< Mpy (for a given BH spin xgp)
and dyq o< Rns(Mpu/Mys)'/?. Therefore the NS is significantly tidally disrupted if
the BH is low-massive and/or rapidly spinning. Otherwise the NS directly plunges into
the BH and no ejecta is produced (and, consequently, the event has no EM counterpart).

In NSNS mergers, the ejecta properties are strongly dependent on the fate of the
central remnant, which is in turn determined primarily by the total binary mass M,
(Shibata and Uryua 2000, Shibata and Taniguchi 2006). If M, is larger than a thresh-
old value My, the merger results in a prompt BH formation (collapse time t.,; <1

ms). The value M, depends on the NS compactness C'yg and the maximum mass for
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non-rotating NSs Mé* (Bauswein et al. 2013)!. If instead M, < M, the merger
produces a rapidly-spinning remnant NS, that can be indefinitely stable or temporarily

stable before collapsing to a BH. The remnant mass is roughly
Mrem = Mtot - MGW - Mej - Mw (31)

where M¢gw and M, are the mass lost through GW and neutrino emission, respectively,
while M,; is the ejecta mass. For rapidly-spinning NSs (close to break-up velocity)
the maximum mass is larger than the value for non-rotating stars, tipically M{gT,, ~
L2MR§ on—ror (Baumgarte et al. 2000, Kaplan et al. 2014). If M, is close to My, the
remnant is a “hypermassive” NS (HMNS), a star that is supported only by differential
rotation and collapses to a BH once it has been removed (through GW emission and
internal hydromagnetic torques), typically after ¢.,; ~tens-hundreds of ms (Shibata and
Taniguchi 2006, Siegel et al. 2013). If the remnant is less massive it is a “‘supramassive”
NS (SMNS), a star that can be supported also by solid rotation and collapses to a BH
after a significant angular momentum loss (through less efficient processes, such as
GW emission from small asymmetries and/or magnetic dipole radiation), with ¢..,; >
hundreds of ms. Finally, if M, is very small, M, < M $™ and thus the remnant is
an indefinitely stable NS (Metzger et al. 2008, Giacomazzo and Perna 2013) that will
never collapse to a BH.

As an example, in Fig. 3.1 I show the relative probability for each remnant scenario
for a population of NSNS binary mergers. I consider the NS mass distribution given
in Kiziltan et al. (2013), namely a gaussian with ¢4 = 1.32 M, and 0 = 0.11 M,,.
I assume two EoS, namely “DD2” (Hempel and Schaffner-Bielich 2010, Typel et al.
2010) and “APR4” (Akmal et al. 1998, Read et al. 2009). They are, respectively, one
of the stiffest and one of the softest among the EoS consistent with the constraints from
both NICER results (Miller et al. 2019a, Riley et al. 2019) and GW170817/GW 190425
signals (LVC 2019e, Kiuchi et al. 2019, Radice et al. 2018b, LVC 2020c¢). Fig. 3.1
is inspired by Fig. 4 of Margalit and Metzger (2019), however I calculate the merger
remnant’s mass differently. Indeed, starting from the same NS mass distribution, for
each EoS I compute M., as explained in Eq. 5.1 (§ 5), thus neglecting the mass loss
through neutrino emission. If M., < M{§™ I classify the remnant as a stable NS. If
MJE* < Myem < EMY S, with § = 1.18, I classify the remnant as a SMNS (following
Margalit and Metzger 2019, and references therein). If the total binary mass M, is
larger than the threshold value My, for prompt collapse to a BH (Bauswein et al. 2013),
I classify the remnant as a “prompt BH”. Otherwise I classify the remnant as a HMNS.

For the assumed NS mass distribution, for DD2 EoS ~ 60% of mergers end with a

'Bauswein et al. (2013) found that M,y,, does not depend on the mass ratio ¢ = My /My, forq 2 0.7.
However Kiuchi et al. (2019) found that for asymmetric mergers the “prompt collapse” can happen on a
timescale t.o) ~few ms, larger than the dynamical timescale of <1 ms.
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Fig. 3.1 Relative probability for each remnant scenario for a population of NSNS binary
mergers. The black line indicates the chirp mass distribution (assuming the NS mass
distribution given in Kiziltan et al. 2013). Left (right) panel shows the results for DD2
(APR4) EoS. Systems with chirp mass in the orange, red and blue region produce,
respectively, a stable NS remnant, a SMNS and a HMNS. Systems in the gray region
promptly collapse to a BH. This figure is inspired by Fig. 4 of Margalit and Metzger
(2019), however here the merger remnant’s mass is computed differently (see text for
description).

stable NS, ~ 39% with a SMNS and ~ 1% with a HMNS. For APR4 EoS instead a
stable NS forms only in ~ 3% of mergers, a SMNS in ~ 38%, a HMNS in ~ 52%,
while a BH promptly forms in ~ 7% of mergers. This is consistent with expectations.
Indeed stiff EoS (as DD2) support large M $™* and produce massive ejecta (large NS
deformabilities), while the contrary holds for soft EoS (as APR4).

3.2 Dynamical ejecta

In NSNS mergers dynamical ejecta are produced through two main processes. First,
in the last phase of inspiral, tidal forces induce partial NS disruption, forming spiral
arms that expand outwards (close to the equatorial plane) as a consequence of angular
momentum transport (due to hydrodynamic processes). Then, when the NSs collide,
surface material in the contact region is shocked and the quasi-radial remnant’s pulsa-
tion pushes it outwards almost isotropically (see i.e. Hotokezaka et al. 2013). NSNS
merger simulations found dynamical ejecta masses and velocities in the range, respec-
tively, ~ 107* — 1072 M, and 0.1 — 0.3c (Hotokezaka et al. 2013, Radice et al. 2016,
Bovard et al. 2017). The NSNS dynamical ejecta mass mainly depend on the total mass
Mo, the mass ratio ¢ and the NS EoS. Le. for systems with M., > My, that promptly
form a BH the shock-driven ejection is suppressed; asymmetric mergers (¢ < 1) pro-
duce more massive ejecta (Bauswein et al. 2013, Bernuzzi et al. 2020); for soft EoS the

NSs are less deformable, thus tidal disruption is less significant, producing less massive
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dynamical ejecta. Moreover, rapidly spinning NS produce more massive dynamical
ejecta (Dietrich et al. 2017, Most et al. 2019). The opacity of NSNS dynamical ejecta
depends on the remnant fate. Indeed if a SMNS/HMNS phase exists before the collapse
to a BH, the strong neutrino irradiation can increase Y./lower x (at least in the region
close to the polar axis, where the neutrino wind is more intense), otherwise the opacity
is large (very neutron-rich material).

In BHNS mergers dynamical ejecta are produced only by tidal disruption of the
NS, as the BH has no crust (thus no shock happens when the two objects “collide”).
Therefore these systems produce dynamical ejecta close to the equatorial plane and
mainly in ~half of the azimuthal angle (Kawaguchi et al. 2015, 2016, Fernandez et al.
2017, Foucart et al. 2018). BHNS merger simulations found dynamical ejecta masses
up to ~ 0.1 M, with velocities similar to the NSNS case. The BHNS dynamical ejecta
mass mainly depends on gy, Q = M; /M, and NS EoS. Le. low mass/rapidly spinning
BHs have smaller Risco, favoring the condition dyq > Risco and producing massive
dynamical ejecta; tidal disruption is favored for low (), enhancing the dynamical ejecta
mass (unless for large NS masses, corresponding to low deformabilities); for stiff EoS
NSs are more deformable thus the dynamical ejecta are more massive. Due to the lack
of an intermediate/stable NS remnant producing strong neutrino irradiation, the BHNS

dynamical ejecta have large opacity (low Y,).

3.3 Disk ejecta

BHNS mergers where NS tidal disruption takes place outside the Rysco and the majority
of NSNS mergers lead to the formation of an accretion disc around the remnant object.
NSNS/BHNS merger simulations found disc masses in the range ~ 1073 — 0.3 M
(see i.e. Radice et al. 2018a, Kiuchi et al. 2019, Kyutoku et al. 2015, Kawaguchi et al.
2015, Foucart et al. 2019). In NSNS mergers the disc mass mainly depends on M,
q and the EoS. The production of massive discs involves the redistribution of angular
momentum and mass of the remnant in the transition from differential to solid rotation.
This can not happen in systems with large M, that promptly collapse to a BH and thus
produce very low mass discs (or do not produce any disc). Kiuchi et al. (2019) found
that asymmetric mergers ¢ < 1 produce more massive accretion discs. For the same
reason explained above, stiff EoS favor large disc masses. In BHNS mergers the disc
mass mainly depends on xpy, @) and the NS EoS (same arguments as for dynamical
ejecta).

The outflows from the accretion disc, namely the wind and secular ejecta, depending
on the binary properties can be negligible or significant with respect to dynamical ejecta,

affecting the kilonova emission.
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3.3.1 Wind ejecta

After the disc formation, at early times the mass accretion rate on the central remnant is
large and the disc produces thermal neutrinos (Popham et al. 1999). Neutrino heating
produces mass outflow from the disc’s surface, the wind ejecta. Another mechanism
responsible of wind ejecta production could be the formation of spiral density waves
in the disc, caused by oscillations of the NS remnant (Nedora et al. 2019). For NSNS
mergers, in case of a prompt BH formation only a small fraction &,, of the disc’s mass
flows in the wind ejecta (&, ~ 1%, see Fernandez and Metzger 2013, Just et al. 2015),
otherwise &, ~ 5%? (Perego et al. 2017). In the case of a NS/SMNS/HMNS remnant,
the strong neutrino irradiation increase the material’s Y,, producing wind ejecta with
very low opacity x. However Miller et al. (2019), performing Monte Carlo simulations
with radiation transport, found that also in the case of prompt collapse to a BH the early
disc evolution can produce wind ejecta with large Y.. For BHNS mergers &,, is always
~ 1% (due to the lack of strong neutrino winds). However, by extending the Miller
et al. (2019) results, also for BHNS mergers the wind ejecta can be assumed to have

small x.

3.3.2  Secular ejecta

Spiral density waves and/or magnetohydrodynamic turbulences produced by magneto-
rotational instabilities transport angular momentum outwards. Over time (~ s) the
accretion rate on the central remnant decreases and the disc changes its state from
neutrino-cooled to radiatively inefficient. This happens because the temperature de-
creases and consequently also the neutrino cooling rate (see Metzger 2019, and refer-
ences therein). In the radiatively inefficient state, nuclear recombination and viscous
turbulent heating are not balanced by neutrino cooling (Kohri et al. 2005). This pro-
duces additional mass outflows, the secular ejecta. This material, being in the center
of the disk, had previously avoided neutrino irradiation and at the moment of its ejec-
tion the neutrino luminosity is very low. Therefore secular ejecta maintain a low Y.
Accretion disc evolution simulations for NSNS mergers producing prompt BH forma-
tion and BHNS mergers showed that in secular ejecta all the r-process elements can
be produced, having Y, ~ 0.2 — 0.4 (Fernandez and Metzger 2013, Just et al. 2015).
Results from several 2-D and 3-D simulations indicate that a fraction & ~ 20%?> of the
accretion disc mass flows into secular ejecta (Just et al. 2015, Ferndndez et al. 2015,
Kiuchi et al. 2015, Siegel and Metzger 2017, Fernandez et al. 2019). Instead in NSNS

2Moreover a HMNS/SMNS can contribute to wind ejecta by expelling some of its own material due
to the large neutrino luminosity (~ 1073 M, see Perego et al. 2014, Martin et al. 2015) and/or during
angular momentum redistribution in the case of differential rotation (Fujibayashi et al. 2018, Radice et al.
2018c).

3¢, values range from ~ 30 — 40% for rapidly spinning BH to ~ 5% for non-spinning BH (Just et al.
2015, Fernandez et al. 2015, Siegel and Metzger 2017).
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NSNS: 1.46 Mo - 127 Mo
NSNS: 2 Mo - 1.6 M 3 M.
) (GW170817-like) 1 ° © rn BHNS:3Me-1.1Mo

SMNS/HMNS Prompt BH NS tidal disruption

//

Dynamical Ejecta: ~10-3 Mo Dynamical Ejecta: Absent Dynamical Ejecta: ~10-2 Me
Wind Ejecta: ~3x10-3 Mo Wind Ejecta: ~3x10-5 Mo Wind Ejecta: ~3x10-4 Mo
Secular Ejecta: ~10-2 Mo Secular Ejecta: ~10-4 Mo Secular Ejecta: ~10-2 Mo

Fig. 3.2 Simple sketch representing the outcome of NSNS/BHNS mergers. Case I is
a NSNS merger producing an intermediate SMNS/HMNS remnant, case I is a NSNS
merger promptly forming a BH, case III is a BHNS merger where the NS is partially
tidally disrupted. Solid-colored ejecta are relatively massive, while hatched-colored
ones are relatively low-massive. Blue color indicates low opacity x ~ 0.5 — 1 cm? g~1
purple indicates intermediate opacity ~ 1 —5 cm? g—*, while red indicates large opacity
>10cm? gL,

mergers whose remnant is a SMNS/HMNS up to 90% of the disc mass can flow in disc
ejecta, due to the more intense neutrino irradiation and the presence of a surface on the
remnant (Metzger and Fernandez 2014, Fahlman and Fernandez 2018). In such cases
the strong neutrino irradiation also increases Y. in the disc ejecta. Indeed Fig. 6 in Met-
zger (2019) shows that for longer ¢, a larger disc ejecta Y, is produced. In particular,
for SMNS remnant (¢.,; = 300 ms) the majority of ejecta has Y, = 0.3 (lanthanide-
free, see Metzger and Fernandez 2014, Kasen et al. 2015, Lippuner et al. 2017). Due to
the large values of &, the secular ejecta can be more massive than the dynamical ones.
Indeed estimates of total ejecta mass from GW 170817 are much larger than the typical
dynamical ejecta mass found in simulations. This indicates that the majority of ejecta
come from the disc outflows (see i.e. Siegel and Metzger 2017).

Table 3.1 summarises the ejecta parameters, with their description and typical values
for NSNS/BHNS mergers.

In Fig. 3.2 I show a simple sketch representing the outcome of NSNS/BHNS merg-
ers. Solid-colored ejecta are relatively massive, while hatched-colored ones are rela-
tively low-massive. Blue color indicates low opacity x ~ 0.5 — 1 cm? g~1, purple indi-
cates intermediate opacity ~ 1 —5 cm? g~ !, while red indicates large opacity = 10 cm?
g~ 1. Case I is a NSNS merger with component masses similar to the GW 170817 event.
The merger results in the formation of a SMNS/HMNS intermediate phase. Dynamical
ejecta have low mass, while massive disc and wind/secular ejecta are produced. Case II
is a NSNS merger promptly forming a BH. Dynamical ejecta are not produced, while

accretion disc and wind/secular ejecta are low-massive. Finally case III is a BHNS
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Parameter

Description

NSNS

BHNS

Mdyn

Dynamical
ejecta mass

1074 =102 M,

0— 0.1 M,

Vdyn

Dynamical
ejecta velocity

0.1 —03c

0.1 —03c

Rdyn

Dynamical
ejecta opacity

~1—30cm?g!

~ 15 — 30 cm?g !

edyn

Dynamical ejecta
latitudinal opening
angle (mea-
sured from the
equatorial plane)

80 — 90 deg

10 — 20 deg

¢dyn

Dynamical
ejecta azimuthal
opening angle

27 rad

~ 7 rad

Mdisc

Accretion
disc mass

10-% — 0.3 M,

0— 0.3 M,

Ew

Disc mass
fraction flowing
in wind ejecta

1 —10%

~ 1%

Wind ejecta
velocity

~ 0.05-0.1c

~ 0.1c

Wind ejecta
opacity

~0.1—1cm?g!

~ 1cm?g™!

Wind ejecta
opening angle
(measured from
the polar axis)

~ 60 deg

~ 60 deg

&

Disc mass
fraction flowing
in secular ejecta

~ 20 — 90%

~ 4 —40%

Vs

Secular ejecta
velocity

~ 0.01 -=0.05¢

~ 0.1c

R

Secular ejecta
opacity

~ 1—5cm?g™!

~ 5 — 10 cm?g™!

Table 3.1 Ejecta properties for NSNS and BHNS mergers.
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merger where the NS is partially tidally disrupted before plunging in the BH. Massive
ejecta are produced. In all cases wind ejecta are confined in 6, ~ 60 deg from the polar
axis. Dynamical ejecta are almost isotropically produced in NSNS mergers, while in
BHNS mergers they lie close to the equatorial plane (64yn ~ 20 deg) spanning over ~
half of the azimuthal angle (¢qyn ~ 7 rad).

3.4 Adopted fitting formulae for ejecta properties

In order to calculate the dynamical ejecta mass and velocity and the accretion disc mass
I adopt fitting formulae calibrated on results from numerical simulations of NSNS/BHNS
mergers.

Radice et al. (2018a) found that the dynamical ejecta mass from NSNS mergers is
given by

1/3 n
Magn | (Mo 1—2C, M, _M,
10-3M, [a <A4é) ( & )P an) U g
(3.2)

where a = —0.657, § = 4.254, v = —32.61, 6 = 5.205, n = —0.773, M* is the NS
baryonic mass and C' = GM/(Rc?) is the NS compactness, with R the star’s radius.

Mi+(1 ¢ 2)+6,

The symbol (1 <+ 2) means repeating the previous expression exchanging indices 1 and
2.
Radice et al. (2018a) found that the dynamical ejecta velocity from NSNS mergers

is given by
M.
Vdyn = [a (ﬁ) (1+ ng)} + (14 2)+ 3, 3.3)
1
where o = —0.287, § = 0.494 and v = —3.
In Barbieri et al. (2020b) a new fitting formula for the accretion disc mass from

NSNS mergers was presented:

1
Misc = 1(2 + fL‘1>(£C1 — 1)2M2 + (1 <~ 2), (34)
where ,
My _
Ty ~ 2 Q+MJ +M“4] (3.5)
and

R N2IA%
At = <A_0> (M) , (3.6)

with Ag = 245, = 0.097 and # = 0.241. This formula is consistent with both
symmetric and asymmetric mergers* (simulations from Radice et al. 2018a, Kiuchi et al.

#Kiuchi et al. (2019) found the fitting formula from Radice et al. (2018a) to underestimate the accre-
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2019). As a final tuning, a floor disc mass of Mgiscmin = 1073 Mg, is assumed (as in
Radice et al. 2018a).
For what concerns BHNS mergers, Kawaguchi et al. (2016) reported the fitting

formulae for dynamical ejecta mass,

n _ M,

md:’ = max {alQm(l — 20)0_1 — a2Q™T1sco(Xeft) + a3 <1 — TS> + ay, 0} ,
Mg Mg

3.7
where Q = MBH/MNS’ a; = 4.464 x 1072, as = 2.269 X 1073, as = 2.431, a4 =
—0.4159, ny = 0.2497, ny = 1.352, Xeg = XBH COS Ltit, With ¢ the angle between the
binary angular momentum and the BH spin. 7g5co is the BH dimensionless innermost
stable circular orbit, given by (Kawaguchi et al. 2016)

fISCO(X) =3 + Z2 — szgn(x) \/(3 — Zl)(g + Zl + 2Z2), (38)

where
Zy =14+ 1= {1+ + 1 -x"% (3.9)

Zy = \/3%% + Z2. (3.10)

Kawaguchi et al. (2016) also found that the velocity of dynamical ejecta from BHNS

and

mergers is given by
Y _ (0@ + 1), (3.11)
C

where @ = 1.533 x 1072 and b = 0.1907. Foucart et al. (2018) found that the mass

remaining outside the remnant BH in a BHNS merger is given by

Mout

*

1-2 ’
= {max (06_1/30 - ﬂfISCOQ +7, O)} : (3.12)
n Ui

where n = Q/(1 + Q)? is the symmetric mass ratio, o = 0.406, 3 = 0.139, v = 0.255
and o = 1.761.

For BHNS mergers the accretion disc mass can be computed as
Maisc = max(meout — Mayn, 0). (3.13)

All the different BHNS merger simulations to date (with BHs in the mass range
4 — 10My,), found unbound ejecta never exceeding few percent of Myg. Foucart et al.
(2019) performed BHNS merger simulations in the near-equal-mass regime (Mpy ~

1.4M.), finding the largest unbound component to be ~ 28% of my;. I assume that

tion disc mass in asymmetric mergers.
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the dynamical ejecta mass is limited to

Mayn = fMout- (3.14)
Numerical simulations of tidal disruption events (Rees 1988) for an unbound star caused
by a massive BH found that ~ 50% of the star’s material forms an accretion disc and
the other ~ 50% is unbounded. Although in BHNS mergers the NS is bound to the BH
and tidal disruption will proceed differently, the value f = 0.5 can be assumed as the
maximum ratio between mqy, and Mmegy.

The above formulae depend on the NS baryonic mass
Mg = B.E. + Mys, (3.15)

where B.E. is the binding energy. Lattimer and Prakash (2001) expressed this quantity

as a function of the NS compactness and mass, namely

0.6C
B.E. = Mys—————. A
1-05C (5.16)
Therefore MY is given by
0.6C
Mig=Mns |1+ ——— 3.17
NS NS( +1—O.5C> G1D

Moreover, as explained in Barbieri et al. (2019a), I compute the NS compactness C' us-
ing the “C-Love” relation (Yagi and Yunes 2017), a “quasi-universal” (EoS-independent)

relation between the NS dimensionless tidal deformability A and its compactness:

k=2

C=> ap(In A, (3.18)

k=0

where ag = 0.36, a; = —3.55 x 1072 and as = 7.05 x 1074,
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CHAPTER 4

Kilonovae

In this chapter I present the physics of kilonova emission. In § 4.1 I briefly summarize
the history and bases of kilonova models. In § 4.2 I present the adopted kilonova model
for NSNS mergers and the developed model for BHNS mergers. In § 4.3 I show some

example kilonova light curves.

4.1 History of kilonovae

4.1.1 The r-process in the Universe

The “rapid neutron-capture process”, or r-process, is a mechanism to form heavy el-
ements, namely the lanthanides and attanides (with A > 140, beyond iron), through
neutrons capture by lighter seed nuclei. This process takes place in dense and neutron-
rich environments, there the 5-decay timescale is longer than the neutron capture one.
The r-process form neutron rich nuclei that are unstable (far from the “valley of stabil-
ity””). Burbidge et al. (1957), Cameron (1957) indicated the r-process as the synthesis
mechanism of about half of the heavy elements (beyond iron) in the Universe. The as-
trophysical environments where r-process can take place remained unclear for decades.
A key quantity for the possibility of r-process occurrence is the material “electron frac-
tion”:

np

Ye = :
N + Ny

(4.1)

where n,, and n,, are, respectively, the neutrons and protons densities. In ordinary stellar
material n, > n,, (Y. > 0.5). The occurrence of r-process requires an excess of neutron
(Y. < 0.5).

Neutrino-heated winds from the proto-NSs formed in core collapse supernovae
(SNae) have long been considered as the most promising r-process sites (see i.e. Duncan
et al. 1986, Takahashi et al. 1994), but more recent works disfavoured this hypothesis
(see i.e. Arcones et al. 2007, Roberts et al. 2012). A possible exception could be hyper-
energetic SNae (with very massive proto-NSs and ultra-strong ordered magnetic fields).
Such energetic events represent only ~ 1/1000 of all core collapse SNae. In order to

reproduce the Galactic abundances, each event should release = 1072 M, of r-process
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material, that will subsequently mix with the outer SN ejecta, containing the *°Ni that
causes the SN optical luminosity. The mix of such large amount of r-process material
in the outer ejecta would redden the SN light curve. This is inconsistent with observed
hyper-energetic SNae (see Metzger 2019, and references therein).

The mergers of BHNS and NSNS systems were proposed as viable sites of r-process
through the decompression of neutron-rich ejecta (Lattimer and Schramm 1974, 1976
for BHNS and Symbalisty and Schramm 1982 for NSNS). Freiburghaus et al. (1999),
analysing a NSNS merger simulation, first showed that the ejecta produced abundance
patterns consistent with the r-process in the solar system. In SNae some material from
the proto-NS’s surface is pushed away, forming the neutrino-driven wind. Close to the
NS surface the electron fraction Y, is low, but interaction of nucleons with neutrinos
(i.e. Ve +n — p+ e7) increases the Y.. Instead in NSNS/BHNS mergers, due to
different geometry and more dynamical nature of the systems, some of the ejecta do
not soffer strong neutrino irradiation, preserving a low Y, < 0.2. In order to match
the Galactic r-process abundances, a production rate of heavy elements (A > 140)
~ 2 x 107" Mg, yr~ ! is required (Qian 2000). The corresponding mass yield per merger
is roughly (Metzger et al. 2009, Vangioni et al. 2016)

4.2)

Mr*proc ~ 1072 M@ (RNSNS) )

10yr—1

where Rygng 1S the NSNS detection rate by LVC (design sensitivity). In support of
NSNS/BHNS mergers being the source of r-process, numerical simulations indicate
M, proc ~ 1072 — 1071 Mg and M, _pr0c ~ 0.03 — 0.06 M, is consistent with the
observed kilonova associated with GW170817. Moreover several evidences (see Met-
zger 2019, and references therein) support rare—high yield events (such as NSNS/BHNS
mergers) to produce r-process with respect to common-low yield events (such as core
collapse SNae). Thus NSNS/BHNS mergers are the likely dominant sources of 7-
process in the Universe!.

4.1.2 The “birth” of kilonovae

As explained above, r-process nucleosynthesis produces nuclei far from the “valley of
stability”. They are thus unstable and radioactively decay. Li and Paczytiski (1998) first
indicated the radioactive NSNS/BHNS ejecta as viable source of thermal transient emis-

sion. Having the ejecta low mass and large velocity, they rapidly become transparent to

'However there are some arguments that requires alternative sources. I.e. SN kicks could move the
NSNS/BHNS binary far from the galaxy core, preventing the pollution of 7-process nuclei in the galaxy.
Moreover recent works suggest that SNae could better explain the r-process elements abundances in
low-metallicity environments with respect to NSNS/BHNS mergers. These arguments seem to support
an alternative r-process source at low metallicity, that could be the collapsars (massive rotating stars),
whose collapse also powers long GRBs.
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their own radiation. Thus this transient emission peaks at very early time (~ 1 day) and
it has a much faster decay with respect to SNae (whose peak is at ~ weeks/months).

Metzger et al. (2010) first determined the luminosity scale of these transients, using
radioactive heating rates derived from nuclear reaction network calculation of r-process
nucleosynthesis. They called these transients “kilonovae™?, as their peaks are ~1000
times brighter than novae. Metzger et al. (2010) also first stressed the connection be-
tween the r-process sources and GWs, short GRBs and kilonovae from NSNS/BHNS
mergers (that today is common thought).

Besides the radioactive heating rate é,,., another important property to characterise
the kilonova emission is the ejecta opacity ~. This quantity affects the kilonova peak
and the time at which ejecta become transparent to different wavelengths. Kasen et al.
(2013) showed that the opacity of heavy r-process elements is larger than xp., as lan-
thanides and actinides have complex atomic structure producing a dense “forest” of line
transitions. In ejecta with Y, < 0.2 the r-process nucleosynthesis can form heavy lan-
thanides and attinides nuclei (A 2 195), giving a large opacity. Instead in ejecta with
intermediate-large electron fraction 0.25 < Y, < 0.4 the ratio of free neutrons to seed
nuclei is smaller and only the lighter lanthanides can be produced (A < 130). Although
the opacity strongly depends on wavelength and evolves with time, kilonova emission
can be modeled assuming an effective constant “gray” (wavelength independent) opac-
ity x. Tanaka et al. (2019) found that for Y, < 0.2 the opacity is k ~ 20 — 30 cm? g1,
for 0.25 <Y, <035isk ~3—5cm? g tandforY, ~ 0.4is k ~ 1 cm? g7! (at
T = 5000 — 10000 K, the typical ejecta temperature around the peak emission time)?.

For very large « the kilonova peaks later (~ 1 week), at larger wavelengths (near-
infrared) and at a lower luminosity with respect to low x ejecta case (peaking at ~1 day
in the optical/UV band) (Barnes and Kasen 2013). Therefore Metzger and Ferndndez
(2014) defined the emission from lanthanide-rich (low Y,) ejecta “red” kilonova and the
emission from lanthanide-poor (large Y.) ejecta “blue” kilonova. They also suggested
that both emissions could be present in an observed kilonova light curve, being pro-
duced by ejecta components with different properties. This hypothesis was confirmed
with the first (and, at the moment of writing, the only) observed kilonova associated
with GW170817. Indeed the observed light curve is consistent with a “blue + red”

emission, powered by different ejecta components (see i.e. Perego et al. 2017).

%In the literature these transients are sometimes called “macronova”. This term was introduced by
Kulkarni (2005), who assumed the radioactive heating rate coming from free neutrons or °°Ni. This
assumption was later discredited, as free neutrons are captured during r-process and °6Ni is not produced
in NSNS/BHNS ejecta.

3However there is still some uncertainty on the lanthanides/actinides opacity calculations, due to their
complex atomic states (partially filled f valence shells). Indeed the corresponding line strengths have not
been measured in experiments and theoretically these large Z atoms are still an open problem.
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4.2 Kilonova model

4.2.1 NSNS

I calculate the NSNS kilonova emission following Perego et al. (2017) (based on Gross-
man et al. 2014, Martin et al. 2015). They present a semi-analytical model that is ax-
isymmetric with respect to the direction of the binary’s total angular momentum. They
divide the polar plane in 30 equally spaced slices (in cos #) and they assume homolo-
gous expansion in each slice (as a reference see Fig. 15 in Martin et al. 2015, although
there the polar plane is divided in 4 slices equally spaced in #). In each slice the ther-
mal emission at the photosphere is computed as in Grossman et al. (2014), Martin et al.
(2015).

Results from numerical simulations (i.e. Rosswog et al. 2013) and analytical argu-
ments (Wollaeger et al. 2018) indicate that the mass distribution in velocity space is

described by
9\ 3
d_m(x(l_(“>>v2, 4.3)
dv Umax

where vy, 1s the maximum ejecta velocity. In the following I consider the velocity as

Lagrangian coordinate and I define “shell” the ejecta part with the same velocity. The
bolometric luminosity in the j-th angular slice at time ¢ from the i-th ejecta component
is given by:

L?fl(t; Mijy Yeoij) = €nuc(t, Ye,ij)Murad,ij (t, Mij, Yeij)- 4.4)

In the above equation 7 refers to dynamical, wind or secular ejecta and j to one of the
30 angular slices. m;; and Y, ;; are the mass and electron fraction of the i-th ejecta in
the j-th slice. €, is the nuclear heating rate for r-process products radioactive decay.
Mrad,ij 18 the radiating shell’s mass, described below.

The quantity m;; is calculated considering that dynamical and secular ejecta are
more concentrated close to the equatorial plane. (Perego et al. 2017) indicated their
mass distributions in the polar plane as F'(#) oc sin® 6, where 0 is the polar angle, mea-
sured from the polar axis (direction of the binary’s total angular momentum). Instead
the wind ejecta propagates along the polar axis, with a constant mass distribution inside
its opening angle 6, = 60 deg. Thus its angular mass distribution can be expressed as
F(0) = const. for § < 60 deg. Therefore m;; for dynamical and secular ejecta is given
by

mij = mlz—g)t (cos360;:1 —9cosbjy —cos30;_1 +9cosb;_q), 4.5)

while for wind ejecta

My tot

00— cosfy) 0801 cosli) - for 0 <, (4.6)

mij =
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where 0;,, and 0;_; are, respectively, the upper and lower bound of the j-th angular
slice.
For simplicity in the following I fix a single choice ¢7 and I drop the indices, as the
treatment is the same for the two ejecta components and in all the angular slices.
Korobkin et al. (2012) found a fitting formula for €,,., based on detailed nucleosyn-

thesis calculations:

1 1 t—t
nuc(t) = eoet—h {— — —arctan < 0)1 , 4.7)

where 0 = 0.11 s, {5 = 1.3 s and €, is the thermalization efficiency (for which in
this work is assumed a constant value ¢;;, = 0.5). Korobkin et al. (2012) estimated the
parameter €y to be ~ 1.2 x 10'® erg g7! s~1. However, as indicated by Perego et al.
(2017), there are large uncertainties in the decay models and nuclear mass, thus € is
usually assumed in the range ~ 10 < ¢5 < 2 x 10 erg g7! s7! (Mendoza-Temis
et al. 2015, Rosswog et al. 2017).

Perego et al. (2017) introduced an additional term, ey, in €,,.. This term depends
on the ejecta electron fraction Y, and takes into account that large Y. (low opacity)
ejecta have a short decay half-life (~ few hours), thus at early times their emission is

“boosted”:

. ~1
05+ 2.5 {1 ¥ e[‘*(ﬁ*W} ifY, > 0.25, “s)

ey, (t) =
1 otherwise.

In Eq. 4.4 the term m,,q is the mass of the radiating shell, that is the region between
the diffusion surface and the photosphere. The former is the shell where the optical
depth 7 = kpAr = ¢/v (k is the ejecta opacity), while the latter is the shell where
T = 2/3. Below the diffusion surface the density is too large and photons can not escape
(the diffusion timescale is larger than the dynamical one), while above the photosphere
the density is too low and photon thermalisation in inefficient. Assuming homologous
expansion, the ejecta mass distribution is stationary in velocity space. The mass of

ejecta with velocity larger than a given value v can be expressed as:

Moy (V) = 1 [1 L F (VV )} , (4.9)

where, for the assumed mass distribution (see Eq. 4.3), F'(x) is given by

35 , 135 . 189 . 105 ,
= - — —1’ = —a".

F(zx) = 6% 16" T 16 (4.10)
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As explained above, diffusion is effective when the optical depth is smaller than ¢/v:

KMsy €
dw(vt)?2 — v

T = KpAr = . 4.11)
By inverting this relation, the shell with velocity v corresponds to the diffusion surface

at the time
KM>y

tair = (4.12)

Amtve

Following the same reasoning, the shell with velocity v corresponds to the photosphere

at the time

(4.13)

tphot =

By inverting Eqs. 4.12-4.13 the evolution in time of the diffusion surface and photo-
sphere can be computed. Finally, at each time, the mass of the radiating shell is given
by:
Mrad(t) = Moy (®) = M>vpne(t)- (4.14)
The kilonova emission is assumed to be described by a blackbody. When ejecta are
launched their temperature T is larger than 10.000 K and during their expansion they
cool down. Barnes and Kasen (2013) found that when T reaches the first ionisation
temperature of lanthanides, 71.,, ejecta opacity rapidly drops due to the lanthanides
recombination. The photosphere recedes inwards, following the front of recombination,
and its temperature remains constant (7' = 71,,). Before recombination the photospheric
radius is given by
Rphot = Vphott; (4.15)

Instead after recombination, using Stefan-Boltzmann law:
Lo = AogpT* = R*QogpT?, (4.16)

and fixing the temperature to 71 ,, the photospheric radius is give by:

Ly
Rphot = | =22, 417
phot QO‘SBTLZLa ( )

where € is the subtended solid angle and ogp is the Stefan-Boltzmann constant. At each

time R0t is the minimum of Eq. 4.15 and 4.17. Summarizing:

1/4
Rphot = Vphott, 1= <#§5“> before recombination,
pho

Lo . .
T =T1a, Rohot = 4 /ﬁjﬁla after recombination,

Martin et al. (2015) computed the observed spectral flux as a superposition of Planck-

(4.18)
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ian distributions. For each angular bin, they project the emitting surface along the

observer’s line of sight. The observed spectral flux at a given time ¢ and frequency v is
F,(w,t)=>_ By(Tj(t))/ w - dS, (4.19)
j flj-W>0

where B, (7}(t)) is the blackbody spectrum in the j-th angular slice, w is the observer’s
direction, n; is the unit vector orthogonal to the j-th angular slice’s photosphere. The
integral in Eq. 4.19, which represents the projection factors, is time independent. Thus

it can be computed once and used as weighting factors p;(w), obtaining
Fy(w,t) = p;(w)B,(T}(t)). (4.20)
J

At each time B, is given by

[ Rpnet\” 200 1
B”_( dy, ) 2 h/keT) _ 1 4.21)

where h is the Planck constant, kg the Boltzmann constant and d;, the luminosity dis-

tance.

422 BHNS

I model the wind and secular ejecta kilonova emission for BHNS mergers as in the
NSNS case. As explained in §3.2 BHNS mergers produce dynamical ejecta with a
“crescent-like” geometry, close to the equatorial plane, that is not axisymmetric with
respect to the binary’s total angular momentum direction (contrary to the other ejecta
components). Kawaguchi et al. (2016), Fernandez et al. (2017) found that dynamical
ejecta from BHNS mergers extend in the latitudinal and azimuthal directions, respec-
tively, over 04y, ~ 0.2 — 0.5 rad and ¢4y, ~ 7. I calculate the BHNS dynamical ejecta
kilonova emission as presented in (Barbieri et al. 2020a).

I assume that dynamical ejecta mass distribution in velocity space is the same as Eq.
4.9. Each shell in the dynamical ejecta can emit from the photosphere in the latitudinal
or radial direction, depending on which diffusion time is the shortest. The diffusion
approximation is the same as above. If 6 is the angular distance from the equatorial
plane, dynamical ejecta are found in the region from —0g4yy t0 O4y,. In the following I
consider only half of this region (6 > 0), as the other one can be treated in the same
way (reversing the signs). Considering a photon produced at an angle 6, its latitudinal

direction diffusion time is

(Bayn — 0)*Kayn dm/dv

c edyn deyn t

tajat ~ ; (4.22)
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Fig. 4.1 Sketch of a section in the dynamical ejecta. The equatorial plane is at z = 0.
Purple regions are denser than yellow ones (density decreases outwards). The orange
solid line contains the ejecta region for which radiative diffusion has not reached the
surface yet (thus emission is not possible yet). The red dashed line identifies three ejecta
regions, according to the surface to which the diffusion time is the shortest. Region A
emits from the upper latitudinal surface, region B from the lower latitudinal surface,
region C from the radial surface. Image from Barbieri et al. (2019a), copyright by the
authors.

with K4y, the dynamical ejecta opacity. Instead its radial direction diffusion time is

/‘fdynmdyn,>v (Vmax - V)
c edyn ¢dynv2t

td,rad ~ (4.23)

By comparing the two times, the angle 6y, above which photons diffuse in the latitudinal

direction (fq1at < tdraa) 1S

: Mdyn,>v\{Vmax — V
Orat (V) = Oayn — min <9dyn, \/ dy v>2 dEn Tiv )> . (4.24)

Therefore three regions can be identified in the dynamical ejecta. Those with 6 > 0y, (v)
and 0 < —61,:(v) (A and B in Fig. 4.1) emit in the latitudinal direction (respectively
above and below the equatorial plane), while the other one (C in Fig. 4.1) emit in the
radial direction.

In region A the diffusion time 74 1.; equals the elapsed time at the angle

Cedyn¢dyn
= gy — 1| ——rnPdn_ 42
Oalv,t) = bayn =t Kayndm /dv (4.25)

Assuming that the energy released by nuclear heating above 63 immediately contributes
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to the emission and that the density distribution in the latitudinal direction is uniform,

the luminosity per unit velocity in the latitudinal direction is

d L 1. .dm Ohat (V) 0a(v,t)
(V1) = el X max ( Oan Oagn ) (.20

where the term 1/2 indicates that only the region with § > 0 has been considered. The
latitudinal surface for each shell is given by

dS lat
dv

(v, ) = gaynv dv t?, 4.27)

and its black-body effective temperature is

1/4
ALyt /dv )) (4.28)

Topa(v,t) = | —
BB’H<V ) (USB(dSIat/dV

Considering the occurrence of lanthanides recombination, the latitudinal surface effec-

tive temperature is given by
Tias(v, ) = max(Tsp 1at (v, ), TLa)- (4.29)

For what concerns the radially-emitting region (C), the relative velocity between the
emitting surface and the shell must be taken into account. Photons can escape from a
region if their diffusion velocity is larger than the local expansion velocity. The value

v4, above which photons can escape, can be estimated from the implicit equation

RdynMMdyn,>vq4
A EE— (4.30)
0dyn¢dynvdc
The radial luminosity is thus given by
Lrad(t) - €(t> Mrad,>vq (t)7 (431)

where m,,q > 1s the dynamical ejecta mass in region C with velocity larger than v,

namely

Vphot
Mrad,>v = / Qg‘m (fl—mdv. (4.32)
v dyn v

The upper extremum of this integral is vy, because material beyond the photosphere

does not contribute to emission (as explained above). The radial emission surface is

Srad (t) ~ 925dyr10dynvf)hott2 5 (433)
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where the photosphere’s velocity vyt 1s calculated from the relation

2 I{dynm>v hot
T==-= 3 . (4.34)
3 ‘gdyn‘Z§<i>'r1\71?>hf)tt2
The effective temperature of radial photosphere is
Lua(t) )"
Tiaa(t) = — AN 4.35
d( ) max [(O_SBSrad(t)) L ( )

Under the assumption that dynamical ejecta is geometrically thin, the projection factor

of latitudinal emission in the observer’s direction €, (with respect to the polar axis) is
fras = cos(6y), (4.36)
while the projection factor of radial emission is

fraa = 7 cos(0,) sin®(Bayn) + 28in(0,)[fayn + sin(Oayn) cos(Gagn)]- (4.37)

4.3 Kilonova example light curves

In Fig. 4.2 I show some example of kilonova light curves, in the g-band (484 nm,
left column) and J-band (1250 nm, right column). The first row distinctly shows the
contributions to the total kilonova light curve (solid red) from the dynamical (dashed
blue), wind (dot-dashed orange) and secular (dotted green) ejecta. This kilonova cor-
responds to a NSNS merger producing mqy, ~ 2.5 x 107*M and mgis. ~ 0.13Mp
(consequently Mying ~ 5.6 X 1072 My and mge. ~ 2.6 x 1072M,,), whose distance is
d;, = 40 Mpc. The behaviour of each ejecta component depends on its properties. In
the other rows of Fig. 4.2 I show the kilonova emission dependence on the opacity x,
velocity v and mass m. The second row shows that emission from ejecta with large «
has slower evolution, dimmer peak and more contribution at larger wavelengths with
respect to low « ejecta. The third row shows that emission from ejecta with large v has
a faster evolution and brighter peak with respect to low v ejecta. The fourth row shows
that emission from massive ejecta has a slower evolution and brighter peak with respect
to ejecta with low mass. For the considered case in the first row, the wind ejecta dom-
inates the emission in the first ~ 3 days, after which the kilonova is dominated by the
secular ejecta. The dynamical ejecta is faster than the other components (vqy, ~ 0.18c,
Uy ~ 0.06, vg ~ 0.04), thus it has an earlier peak but it is sub-dominant as it is very low-
massive. Moreover the dynamical and secular ejecta, having large opacity x, produce

larger emission in the J-band (near-infrared), as also explained in §4.1.2.
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Fig. 4.2 Example kilonova light curves in the g- (left column) and .J-band (right col-
umn). The first row shows the contributions to the total kilonova light curve (solid red)
from the dynamical (dashed blue), wind (dot-dashed orange) and secular (dotted green)
ejecta. The other rows show the kilonova emission dependence on the opacity ~ (second
row), velocity v (third row) and mass m (last row).
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CHAPTER 5

Gamma-Ray Bursts

In this chapter I present the basic physics of GRBs. In §5.1 I briefly resume the GRB
observation history. In §5.2 I introduce the mechanisms of GRB prompt and afterglow
emission. In §5.3.1 I explain the necessary conditions for GRB jet launch. In §5.3.2 1
show how to calculate the jet’s energy. In §5.3.3 I describe the assumed jet’s structure.

In §5.4-5.5 I present the assumed GRB prompt and afterglow emission models.

5.1 A brief history

GRBs are intense and short pulses of gamma-rays. They are the most luminous known
events in the Universe, with an isotropic luminosity of ~ 105'~°2 erg/s. Their duration
varies from fractions up to hundreds of seconds. The gamma-ray emission is defined
“prompt”. It is followed by a longer lasting and lower energy emission in the X-ray,
optical and radio bands, defined “afterglow”.

The first GRB prompt emission was detected in 1967. In the early '90s the Burst
And Transient Source Experiment (BATSE) instrument performed an all-sky survey,
finding that GRBs are isotropically distributed, favoring a cosmological origin. There-
fore, considering the large distances, the measured fluxes imply very large energy. Fur-
thermore, considering the rapid time variability, this energy must be emitted in a short
time in a small volume. Following these arguments, a relativistically expanding fire-
ball was proposed as the emission mechanism of GRBs (see i.e. Paczynski 1986). The
first GRB afterglow emission was detected in the late 90s by Beppo-SAX satellite, in
the X-rays. The corresponding measured redshift distance confirmed that GRBs are
cosmological sources (Metzger et al. 1997, Djorgovski et al. 1998). In the following
years other afterglows were detected, also in optical and radio bands, over timescales
of months (van Paradijs et al. 2000, see i.e.). The observations are consistent with the
fireball model.

In 2004 the Swift satellite started its mission, leading to the multi-wavelength obser-
vation of several GRBs from ~ minutes to ~ hours after the burst trigger. This allowed
a deeper understanding of the transition from prompt to afterglow emission, discovering

i.e. several X-ray early behaviours.
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Fig. 5.1 Schematic representation of a GRB jet.

5.2 Basis of GRBs

Depending on the gamma-ray emission duration, GRBs can be divided in two cate-
gories: the short GRBs (sGRBs) emission lasts less than 2 seconds, while the long
GRBs (LGRBs) have a longer lasting emission.

GRBs are generated by matter accretion from a disk on a compact object. In par-
ticular, LGRBs are produced after core collapse of very massive stars, while SGRBs
production sites are NSNS and BHNS mergers (under some conditions, described in
the following). The matter accretion on a compact object leads to the launch of a colli-
mated relativistic outflow (jet). It can be thought as a series of shells propagating with
different velocities. These shells can collide, producing the so-called “internal shocks”
that convert a fraction of the jet’s kinetic energy in photons. Thus “internal shocks” are
supposed to be the cause of GRB Prompt emission (although other processes, such as
magnetic reconnection, have been proposed). After the Prompt emission the relativis-
tic jet continues expanding in the ISM. Due to the interaction with the latter, the jet is
decelerated, leading to the formation of a strong relativistic forward shock (‘“‘external
shock™). Close to this shock, ISM electrons are accelerated trough Fermi process and
produce synchrotron emission, powering the GRB afterglow emission. Fig. 5.1 is a
schematic representation of a GRB jet.

However, before expanding in the ISM, the jet must propagate in the matter sur-
rounding the region where it is created. In particular, for LGRBs the jet must overcome
the dense stellar wind produced in the core collapse explosion, while for sGRBs it must
overcome the ejecta produced during the merger. If the jet has a large enough kinetic
energy to overcome the surrounding matter (“breakout”) it is defined a “successful jet”
and it produces the above mentioned emissions. Otherwise the jet can not overcome the
surrounding matter and its energy is transferred to the ambient (“choked jet”). In this

case there is no GRB emission.
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In the following I will consider only sGRBs, as they are produced in NSNS and
BHNS mergers.

5.3 Relativistic jet

5.3.1 Jetlaunch and breakout condition

For what concerns BHNS mergers, the remnant is always a BH. Therefore a relativistic
jet is launched if the NS is partially tidally disrupted before falling in the BH and an
accretion disc is created. The jet is assumed to be launched perpendicularly to the binary
orbital plane (polar direction). As explained in §4, very low ejecta mass is expected to
be launched in the polar direction. Therefore jets from BHNS mergers will always be
“successful”.

For what concerns NSNS mergers, Ciolfi (2020) indicated that if the remnant is
a long-lived massive NS the produced outflow is not consistent with a SGRB jet, as
the baryon content is large and the maximum achievable Lorentz factor is too low.
Therefore! the jet launch condition for these systems is the formation of a BH. One can
thus impose that the merger remnant mass M,.,, is larger than the maximum NS mass
MEE*:

Mrem = Ml + M2 - Mdyn - Mdisk - MGVV > 11\?Saxa (51)

where M, and M, are the component masses, Mgy, and Mg are the dynamical ejecta
and accretion disk masses, Mqw = Eqw/c? is the mass loss corresponding to energy
emission in GWs. Zappa et al. (2018) proposed the following relation to calculate the
energy emitted in GWs:

eGW ~ o + Dljrem + €, (5.2)

where a = 0.005, b = —0.4, ¢ = 0.9, eqw = Eaw/(Miotv) and jrem = Jrem/(MZ,v),
with M, the total binary mass, v the symmetric mass ratio and .J..,,, the remnant an-
gular momentum. The latter quantity is related to the dimensionless spin parameter y
through the relation Y = ¢J/GM?. Coughlin and Dietrich (2019) proposed a fitting

formula to calculate Yyep:
Xrem = tanh[av?( My, + b/NX) + ¢, (5.3)

where A is the binary effective tidal deformability parameter. Fig. 5.2 shows the NSNS

binary configurations producing a BH remnant (on the right of the purple line) or a

IT stress that this is not the only picture in the literature. Indeed i.e. Mosta et al. (2020) performed
three-dimensional magnetohydrodynamic simulations, studying the effect of magnetic fields in post-
merger remnant evolution. They found that HMNS can produce a jet with I' ~ 5. However they argued
that including radiative processes in the jet and neutrino pair-annihilation I" could increase, showing that
also HMNS could produce sGRBs. In this work I will follow the indication by Ciolfi (2020).
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Fig. 5.2 Ratio of NSNS merger remnant mass and maximum NS mass, assuming DD2
EoS. The red line divides binary configurations producing a long-lived NS (on its left)
from those whose remnant is a BH (on its right).

long-lived NS (on the left), assuming DD2 EoS.
Even if the remnant is a BH, the GRB emissions will be produced only if the jet
overcomes the ejecta®. Therefore the jet’s energy must be larger than the minimum

energy for breakout (Ey;). Duffell et al. (2018) described this quantity as:
Epie = 0.05E67, (5.4)

where 6; is the initial jet opening angle and E.; is the kinetic energy of the ejecta encoun-
tered by the jet. We calculate this quantity assuming the ejecta mass angular distribution
presented in §4 and calculating the different component masses in the cone centered on
the polar axis with opening angle ¢;. Fig. 5.3 shows the NSNS binary configurations
producing a “successful jet”, assuming DD2 EoS. Excluding the cases where a jet is not
launched, due to the formation of a stable NS remnant (bottom-left light gray region), it
is evident that the jet is always “successful”. Indeed even for NSNS mergers the ejecta

densities are not comparable to the large density of stellar winds, that can cause the
“choking” of LGRBs.

5.3.2 Jet launch

In NSNS/BHNS mergers where NS tidal disruption produces a disk around the remnant

BH, a relativistic jet can be launched during matter accretion through the Blandfor-

’In reality if the jet is “choked”, all its energy is given to the ejecta. The energized ejecta could
produce a dimmer “cocoon-like” emission (Mooley et al. 2018, Gottlieb et al. 2018, Salafia et al. 2019b).
However in this work I consider only GRB emission from “successful” jets.
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Fig. 5.3 Ratio of jet’s kinetic energy and minimum required energy for breakout, as-
suming NSNS mergers with DD2 EoS. Light gray region (bottom left) indicates binary
configurations that do not produce a jet due to a long-lived NS remnant.

Znajek mechanism (Blandford and McKee 1976, Komissarov 2001). Tchekhovskoy

et al. (2010) expressed the luminosity of this process as:

GQ
Lz o 5 Mis B* Qi f (), (5.5)

where B is the magnetic field’s amplitude at the BH horizon, (2 is the dimensionless
BH angular velocity at the horizon (0 < Qy < 1/2),

XBH
Qy = , 5.6
o0+ VI 0
and f({2y) is a high-spin correction,
f(Qn) =1+ 1.38QF — 9.204;. (5.7

For BHNS mergers we calculate the remnant spin using Eq. 11 from Pannarale (2013),
while for NSNS mergers we use Eq. 5.3 (Coughlin and Dietrich 2019).

Giacomazzo et al. (2015) found that after the merger the magnetic field energy den-
sity can be amplified by magneto-rotational and Kelvin-Helmholtz instabilities up to a

fraction of the rest-mass energy density of the accretion disk, given by

C5

2
BocG2

M Mg, (5.8)
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with M the mass accretion rate on the BH. Substituting this relation in Eq. 5.5 one can
find
Lz o< MQuf(Qn). (5.9)

General-relativistic hydrodynamic (GRHD) simulations of NSNS/BHNS mergers with
a launched jet are consistent with this scaling (Shapiro 2017).

As explained above, for BHNS case very low-mass ejecta pollute the polar direc-
tion, thus the jet is always “successful” and the energy loss in overcoming the ejecta is

negligible. Its kinetic energy can be expressed as
Fxj = Lpy X tacc, (5.10)

where t,.. 1S the disc accretion duration,

¢ _ (1 - gw _ gs)Mdisk
acc BV .

(5.11)

&w and & represent the disk mass fraction flowing in wind and secular ejecta, respec-
tively. Thus (1 — &, — &) is the mass that is effectively accreted on the BH. Substituting
Eq. 5.9 in Eq. 5.10 one can find

Exjet = €(1 — & — &) M QG f (), (5.12)

where € is a dimensionless constant depending on the large-scale geometry of the mag-
netic field, the disk aspect ratio (Tchekhovskoy et al. 2010) and the ratio of magnetic
field energy density to disk pressure at saturation (Hawley et al. 2015). Shapiro (2017)
indicate that € only slightly changes for different system configurations. In order to find
a likely value for €, we compare the maximum achievable jet’s kinetic energy with the
maximum of observed sGRB energy distribution. The most energetic SGRB observed
to date is GRB090510, with E. i, ~ 7.4 x 10°% erg (D’ Avanzo et al. 2014). Assuming
that 10% of the kinetic energy is converted in y-rays and a jet opening angle 0; = 5 deg
(that is the typical measured value for sGRBs, see i.e. Fong et al. 2015), the inferred
kinetic energy for GRB090510 is Ex ; ~ 3 x 10°! erg. In Eq. 5.12 the upper limit for
the factor Q% f () is 0.2 and the upper limit for the disk mass is the total NS mass
(~ 2 — 2.5M, depending on the EoS). Therefore setting ¢ = 0.015 the corresponding

maximum achievable jet’s kinetic energy is ~ 10°? erg, consistent with observations.

5.3.3 Jet structure

The GRB jets have a structure, that describes the angular distribution of energy (Salafia
et al. 2015, Kathirgamaraju et al. 2019). The “core” is the very narrow central region

with uniform distributions. The core opening angles for constant kinetic energy 0. r,
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and constant Lorentz factor . r can be different. The “wings” are all the jet regions
outside the core (6 > 6., where 6 is measured from the jet’s axis). Salafia et al. (2019b),
Kathirgamaraju et al. (2019) indicated an educated guess for the angular distributions

of Lorentz factor and kinetic energy per solid angle in the jet:

L(0) =1+ (T — 1)e @/%er)?, (5.13)
E
2—9(9) — E.e /%) (5.14)

where 0.y = 0.1 rad, 6, = 0.2 rad, I'; is the core’s Lorentz factor and £ is the core’s
kinetic energy,
EC = EK,jet/(T(eiE)- (515)

Fig 5.4 shows the angular distribution of the Lorentz factor (solid blue line) and of
the isotropic equivalent energy Fi i, = 4wdE/d€)(f) normalised to the core’s value

(dashed grey line).

5.4 GRB prompt emission

I calculate the GRB prompt emission following Salafia et al. (2015, 2019a,b). As ex-
plained above, internal shocks and/or magnetic reconnection cause the prompt emission
by dissipating a fraction 7 of the jet’s kinetic energy in y-ray photons. A typical value
is n = 10% (Salafia et al. 2019a). Considering an observer whose viewing angle is 6.,
the measured GRB prompt isotropic equivalent energy is obtained by integrating the
emission over the jet (also accounting for relativistic beaming). In order to do so, the
jet’s front (“head”) can be divided in sub-regions with angular coordinates 6 and ¢ (see
Fig. 5.5). One thus obtain:

B dE
FEi.(0,) = ——df), 5.16
(0v) =7 / T 70 (5.16)
where 9 is the relativistic Doppler factor,

1

with § = v/c. « is the angle between each jet’s head sub-region’s unit normal vector

and the observer’s line of sight, namely
a = cos 6 cos B, + sin ¢sinfsin b,,, (5.18)

where 6 and ¢ are the angular coordinates of each sub-regions in the jet’s head (see Figs.

5.5-5.6). Fig. 5.4 shows the observed prompt emission isotropic equivalent energy Fig,
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Fig. 5.4 Angular distribution of the Lorentz factor (solid blue line, values on the right
y-axis) and of the isotropic equivalent energy F\ i, = 4mdE/d€2(#) normalised to the
core’s value (dashed grey line, values on the left y-axis). The solid red line shows the ob-
served prompt emission isotropic equivalent energy Fi, as a function of the observer’s
viewing angle, normalised to Eis,(f, = 0) (on-axis observer).

as a function of the observer’s viewing angle (red solid line), normalised to Fis, (6, = 0)

(on-axis observer).

5.5 GRB afterglow emission

If the jet has enough energy to overcome the ejecta (“breakout™) it continues expand-
ing in the ISM, sweeping material. When the rest mass energy of the swept material
times the jet’s Lorentz factor squared equals Lk ;, the jet begins to decelerate, induc-
ing the formation of a relativistic forward shock. ISM electrons close to the shock are
accelerated and produce syncrotron radiation, powering the GRB afterglow emission.
The electrons in the “upstream” region (behind the forward shock) are acceler-
ated through the Fermi process, reaching a non-thermal power-law energy distribution.
Fermi process simulations in magnetised relativistic shocks (Sironi et al. 2013) indicate
that the index of the electron distribution is p = 2.3. The total energy density in the
upstream region can be calculated using shock jump conditions (Blandford and McKee
1976). A fraction ¢, of the total energy is given to the electrons, while a fraction eg to
the magnetic field. From the analysis of the ratio of radio to GeV emission energy in
LGRBs Nava et al. (2014), Beniamini and van der Horst (2017) found ¢, ~ 0.1. How-

ever several degeneracies exist, so it is difficult to reliably constrain ¢, from observed
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Fig. 5.5 Schematic representation of jet’s head sub-regions. The red central region is
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Fig. 5.6 Schematic representation of observer’s position with respect to a given jet’s
head sub-region.
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GRB afterglows. Granot and van der Horst (2014), Santana et al. (2014), Zhang et al.
(2015), Beniamini et al. (2016) constrained ep in the range 107* < eg < 1071

I adopt forward shock dynamics and synchrotron emission models from Salafia et al.
(2019a) (that is an upgrade of models from D’ Avanzo et al. 2018, Ghirlanda et al. 2019).
I assume a constant ISM density n = 10~2 cm~3. This value is consistent with both
estimates from GW 170817 associated GRB analysis (Ghirlanda et al. 2019) and typical
observed sGRBs with modelled afterglow emission (Fong et al. 2015). Moreover the
assumption of such a low-density environment is consistent with expectations that, due
to supernova kicks, the NSNS/BHNS merging sites are displaced with respect to the

initial star-forming region birth sites (Voss and Tauris 2003).

5.5.1 Dynamics

Fig. 5.5 shows the assumed spherical coordinate system on the jet’s head. The jet’s axis
coincides with the z-axis, 6 is the latitudinal angle and ¢ is the azimuthal angle. Fig. 5.6
shows that the viewing angle 6, is the angle between the jet’s axis and the observer’s
line of sight. In the following, I will refer to a jet’s head sub-region with latitudinal
angle 6 — df < 6 < 0 + df as “annulus”. I consider each annulus to be independent
from the others, thus I neglect lateral expansion (that is caused by energy exchanges
between the annuli).

At a distance I from the launch region (“radius”) the jet has swept an ISM mass
per unit solid angle given by ,

u(R) = R?nmp, (5.19)
where m,, is the proton mass (under the assumption that the ISM is only composed
of hydrogen). Following Panaitescu and Kumar (2000), Granot and Kumar (2003) the
forward shock dynamics can be computed imposing energy conservation. The upstream

material’s Lorentz factor is given by

(R, 0) = —L2

Ap(R)[(R) + po + c?dE/dQ(R, 0)]
i \/1 N 1|, (520

It

where
B dE/dQ(R =0,0)

) = T =0 0
Blandford and McKee (1976) found that the upstream shocked material lies in a thin

(5.21)

layer. Its thickness AR can be calculated imposing electron number conservation and
assuming that inside the layer there is a uniform radial density distribution. Using shock

jump conditions (Blandford and McKee 1976), the shocked region’s electron number
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density is
Yal'+

Ya — 1’
where 7, 1s the adiabatic index in the region ahead the shock (“downstream”), computed
as in Pe’er (2012). AR is given by

Ng ="n (5.22)

R(’Va - 1)
AR= ———2—. 5.23
(vl + 1) ( )
The shocked material is slower than the forward shock, thus AR increases with time.
Blandford and McKee (1976) found that the Lorentz factor of the forward shock is given

by

I'+1

N GRS Ty 629

Py = [l = 1) + 11\/

5.5.2 Equal-arrival time surfaces

At each time, the observer receives photons that were emitted by the shocked regions at
different times. Since the thickness of the emitting region is negligible when compared
to the radius (AR < R), the assumption that photons are emitted by the jet’s head is a
good approximation. The arrival time for photons emitted by the jet’s head sub-region
with coordinates ¢ and ¢, when the jet’s radius is R, to the observer whose viewing
angle is 6, is given by

R1_ Bicosa

tobS(R,GV,Q,gb):(l—i—z)/ — " 4R, (5.25)
0 ﬁsc

where [ is the shock’s velocity divided by ¢, « is defined in Eq. 5.18 and z is the

redshift. The shock’s surface brightness can be expressed as
L(v,0,¢6,R) = AR5, (v/6)6, (5.26)

where the primes indicate quantities calculated in the comoving frame. ¢ is the shocked
material’s Doppler factor (see Eq. 5.17, AR’ = I'AR and j/, is the synchrotron emis-
sivity (see next subsection). Dividing the jet’s head in sub-regions (see Fig. 5.5), I
consider N bins for 6 in the range 107* < § < 7/2 and M bins for ¢ in the range
—m/2 < ¢ < m/2. Thus I only compute the emission from one half of the surface, as
the other half gives the same contribution (for simmetry). For a given observer time ¢},
for each sub-region I calculate I, at the radius corresponding to ¢, (obtained by in-

verting Eq. 5.25). By integrating over the jet’s head (6 and ¢) the observed flux density
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at time ¢ 1S

1

FV<V7 tobs) =2

42 1 w/2
- / dcos@/ dpR*I,(v(1+ 2), R), (5.27)
dL 0 —7/2

where the factor 2 includes the emission from the other half of the jet’s head, as ex-
plained above. Eq. 5.27 indicates the emission from a single jet. When a BH accretes
matter from a disk it is expected to launch two jets, in the opposite directions perpen-
dicularly to the equatorial plane. The jet in the opposite semi-space with respect to the
observer is defined “counter-jet”. The flux received by the counter-jet can be computed

in the same way, adding 7 to 6,.

5.5.3 Radiation

I adopt the synchrotron emission model for shocked material presented in Sari et al.
(1998), Panaitescu and Kumar (2000). As explained above, ISM electrons are acceler-

ated by the forward shock, obtaining a power-law energy distribution:

dng
dy

x vy P, (5.28)

with p > 2. As explained above, a fraction €, of the upstream energy density is given to
the electrons:
Ce = €c = €o(I" — 1)nsmpcz. (5.29)

Sari et al. (1998) indicate the minimum (“injection”) Lorentz factor of electrons vy, as

-2
o= 1,220 - 1)), 530

with m, the electron’s mass. As clear from Eq. 5.28, the electron’s ~ distribution is a
decreasing power-law, thus the majority of them have v = .
As explained above, a fraction eg of the upstream energy density is given to the
magnetic field. Therefore the magnetic energy density eg is given by
BQ

€ — — — €Re€. (531)
8T

The upstream electrons’ peak synchrotron emissivity in the comoving frame is given
by van Eerten et al. (2012) (with the upgrade by Sironi et al. 2013, to include the “deep

newtonian” regime):
@ p—2 Bee

~ 0.66 (5.32)

-/
.]y’,max

m2c*3p—1 v
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where ¢, is the electron’s charge. Using Eq. 5.26 the emitting surface brightness is

Lu(v) = *AR'j!, . SV, (5.33)

]V’,max

where v/ = v/§ and S(v') is the normalized spectral shape, given by a sequence of
power laws that include all spectral orderings (see Granot and Sari 2002). The different
power-law branches connect in correspondence of particular break frequencies, namely
UV, Ve, Vs and Vge.

Vm 1s the synchrotron frequency for “injection” electrons:

2
B
v, = Jmde? (5.34)

 2mmec’
Above a particular value of the Lorentz factor, ~., the electrons loose their energy
through synchrotron emission on a timescale that is smaller than the expansion dynam-

ical timescale (over which “new” electrons are injected upstream). . is given by

6mmec '3

Py (5.35)

Ve =
where o is the Thomson cross section. v, is the synchrotron frequency corresponding
to Ye.

If vy, > v, the electrons loose their energy faster than the “new electrons refill” of
the shocked region. This regime is the “fast cooling”. If instead vy, < v, the majority
of electrons have v < 7., thus the timescale of their energy loss through synchrotron
emission is longer than the expansion timescale. This regime is the “slow cooling”.
Free-free transitions can cause re-absorption by electrons of emitted photons before they
leave the shocked region. This process is the synchrotron “self-absorption” and happens
below the frequency v, (Panaitescu and Kumar 2000). In the fast cooling regime there
is another break frequency v,. < v, in the spectral region that is self-absorbed, because
electrons at different cooling stages produce a non-homogeneous distribution (Granot
et al. 2000).

5.5.4 GRB afterglow example light curves

Fig. 5.7 shows some GRB afterglow example light curves. I considered a BHNS merger
with Mgy = 5Mg, xsu = 0.5, Mns = 1.4M, Ans = 334 (corresponding to SFHo
EoS), at a distance d;, = 250 Mpc. Using the fitting formula presented in §3.4 and
Eq. 5.12 the launched jet’s energy is Ex jer ~ 2 x 10%* erg. The corresponding jet’s
core isotropic equivalent energy is E. ~ 8 x 10°! erg. Fig. 5.7 shows the emission in
the radio (red), optical (green) and X (black) bands. The three panels refer to different

viewing angles: #, = 0 deg (on-axis observer, left panel), #, = 30 deg (central panel)
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Fig. 5.7 Example GRB afterglow light curves in the radio (red), optical (green) and X
(black) bands. The left panel refers to #, = 0 deg (on-axis observer), the central panel
to #, = 30 deg and the right panel to 6, = 60 deg.

and 0, = 60 deg (very off-axis observer, right panel). It is evident that for larger viewing
angles the observed GRB afterglow light curves are dimmer and peak later.

Indeed on-axis observers immediately receive photons emitted by the jet’s core.
Thus they see an initially bright light curve that decreases in time as the jet’s emissivity
decreases during its expansion. The only exception is the radio band, where at early time
the emission is self-absorbed. Instead off-axis observers initially receive photons only
from the outer jet regions (due to relativistic beaming). These regions are less energetic
(Eq. 5.14) and their emissivity is lower. Over time, the Lorentz factor decreases (Eq.
5.13), and the observers receive photons from inner (more energetic) regions (thanks
to the widening of the relativistic beaming cone). Thus they see an increasing light
curve until they receive the jet core’s emission, representing the observed peak. The
brightness of this peak is much lower with respect to the on-axis case, as the jet’s core
emission is observed at later time, when the core’s emissivity has decreased. After that,
the off-axis observers see a decreasing light curve. Fig. 5.8 is a simple sketch showing
this effect. The aforementioned argument is the reason why I neglect the counter-jet
emission, as it would be a dim contribution at late times, due to the large angle with

respect to the observer’s direction (6, + 7).

5.6 Kilonova radio remnant

After powering the KN emission, the NSNS/BHNS merger ejecta continue their propa-
gation in the ISM. The outer (and faster) ejecta regions have supersonic velocity (v=> 0.3
¢) and a shock is created. Progressively the inner slower ejecta cross the reverse shock
and transfer their energy to the shocked region. Hotokezaka et al. (2016) found a re-

lation between the shocked material’s I' and the forward shock radius R (using energy
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Fig. 5.8 Simple sketch showing how the viewing angle affects the observed GRB after-
glow light curve. Here I consider on-axis (gray), slightly off-axis (pink) and off-axis
(blue) observers. At early time (1) only the on-axis observer receives the jet’s core
emission (red cone). Then (2) also the slightly off-axis observer receives photons from
the jet’s core (corresponding to the observed peak). At late time (3) the off axis observer
still detects a dim increasing light curve, as he does not receive yet the photons from the
jet’s core. See text for a full description. For simplicity the GRB afterglow light curves

are the same of Fig. 5.7.



and momentum conservation)

R? 9
Q?mpn(cﬁf) ~ E(> p), (5.36)

where m,, is the proton mass, n is the ISM number density, (2 is the ejecta solid angle.

E(> ) is the kinetic energy of ejecta with velocity above ¢, namely

E(> B) = / "o I s, (5.37)
. dv
where dm/dv is given by Eq. 4.3. After all the inner shells crossed the reverse shock,
the ejecta continue expanding quasi-adiabatically, with I'8 oc R=3/2. As for the GRB
afterglow, ISM electrons close to the shock produce synchrotron radiation, mostly in
the radio band. Nakar and Piran (2011) defined this emission “radio flare”. In Barbieri
et al. (2019a), due to the slow evolution of this transient (~ years) and to the similarity
with supernova radio remnant, this emission was defined “kilonova radio remnant”.
Hotokezaka and Piran (2015) presented example light curves of kilonova radio remnant
produced by NSNS and BHNS mergers. They found that these light curves can have a
peak flux ~ mly at very late times (several years). However the kilonova radio remnant
light curves strongly depend on the assumed model parameters (i.e. n). In Barbieri et al.
(2019a) I modelled synchrotron emission for this transient similarly to GRB afterglows.
I only considered dynamical ejecta, as the other components have smaller velocities
and decelerate even later. I found that the kilonova radio remnant light curves become

relevant only at ¢ = 30 years.
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CHAPTER 6

Analysis

In this chapter I present the different analysis performed during my PhD research and
the main achieved results. § 6.1 shows the results from Barbieri et al. (2019a, 2020a).
§ 6.2 shows the results from Barbieri et al. (2019a,b, 2020b). Finally, § 6.3 represents

the starting point of a future work (Barbieri et al. 2020c, in preparation).

6.1 EM counterparts dependence on BH and NS properties

In this section I investigate the EM counterparts dependence on the NSNS/BHNS binary
properties. As explained above, the kilonova and GRB afterglow light curve behaviour
is affected by the ejecta properties (besides the modeling parameters). Therefore it is
important to understand how binary properties affect the ejecta production and, conse-

quently, the EM emission.

6.1.1 NSNS

The properties of ejecta from NSNS mergers are computed using Eqgs. 3.2-3.3 (Radice
et al. 2018a) and Eq. 3.4 (Barbieri et al. 2020b). Thus they depend on the NS masses
and tidal deformabilities (using Eqs. 3.17-3.18 to compute the NS baryonic mass and
compactness). Assuming that both NSs are described by the same EoS, in Fig. 6.1 I
show the ejecta mass dependence on the NS masses for APR4, SFHo and DD2 EoS
(all consistent with actual constraints from GW signals GW170817/GW 190425 and the
NICER results, see LVC 2019e, 2020c, Miller et al. 2019a, Riley et al. 2019). The
black dashed line indicates the equal-mass limit (M; = M>). In general more massive
ejecta are produced for low-mass secondary NS, as it is more deformable. For stiffer
EoS, the production of massive dynamical ejecta requires large mass ratios (asymmetric
binaries). Moreover for My 2 1.5—1.6M, (depending on the EoS) no dynamical ejecta
are produced.

In Fig. 6.2 I show kilonova light curves for several NSNS binary configurations and
EoS in two bands. According to Fig. 6.1, stiffer EoS correspond to more deformable
NSs, whose merger produce more massive ejecta and consequently brighter kilonovae.
This effect can be seen moving from left panel (APR4 EoS, soft) to right panel (DD2
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Fig. 6.1 NSNS dynamical ejecta (top row) and accretion disc (bottom row) mass depen-
dence on the NS masses for APR4 (left column), SFHo (central column) and DD2 EoS
(right column). The black dashed line indicates the equal-mass limit (M; = Ms).
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Fig. 6.2 Kilonova light curves dependence on NSNS binary configurations (different
colors) and EoS (different columns) in two bands (different linestyles).
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Fig. 6.3 GRB afterglow light curves dependence on NSNS binary configurations (differ-
ent colors) and EoS (different columns) for three viewing angles (different linestyles).

EoS, stiff). As shown above, asymmetric NSNS binaries hosting a low-mass secondary
NS also produce more massive ejecta and consequently brighter kilonovae, as can be
seen moving from black lines (M, = 1.4My — M, = 1.3M, almost symmetric) to
orange ones (M, = 2M. — My = 1M, very asymmetric).

The same arguments as above hold also for GRB afterglow light curves, presented
in Fig. 6.3.

6.1.2 BHNS

The properties of ejecta from BHNS mergers are computed using Eqgs. 3.7-3.11 (Kawaguchi
et al. 2016) and Eq. 3.12 (Foucart et al. 2018). Thus they depend on! Mgy, Mys, Axs,

'As explained in Barbieri et al. (2019a), I neglect the NS spin. Indeed even if the NS forms rapidly
spinning it has time to spin-down (through dipole emission) before the merger. Moreover the NS can not
spin-up through matter accretion, as its companion is a BH. Thus before tidal locking the NS spin is ~ 0
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B and t;;. For simplicity in the following I consider ¢;; = 0, corresponding to non-
precessing binaries, with aligned BH spin vector and orbital angular momentum. In Fig.
6.4 1 show the BHNS ejecta mass dependence on the binary parameters. The first row
indicates how the BH properties (Mpy and xpp) affect the ejecta mass, fixing the NS
mass and tidal deformability (Mys = 1.4M and Axs = 330, corresponding to SFHo
Eo0S). The general result is that more massive ejecta are produced for low-mass/rapidly-
spinning BHs. Indeed such BHs have smaller Risco, favoring the NS tidal disruption to
happen outside the event horizon. The second row instead indicates how Myg and Ang
affect the ejecta mass, for a given BH (Mpy = 5M and xgy = 0.3). Of course not
all Mys — Ans configurations are possible, as the two parameters must obey an EoS.
APR4, SFHo and DD2 EoS are plotted with gray symbols. Moving along these lines
(representing physically possible NS configurations) it is clear that more massive ejecta
are produced for low-mass/large-deformability NSs.

In Fig. 6.5 I show kilonova light curves for several BHNS binary configurations
and EoS in two bands. According to Fig. 6.4, more massive ejecta and consequently
brighter kilonovae are produced for low-mass BHs (fixing xpn, Mns and Ayg), as can
be seen in the top-left panel (moving from pink to purple lines). Instead fixing Mpy,
Mys and Ang, brighter kilonova emission is produced for rapidly-spinning BHs, as
shown in the top-right panel (moving from blue to black lines). Moreover fixing Mpy,
xsu and the EoS, binaries with low-mass NSs produce more massive ejecta, as can be
seen in the bottom-left panel (moving from yellow to red lines). Finally, fixing Mgy,
xsu and Mysg, brighter kilonovae are produced for stiffer EoS, as shown in the bottom-
right panel (moving from aqua to dark green lines).

The same arguments as above hold also for GRB afterglow light curves, presented
in Fig. 6.6.

6.2 GW+EM multi-messenger astronomy

As can be seen in Figs. 6.2-6.6 there is a large degree of degeneracy between kilonova
and GRB light curves from different BHNS/NSNS configurations. Moreover, there is a
degeneracy also between the two different system natures. Indeed similar EM counter-
parts can be produced by some combinations of BHNS and NSNS binary parameters.
As an example, in Fig. 6.7 I show some BHNS configurations whose kilonova mimic
the one observed for GW 170817 (for additional examples see Barbieri et al. 2020a).
Therefore, due to these large degeneracies, it is impossible to infer the binary prop-
erties only through the EM observations. Similarly, in some cases the nature of the

merging system can not be identified only through the GW signal detection (as I will

and it remains negligible because the timescale for GW-driven inspiral is smaller than the tidal spin-up
one (Kochanek 1992, Bildsten and Cutler 1992)
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Fig. 6.4 BHNS dynamical ejecta (left column) and accretion disc (right column) mass
dependence on the BH properties Mpy — xpu (top row) and NS properties Myg —
Axs. Gray symbols indicate physically possible Mys — Ans configurations, satisfying
different EoS.
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Fig. 6.5 Kilonova light curves dependence on BH mass (top-left), BH spin (top-right),
NS mass (bottom-left) and EoS (bottom-right). Here I considered ¢ (solid lines) and K

(dashed lines) bands.
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Fig. 6.6 GRB afterglow light curves dependence on BH mass (top-left), BH spin (top-
right), NS mass (bottom-left) and EoS (bottom-right). Here I considered radio band and
three viewing angles, namely 6, = 0 deg (solid lines), 6, = 30 deg (dashed lines and

XBH = 05, MNS =13 M@, SFHo EoS MBH =5 M@, MNS =1.3 Mo, SFHo EoS
/”f””’
1073 | —— Mgy =3.0Mg :”
e Mgy = 5.0 M ¢
Mgy =70Mg N
107 +—= o T -
10" 10° 10" 10
Mgy =5 Mg, xgn = 0.5, SFHo EoS Mgy =5Mg, xgy =0.5,Mys =1.3 Mg
10" 10"
-1 -1 >
10" ==y 10 Pt
/’/’ r”’
P ’,’
_ - _ -
107 = Mys=10Mo =7 10° EoS : APR4 -7
Mys=12Mo EoS : SFHo
Mys=14Mq —— EoS:DD2
10_5 T T T T T T 10_5 L T T T T
10" 10° 10' 10° 10" 10° 10' 10°
Time [days] Time [days]

6, = 60 deg (dotted lines).

Fig. 6.7 BHNS system configurations producing a kilonova emission in the r band that
mimic the GW 170817 observed light curve (gray symbols). Here I consider DD2 EoS.
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explain below). However combining both GW and EM observations and performing a

joint analysis may succeed in breaking this degeneracy.

6.2.1 Binary parameter estimation improvement

Important constraints on the component masses and luminosity distance can be obtained
in very low-latency from the GW signal analysis. Indeed the inferred dy, is generally
released in the “Gamma-ray Coordinates Network” (GCN) few minutes after the trigger,
together with the sky-localisation and the binary nature classification. The latter is
based on the inferred chirp mass value (as I explain below). M., the combination of
the two component masses (see Eq. 2.19), is one of the most precisely estimated binary
parameters (as explained in §2.3.2). Using the Bayes’ theorem, given the inferred M.,

the probability of having a system configuration with M; — M is:

P(M_.|My, My)P(M;)P (M)

P(MlaMZ‘Mc> = P(MC)

6.1)

The uncertainty on the inferred M/, can be assumed as a Gaussian around the true value:

1 M, — el
P(M| My, My) o exp |~ (M) (6.2)
O-C

In Fig. 6.8 I show an example of binary components’ masses constraints given by the
inferred chirp mass. I consider a BHNS merger with Mpy = 6M and Myg = 1.4Mg,
whose M, = 2.402M,. Assuming a 2% relative error, the considered measured chirp
mass is M, = 2.403 £ 0.05M,.

As shown in Barbieri et al. (2019a), the 2D M; — M5 posterior from GW signal

analysis can be used as prior for the EM analysis.

6.2.1.1 Test case

As in Barbieri et al. (2019a) I consider a test case to show how the joint GW+EM
analysis can improve the binary parameter estimation. Assuming a BHNS merger with
Mgy = 6Mg, xgu = 0.8, Mns = 1.4M, Ans = 330. (corresponding to SFHo EoS).
As explained above, the corresponding chirp mass for such a system is M, = 2.402M,.
I assume a distance d;, = 230 Mpc, a non-precessing binary (¢, = 0 rad) and 6, = 0.1
rad. As the kilonova radio remnant is difficult to detect (dim peak at very late times) and
the GRB afterglow strongly depends on the viewing angle, for simplicity I consider only
the kilonova emission. I assume that some loose contraints on dy, and 6, are obtained
by the low-latency GW signal analysis, and the following identification of the kilonova
lead to the host galaxy identification, redshift measurement and better constraint on dy,.

I construct a mock observed light curve in the (657 nm) and K (2143 nm) bands,
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Fig. 6.8 Example of binary components’ masses constraints given by the inferred chirp
mass. The solid green and black dashed lines indicate, respectively, the 50% and 90%
confidence levels.

assuming that observations start ~ 2.5 hours after the trigger and three observations
per night are produced. I assume constant errors on magnitudes (0.2 mag for r band
and 0.3 mag for K band) and observing limiting magnitudes of 24 mag (r) and 22 mag
(K). In order to estimate the binary properties, I run a Markov chain Monte Carlo
(MCMC) with Mgy, xBu, Mns and Angs as free parameters, using the emcee sampler
(Foreman-Mackey et al. 2013). I assume a log-flat prior on the NS tidal deformability
(1 < log;, Ans < 4) and flat prior on the BH spin (0 < xpn < 1). For Mpy and Mgy
I use the 2D posterior from GW signal analysis (/. measurement) as prior for the EM
analysis, as explained above.

In Fig. 6.9 I show the joint posterior distributions for parameter pairs together with
the marginalised distributions for each parameter. Red lines are the adopted priors,
while blue lines indicate the “true” value with which the mock light curves were cre-
ated. The best-fitting values? are reported in Table 6.1 (left column). Fig. 6.10 shows
the mock light curves together with those obtained with the best-fitting parameters. The
fit results are consistent with the “true” values, showing that the joint GW+EM analy-
sis has the potentiality to break the degeneracy on the binary properties®. The binary
parameter uncertainties are mainly due to the non-informative prior on Axg. As an
example, I consider that in the next future the NS EoS is precisely constrained (i.e.
through many NSNS GW signals and/or NICER observations) to be the SFHo. Then
I repeat the MCMC with only Mpy, xgu and Mg as free parameters. Indeed at each

2Obtained following the method presented in Ghirlanda et al. (2019).
30f course I made some optimistic assumptions, as a close/bright enough event to be detected, a very
precise sky-localisation by GW signal analysis, a very rapid and efficient EM follow-up.
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log-flat prior on Ang  fixing EoS to SFHo

Mpn [Me] 5.74707% 5.930:33
XBH 0-76J—r8:5 0-81i818§
Mys [Mo] 1467017 1.427573
log(Axs) 2.6070 37 -

Table 6.1 MCMC best-fitting parameters. Left column refers to the run with Mgy, xBH,
Mpys and Ang as free parameters. Right column to the run with fixed EoS (SFHo), thus
Mgy, xBu and Myg as free parameters.

step Ans is computed using Myg and assuming SFHo EoS. The best-fitting values are
reported in Table 6.1 (right column). Fig. 6.11 is the analogous of Fig. 6.9. Clearly in
this case the inferred binary parameters are closer to the “true” ones.

However in both cases the BH spin is constrained with an unprecedented precision.
This result is very important for future observations, as to date ypy is one of the less

constrained parameters.

6.2.2 Distinguishing the nature of “ambiguous” systems
6.2.2.1 The mass gap and “ambiguous” systems

Up to date, the mass distribution of observed stellar BHs in coalescing binaries spans the
range from 7.6753 M, to 507155 M (LVC 2019d). For what concerns BHs observed
in Galactic X-ray binaries, the mean mass is ~ 7.8 & 1.2M, (Ozel et al. 2010). Instead
NSs in NSNS binaries observed to date have masses in the range ~ 1.165 — 1.590 M,
(Zhang et al. 2019). The largest and most reliably estimated NS mass is that of the
J0740+6620 radio pulsar, with Myg = 2.147050 M, (Cromartie et al. 2020). Therefore
observations seem to indicate that NS and BH mass distributions are disjointed. This
discontinuity is always referred to as “mass gap”, extending from the maximum NS
mass (computed from causality arguments, depending on the EoS) and the estimated
minimum BH mass, namely from ~ 3M, to ~ 5M, (Lattimer and Prakash 2001). The
compact objects’ mass spectrum strongly depends on the carbon-oxygen core mass at
the end of stellar evolution, on the supernova explosion engine and on the compactness
at bounce of the collapsing core (Belczynski et al. 2012, Fryer et al. 2012). Besides
observations, “rapid” SN explosion models (happening within ~ 10? ms after bounce)
predict the existence of a mass gap. However “delayed” SN explosions (happening
over more time, favoring an important amount of fallback) produce a continuous rem-
nant mass spectrum. Interestingly, during LVC O3 observing run several candidates
were reported with at least one binary component in the mass gap (i.e. LVC 2019a,b,
2020a,b). Among the others, GW 190814 (LVC 2020d) has an inferred secondary mass
My ~ 2.6 M, which could represent the most massive NS or the lightest BH ever ob-

served. Moreover, Thompson et al. (2019) discovered a BH-red giant non-interacting
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Fig. 6.9 Joint posterior distributions for parameter pairs and marginalised distributions,
where the free parameters are Mpy, xpu, Mns and Ays. Red lines are the adopted
priors, while blue lines indicate the “true” value with which the mock light curves were
created. Black dashed lines in the maginalised distributions indicate the 16-th (left
line), 50-th (central line) and 84-th (right line) perecentiles. Black solid lines in the
joint distributions indicate 1-, 2- and 3-0 contours.
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Fig. 6.10 Kilonova computed using the best-fitting parameters, in the r (green) and K
(red) band. The points represent the mock light curves with 1 — o errors.
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Fig. 6.11 Same as Fig. 6.9, considering as free parameters Mpy, xsu, Mns (fixing the
EoS to SFHo).

binary system, where the inferred My = 3.3752 M., ideally falling in the mass gap.

In low-latency GW signal analysis, LVC use the inferred chirp mass value to classify
the nature of the coalescing binary (information available in the GCNs). In particular,
from M. the possible ranges for M, and M, can be obtained (see Fig. 6.8). Systems
with both component masses below 31/, are classified as “BNS” (NSNS), those with
both M; and M, above 5M as “BBH” (BHBH), those with M; > 5Mg and M, <
3M., as “NSBH” and those with at least one component with mass 3 < M < 5M
as “MassGap”. Additionally the probability that the event is not of astrophysical origin
(e.g. false trigger) is indicated as “Terrestrial”. In this work I assume a partially different
classification scheme. 1 consider the minimum mass of NSs Mya* = 1M, (~ 10% less
than the value indicated in Suwa et al. 2018). I classify as NSNS systems with both M,
and M, between 1M and MY{E™ (according to the considered EoS); BHNS systems
with M; > 5M and M, < M{S™; BHBH systems with both M, and M, above 5M,.
Moreover I define “BH+gap” systems with M; > 5M and MJ$* < My < 5Me,
“gap+NS” systems with M{$* < M; < 5Mg and My < M{E™, “gap+gap” systems
with both M; and M, between M{$™ and 51 ;. Considering that the “gap” is populated
by compact objects, they have masses larger than M, then I assume that they are low-
mass stellar BHs. Therefore “gap+NS” systems are BHNS binaries, while “gap+gap”
and "BH+gap’ are BHBH binaries.

Considering SFHo EoS (consistent with NSNS GW signals and NICER results to
date), the maximum NS mass is ~ 2.05Mg. Thus the maximum chirp mass for a

NSNS system is ~ 1.785M,. Assuming the existence of the mass gap, the minimum
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Fig. 6.12 Classification scheme for compact object binaries, assuming SFHo EoS

WX~ 2.05Mg and MEE* = 1My, Solid lines indicate binary configurations con-
sistent with several chirp mass values. Violet, green and yellow regions indicate, re-
spectively, BHBH, BHNS and NSNS systems. Binaries with at least one component in
the mass gap are indicated as gray-hatched regions. Red (blue) line indicates Méfﬁf;b
(MEx,), see text for details.

chirp mass for a BHNS system is ~ 1.835M, (configuration with Mgy = 5M, and
Mns = 1M). Thus no chirp mass value can be compatible both with NSNS and BHNS
merger, assuming the existence of the mass gap.

Instead, assuming adjacent NS and BH mass distributions, there is a range of chirp
mass values that are consistent with both NSNS and BHNS binaries (with the BH falling
in the mass gap). In such a scenario, the nature of the merging system can not be
identified only through the GW signal analysis (see i.e. Mandel et al. 2015). I define
“ambiguous” the M. values compatible with NSNS and BHNS binary natures. Fig. 6.12
has been produced considering SFHo EoS. The ambiguous chirp mass range for this
EoS spans from Mg?;glb = 1.233M, (corresponding to M; = My{E™* and My = 1M,
red line) and M5, = 1.792M, (corresponding to M; = My M$™, blue line). Indeed

below M, thye system is certainly a NSNS binary, while above M7, the system
can not be a NSNS binary.

Despite the system’s nature being not discernable through the GW signal, the intrin-
sic binary properties affect the ejecta ones, that in turn determine the EM counterpart
properties. Indeed in Barbieri et al. (2019b, 2020b) I showed that the observation of the
kilonova associated with an “ambiguous” merger could help to identify the nature of

the merging system.
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Fig. 6.13 Dynamical ejecta (left panel) and accretion disc (right panel) masses from
NSNS/BHNS configurations compatible with “ambiguous” chirp masses (different
lines with reported values). I assume xpy = 0 and SFHo EoS (My$™ = 2.058M).
The vertical red line separates BHNS systems (right) from NSNS ones (left).

6.2.2.2 Solving the ambiguity with kilonovae

Fig. 6.13 shows dynamical ejecta and accretion disc masses produced by different
binary configurations consistent with several “ambiguous” chirp masses. It is evident
that NSNS systems compatible with “ambiguous” M, are expected to produce minimal
accretion discs and no dynamical ejecta. The only exception is the case with low M, =
1.45M,, where massive accretion discs can be produced in binaries with sufficiently
large mass ratios. Therefore “ambiguous” NSNS systems, being composed by massive
stars, are the worst configurations for ejecta production. On the contrary, a large number
of BHNS systems compatible with “ambiguous” M. produce massive dynamical ejecta
and accretion discs. Indeed “ambiguous” BHNS binaries have small mass ratios (¢ < 5)
and low-mass (more deformable) NSs, corresponding to the optimal configuration for
ejecta production.

The difference in the dynamical ejecta and accretion disc masses, together with the
other different ejecta properties for the two kind of systems (see § 3.1), will produce
significantly dissimilar kilonova emission. Fig. 6.14 shows the expected ranges of
kilonova light curves from NSNS and BHNS mergers consistent with the considered
“ambiguous” chirp masses. In particular I consider the g (509 nm) and K (2143 nm)
bands, showing the absolute magnitude at different times. For M, > 1.55M no dy-
namical ejecta and minimal discs are produced for NSNS mergers (see Fig. 6.13). Thus
dim kilonova emission is expected for these systems (peaking at ~ —14 mag in the
g-band and ~ —12 mag in the K'-band). The NSNS kilonova range for M. = 1.45M
is shown in panels 1. Instead BHNS mergers produce a range of kilonova light curves
for each “ambiguous” M.. For M. > 1.55M only BHNS systems can produce mas-

sive ejecta, thus the detection of a kilonova light curve would strongly favor this nature
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Fig. 6.14 Expected ranges of kilonova light curves from NSNS and BHNS mergers
consistent with the considered “ambiguous” chirp masses (reported on panels “b”). I
consider the g (509 nm, blue, panels “a”’) and K (2143 nm, red, panels “b”) bands. Solid
(dotted) filled regions indicate the BHNS (NSNS). Dashed lines in panels 2-3-4 indicate
the NSNS KN when the disc mass is 1073M, . I assume SFHo EoS and non-spinning
BHs.

for the merging system. Indeed there is only a small overlap of the corresponding dim
kilonova (dotted lines in 6.14) with the BHNS light curves range. Thus for “ambigu-
ous” M. > 1.55M, except for the observation of a very dim emission, the kilonova
detection would support a BHNS nature for the merging system. For M. = 1.45M
all BHNS light curves are brighter than the NSNS ones at times ¢ < 7 hours in the
g-band and ¢ < 3 days in the K-band. Moreover at times ¢ > 1 week in the g-band
and t 2 3 weeks in the K-band the majority of BHNS light curves are brighter than
the NSNS ones. Therefore the early/late time observation of the kilonova associated
with an “ambiguous” system with such a chirp mass would distinguish the nature of the
merging binary. At intermediate times there is an overlap of the BHNS/NSNS ranges.
The kilonova observation at these times could unveil the nature of the coalescing system
if it was very bright (BHNS) or very dim (NSNS).

BHNS kilonovae as luminous as or even brighter than NSNS ones were also pre-
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sented in Kawaguchi et al. (2020). They found that in the K'-band BHNS kilonovae are
brighter (smaller ejecta Y, due to the lack of strong neutrino irradiation from the rem-
nant), while in the ¢-band the NSNS kilonovae from systems forming a supermassive
NS are brighter (as in these cases the strong neutrino irradiation increases the ejecta
Y.). However they do not select NSNS/BHNS configurations corresponding to the
same chirp mass. Fixing M. reduces the NSNS configurations mainly to those pro-
ducing low-mass ejecta, therefore the majority of BHNS kilonovae are brighter in each
band. Other works on distinguishing the nature of the merging system are Hinderer
et al. (2019), Coughlin and Dietrich (2019) (the authors considered a very low-mass
BH of ~ 1.4M,, comparable to a NS).

It is important to stress that the BHNS kilonova ranges shown in Fig. 6.14 are
obtained considering xpy = 0. As explained above, this is the worst configuration for
ejecta production, corresponding to the dimmest light curves. Thus the capability to
distinguish the nature of the merging system would be even larger for spinning BHs.
As an example, assuming xpg < 0.5 all the BHNS kilonovae are much brighter that
the NSNS ones.

Identifying the nature of an “ambiguous” system would give important information
on the maximum NS mass My ™ and (in case of a BHNS nature identification) discover
the existence of low-mass stellar BHs (close to M{E™), confuting the existence of a
“mass-gap” between ~ 2M,, and ~ 5M . These results would also give fundamental

constraints on the NS EoS.

6.2.2.3 Application to GW190425

In April 2019 the second GW signal consistent with a NSNS merger was detected by
LVC (LVC 2020c). Very interestingly, the inferred chirp mass M, = 1.44 4+ 0.02 is
exactly in the “ambiguous” range. Indeed, as LVC (2020c), Kyutoku et al. (2020),
Han et al. (2020) indicated, the presence of a BH in the binary can not be excluded.
In Barbieri et al. (2020b) I applied the study described above (§6.2.2.2) to the real
GW190425 event.

Late in 2019, the Neutron Star Interior Composition Explorer (NICER) results
provided new constraints on the EoS, by precise analysis of the millisecond pulsar
PSRJ0030+0452 (Becker et al. 2000). In Barbieri et al. (2020b) I considered two EoS,
namely “DD2” (Hempel and Schaffner-Bielich 2010, Typel et al. 2010) and “APR4”
(Akmal et al. 1998, Read et al. 2009). These EoS are one of the stiffest and one of
the softest, respectively, among those consistent with the NICER results (Miller et al.
2019a, Riley et al. 2019) and GW170817/GW 190425 events (LVC 2019e, Kiuchi et al.
2019, Radice et al. 2018b, LVC 2020c). Fig. 6.15 shows the system configurations
compatible with the GW 190425 chirp mass. The dashed vertical lines indicate M ™
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Fig. 6.15 Binary configurations consistent with M, = 1.444+0.02M, the inferred chirp
mass for GW190425. Green (black-dashed) lines indicate the 50% (90%) confidence
regions. The dashed vertical lines indicate M $* for APR4 (orange) and DD2 (blue)
EoS. Image from Barbieri et al. (2020b), copyright by the authors.

for APR4 (orange) and DD2 (blue) EoS. Binary configurations on the right of these
lines are BHNS systems, while those on the left are NSNS systems.

Using the fitting formulae presented in §3.4, in Fig. 6.16 I show the dynamical
ejecta and accretion disc masses for different NSNS/BHNS configurations consistent
with the GW190425 M.. The primary’s mass M; is shown on the upper z-axis and
vertical dotted lines indicate M ™ for APR4 and DD2 EoS. Therefore configurations
on the left of these lines are BHNS binaries, while those on the right are NSNS. For
BHNS mergers, I compute the upper and lower bound on ejecta masses considering,
respectively, maximally-spinning BHs (xgn = 0.99, solid lines) and non-spinning BHs
(xsu = 0, dot-dashed lines). I find that BHNS mergers with low-mass/large-Axs NSs
and small mass ratios produce massive ejecta (for both EoS and spin values). Instead
NSNS mergers produce low-mass dynamical ejecta for DD2 EoS and no dynamical
ejecta for APR4 EoS. Moreover, ~ symmetric NSNS mergers produce low-mass ac-
cretion discs, while asymmetric NSNS mergers produce accretion discs with masses in
between the non-spinning and maximally-spinning BHNS cases.

In Fig. 6.17 I show the NSNS/BHNS KN light curves ranges for binary configura-
tions consistent with M, = 1.44M,. As above, I compute the upper and lower bound
for BHNS systems considering, respectively, xgu = 0.99 and xpy = 0. For APR4 EoS,
the NSNS KN ranges overlap with the BHNS ones in the low-luminosity region. How-
ever the majority of BHNS configurations produce KNae much brighter than the NSNS
case (see also Fig. 6 and discussion in §4.1 in Barbieri et al. 2020b). The horizon-

tal gray lines indicate the limiting magnitudes in the Zwicky Transient Facility (ZTF,
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Fig. 6.16 Dynamical ejecta (left) and accretion disc (right) masses for different
NSNS/BHNS configurations consistent with the inferred chirp mass for GW190425.
I consider APR4 (orange) and DD2 (blue) EoS. The primary’s mass M; is shown on
the upper z-axis and vertical dotted lines indicate M $™ for the considered EoS. Config-
urations on the left of these lines are BHNS binaries, while those on the right are NSNS.
BHNS dot-dashed (solid) lines refer to non-spinning (maximally-spinning) BHs, repre-
senting the lower (upper) bound. Image from Barbieri et al. (2020b), copyright by the
authors.

Bellm et al. 2019) EM follow-up of GW 190425 (Coughlin et al. 2019c), in the ¢ and r
bands (assuming d;, = 161 Mpc, LVC 2020c). For DD2 (APR4) EoS, all (the majority
of) the BHNS configurations would have been detectable* in the first ~ 5 days. Also
some NSNS configurations would have been detectable in the first days, even if with a
dimmer emission.

Therefore, if the kilonova associated with GW 190425 had been observed, the nature

of the coalescing binary could have been unveiled.

6.2.3 Organisation of the EM follow-up campaign

As explained above, the nature of an “ambiguous” GW event can be unveiled if the
associated kilonova is detected. The identification of the EM counterpart to a GW
signal is not trivial. Indeed the low-latency GW analysis provides a localisation volume
(combination of the sky localisation with the distance estimates) that can be very large.
The GW source localisation depends on several factors (i.e. distance, masses, network
configuration). For “ambiguous” systems, whose total mass is low compared to i.e.
BHBH mergers, the sky localisation can be poorly informative. As an example, during
03 the mean 50% (90%) sky-localisation for NSNS candidates was ~ 2360 (8200)
deg?, while for BHNS candidates ~ 2090 (6860) deg®. In case of a poorly informative

localisation, thousands of galaxies and many more transients could be found in the

4Also Kyutoku et al. (2020) found that the kilonova from GW 190425 would have been detectable if
the system had hosted a BH.
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Fig. 6.17 Kilonova light curves ranges for NSNS/BHNS configurations consistent with
the inferred chirp mass for GW190425. Upper (lower) bounds for BHNS KNae are
computed assuming xgg = 0.99 (0). I show light curves in the g (484 nm), r (626
nm) and J (1250 nm) bands. Blue (orange) solid filled regions indicate the BHNS
KNae ranges for DD2 (APR4) EoS. Light blue hatched (red dotted) regions indicate
the NSNS KNae ranges for DD2 (APR4) EoS. Limiting magnitudes for the ZTF EM
follow-up of GW 190425 are shown as gray horizontal lines. Image from Barbieri et al.
(2020b), copyright by the authors.

volume to be investigated. Therefore the identification of the EM counterparts to the
GW signal would be very challenging. In the worst scenario, all the EM information
is lost as no EM counterpart is detected. In the best scenario, the EM counterparts are
identified at late times, and information on the rapidly decaying/short living transients
is lost.

In the previous sections I showed that the low-latency GW analysis precisely esti-
mates the system’s chirp mass, with which the expected kilonova ranges can be com-
puted. Here I discuss how this could be used to optimize the EM follow-up strategy,
due to the limited available observing time and the huge amount of transients in the
sky region of interest. If a transient is consistent with the expected KN range at its first
detection, it could be prioritized for following photometric/spectroscopic follow-up (to
classify its origin) with respect to transients that fall outside the expected range at their
first detection. Adopting this criterion could increase the probability of identifying the
EM counterpart of the GW signal.

In Barbieri et al. (2019b) I ideally apply this method to the GW190425 follow-up
campaign. GW190425 signal was detected only by LIGO Livingston interferometer,
with SNR 12.9 (LIGO Hanford was not in science mode, while Virgo interferometer
did non contribute to the detection due to the low SNR). This represents one the reasons
for the poorly informative source’s sky localisation (90% credible area® ~8300 deg?,
LVC 2020c). To date, the public alert from LVC includes the inferred distance, the

3 As a comparison, GW 170817 source was localised within a 90% credible area ~ 28 deg?.
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binary classification (see §6.2.2.1) and the skymap. Despite the region to investigate
was large, the Global Relay of Observatories Watching Transients Happen (GROWTH)
network covered ~ 21% of the skymap (Coughlin et al. 2019¢). In the first 2 days
following the GW trigger, 15 candidates were particularly promising (Kasliwal et al.
2019, Anand et al. 2019). However, they were later all classified as supernovae (after
1-4 days of observations, see Fig. 3 in Coughlin et al. 2019c).

Fig. 6.18 shows how the previously presented criterion could have been applied
to the EM follow-up of GW190425 event. I computed the expected KN ranges (ap-
parent magnitude) using the distance estimates reported by LVC (LVC 2019c¢), namely
dy, = 155445 Mpc, and assuming that also the inferred chirp mass M, = 1.4440.02M
had been released. I computed the upper (lower) bounds considering d;, = 110 Mpc
and xgg = 0.99 for BHNS case (d;, = 200 Mpc and ygg = 0 for BHNS case). I con-
sidered APR4 and DD2 EoS. Fig. 6.18 also shows 4 promising candidates at their first
detection by ZTF. Transients ZTF19aasckkq and ZTF19aarzaod are consistent with the
expected kilonova ranges at their first detection. Thus they should have been monitored
anyway to identify their nature. Instead ZTF19aasckwd and ZTF19aarykkb are incon-
sistent with the expected ranges at their first detection. Thus the observation of other
candidates could have been prioritized. I stress that ZTF19aasckwd and ZTF19aarykkb
transients can be confidently discarded as GW190425 counterparts. Indeed they are
brighter than the kilonova produced by a system with the same chirp mass of the event
and a maximally-spinning BH, located at the lower bound of the dy, 1o interval, and
assuming one of the stiffest EoS (DD2) compatible with presently available constraints.

This criterion can be extended to each NSNS and BHNS GW trigger, significantly
increasing the probability of detecting the EM counterpart associated with these events.
As already done for GW190425, in the remaining time to the next LVK observing run
(and corresponding new detections) I will continue testing and applying the proposed
method to progressively published O3 GW detections and associated EM follow-up
campaigns. An addition to this method will be the implementation of SN-like light
curves templates, in order to perform on-the-fly comparison between EM observations
and KN/SN expected light curves. Another addition will be the extension of this method
to the GRB prompt and afterglow, to calculate the expected fluxes in the gamma- and

X-rays bands.
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Fig. 6.18 Kilonova light curves ranges for NSNS/BHNS configurations consistent with
the inferred chirp mass for GW190425. I consider the g (484 nm, left) and r (626 nm,
right) bands. Blue (orange) solid filled regions indicate the BHNS KNae ranges for DD2
(APR4) EoS. Light blue hatched (red dotted) regions indicate the NSNS KNae ranges
for DD2 (APR4) EoS. Upper (lower) bounds are obtained considering d;, = 110 Mpc
and ygg = 0.99 for BHNS case (d, = 200 Mpc and xgg = 0 for BHNS case). Points
with errorbars represent the first ZTF detections of promising candidates as kilonova
from GW190425. Image from Barbieri et al. (2020b), copyright by the authors.

6.3 NSNS/BHNS horizons and EM counterpart peak properties distribu-
tion

During the last LVC observing run O3 (concluded in March 2019 due to the COVID-
19 emergency), several NSNS and BHNS merger candidates have been reported®. In
particular, 5 (3) candidates were classified with probability > 40% (80%) as BHNS
mergers, and 7 (2) as NSNS mergers.

Estimates on the BHNS and NSNS intrinsic merger rates from population synthesis
models are, respectively, 6 x 10719 < Rppng < 1076 Mpe=2 yr~! and 3 x 1077 <
Ruasns < 4 x 1076 Mpe=2 yr=! (LVC 2010, Coward et al. 2012, Petrillo et al. 2013,
Fong et al. 2015, de Mink and Belczynski 2015, Dominik et al. 2015, Giacobbo and
Mapelli 2018, Mapelli and Giacobbo 2018, Artale et al. 2019, see also Rastello et al.
2020 and references therein). Dominik et al. (2015) anticipated the expected detection
rates in O3 as 0.04 < Rpunsder < 12 yr ! and 1.3 < Rysnsder S 6.9 yrt.

In this section, based on binary population synthesis results in the literature, I anal-
yse the EM counterparts properties of events that are detectable through GW signal. I
focus on the kilonova and GRB afterglow, studying the peak time and magnitude dis-
tributions. This could provide an additional contribution to the EM follow-up strategy

organisation of GW triggers. Moreover, for each merger in the binary population I

6LIGO/Virgo O3 Public Alerts webpage https://gracedb.ligo.org/superevents/
public/03/
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compute the GW and EM signals, in order to calculate the detection rates and horizon

distances for the considered populations in O3.

6.3.1 BHNS/NSNS populations and binary parameters distribution

I consider binary populations from the Startrack code (Belczynski et al. 2002,
see www.syntheticuniverse.org) and from the MOBSE code (Giacobbo et al.
2018). From the former I select the “Optimistic Common Envelope” model, while from
the latter I select the CC15a5 model (see Dominik et al. 2012, 2013, Mapelli et al.

2019, for a complete description of considered models).

6.3.1.1 Startrack population

I adopt the BH and NS mass distributions of merging BHNS/NSNS binaries from Do-
minik et al. (2012) for two progenitor’s metallicities, namely Z = 0.02 = Z; and
Z = 0.002 = Zj,. Distributions of BH/NS mass, M. and ¢ are shown in Figs. 6,7
and 9 in Dominik et al. (2012). For BHNS binaries with metallicity Z. the BH and
NS masses cluster around 7.5M and 1.2M, respectively. Instead for BHNS bina-
ries with metallicity Z),, BHs and NSs have masses in the intervals 7TMy, — 17M
and 1.1M — 1.8 M, repectively. For NSNS binaries with metallicity Z, M clusters
around 1.3M and M, around 1.1M . Instead for NSNS binaries with metallicity 2.y,
M; clusters around 1.3M, and M, falls in the range 1.1 — 1.25M,.

I adopt the cumulative Rpuns/Rnsns contributions for different metallicities from
Dominik et al. (2013). In order to be consistent with the component masses distribu-
tions, I collected the contributions in two categories: those with Z > 0.005 form the
Z, group, while those with Z < 0.005 form the 7, group. I consider the “low-end”
scenario for metallicity evolution (for description see Dominik et al. 2013). The total
cumulative Rguns/Rnsns 18 the sum of all contributions (Fig. 7 in Dominik et al. 2013,
see also gray lines in Fig. 6.21-6.20 in panels “a”). According to the considered model,
in the local Universe (z < 0.1) the cumulative Rpuns(z < 0.1) ~ 6 — 7 yr—! and the

cumulative Rygns(z < 0.1) ~ 45 yr=t

6.3.1.2 MOBSE population

I adopt the BH and NS mass distributions of merging BHNS/NSNS binaries from
Mapelli et al. (2019). For BHNS binaries, BH and NS masses are mainly distributed in
the range 5M o — 9M and 1.4M — 1.9M, respectively (see their Fig. 5). For NSNS
binaries, M, and M, are mainly distributed in the range 1.1M, — 1.3M and around
1.1Mg, respectively (see their Fig. 8). I adopt the cumulative Rpuns/Rnsns from
Mapelli and Giacobbo (2018) (their Figs. 1-2, see also gray lines in Fig. 6.21-6.20 in
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panels “c”). According to the considered model, the cumulative Rpuns(z < 0.1) ~ 47

yr! and the cumulative Rysns(z < 0.1) ~ 227 yr=t.

6.3.1.3 xpnu distribution

I consider two distributions for ygy in BHNS binaries. I assume that this parameter
remains constant from the BH formation to the binary merger.

First I extend to BHs in BHNS binaries the inferred xgy distribution from BHBH
merger detections in O1 and O2, assuming that spins are preferentially aligned (LVC
2018a). This assumption requires that the majority of coalescing BHNS binaries are
“isolated”” and that the components remain aligned during the system evolution. ~ 90%
< 0.61035 (see

~

of BHs from this distribution (“LVC aligned” from now on) has ypy
LVC 2018a).

The second xpy distribution is derived using Eq. 2 in Arca Sedda and Benacquista
(2019), that represents a fit from Belczynski et al. (2017) (combining different metal-
licities). Belczynski et al. (2017) indicate that massive stars lose an important fraction
of their angular momentum due to significant mass loss via stellar wind. As a con-
sequence, BHs with Mgy = 20 — 30M,, (final remnant of massive stars’ evolution)
have low spins. Instead lighter BHs have large spins (because their progenitors did not
experience significant mass loss). From now on I define this distribution as “High spin”.

Fig. 6.19 shows the two considered xpp distributions. For “High spin” all BHs

from the assumed populations have 0.75 < ygu < 1, as they have masses < 30M,.

6.3.1.4 Other parameters

For BHNS systems I assume Sk to be aligned with the binary’s total angular momen-
tum L, corresponding to non-precessing binaries (¢4, = 0°).

I assume SFHo EoS (Steiner et al. 2013), which is consistent with NS mass-radius
measurements by NICER (Miller et al. 2019a, Riley et al. 2019), constraints from GW's
(GW170817/GW 190425, LVC 2019¢, 2020c), nuclear theory and multi-messenger GW+EM
observations (Landry et al. 2020, Capano et al. 2019, Dietrich et al. 2020).

For each binary I extract the viewing angle 6, from an uniform distribution in cos 6,

(peaking at “edge-on” orientation).

6.3.2 GW and EM signals

I compute the GW signal for each binary merger using the pycbc software (Nitz et al.

2019b), adoptig the Taylor F2 waveform approximant®. h (v) and h, () are com-

"Ye et al. (2019) indicated that the dynamically formed binaries’ contribution to the merger rate is
negligible, supporting this assumption.

8Taylor F2 isa very fast approximant for the inspiral phase, but it does not consider deformability
and/or spin effects. I also tested more precise (and slower) approximants (i.e. IMRPhenomD_NRTidal)
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Fig. 6.19 Considered “High spin” (red) and “LVC aligned” (black) BH spin distribu-
tions.

puted giving M, M, dy, and 6,. I consider the LVC detector network, composed by
LIGO Livingston (L), LIGO Hanford (H) and Virgo (V) interferometers. The antenna
pattern function f(c, 6,1, tymerg) (Where « is the source’s right ascension,  its declina-
tion, v the polarization angle and ¢, the merger time) for each detector is given is
pycbc, together with the spectral strain sensitivity Syoise(2). The GW signal detected
in each interferometer and the corresponding SNR are given by Eqgs. 2.30 and 2.35,

respectively. For a network detection, the total SNR is

SNRR = > SNR}, (6.3)

with SN R; the SNR in each detector. I consider that an event is “GW-detectable” if
SN Rnet > 8. Moreover for each event I assume a network configuration (“L+H+V”,
“L+H”, “L+V”, “H+V”, “L”, “H”, “V”, or no active detector), considering the O3 duty
cycle. For each event I also average the SNR over different combinations of «, 4, ¥
and ty,erg parameters. In particular, o and v distributions are uniform in the 0 — 27
rad range, ¢ distribution is uniform in sin 0, and ¢, is uniformly extracted in the O3
period.

I compute the (possible) EM counterparts for each binary merger using the previ-

ously presented models. In particular I compute:

e KN light curves in the g (484 nm), r (626 nm) and .J (1250 nm) bands from ~ 2
hours to 1 month, considering the limiting magnitudes of GW 190425 follow-up

that includes these effects. However, despite producing significantly different waveforms, the estimated
SNRs were very similar. Therefore, in order to reduce the computational time, I adopted Taylor F2.
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GROWTH campaign (21 mag, 21 mag and 15.5 mag, respectively, Coughlin et al.
2019c¢);

e GRB afterglow light curves in the radio (1.4 GHz), optical (4.6 x 10'* Hz, 626
nm) and X bands (2.4 x 10'7 Hz, 1 keV) from ~ 2 hours to 1 year, considering
typical limiting fluxes of, respectively, 0.05 mJy, 5.7 x 1072 mJy and 1.5 x 10~°
mly;

e GRB prompt emission, considering Fermi-GBM limiting flux in the 10-1000 keV

range, namely 1 phot cm=2 s71.

I do not consider kilonova radio remnant light curves as they peak at late times
(~ years) with very low fluxes, with respect to the other counterparts (as explained in
§ 5.6, see also Barbieri et al. 2019a). Indeed all kilonova radio remnant light curves
for the considered populations were not detectable in the simulated 1-year follow-up
campaign.

In the following I define an event as “EM-detectable” if at least one of GRB prompt,
KN, GRB afterglow is brighter than the limiting threshold in at least one of the consid-
ered bands. Moreover for the KN and GRB afterglow I require that the light curves
are detectable for more than 1 day. In the same way, I define an event as “KN/GRB
prompt/GRB afterglow-detectable” if the KN/GRB prompt/GRB afterglow is brighter
than the limiting threshold in at least one of the considered bands. I stress that this is
a simplification, as having the light curves above the limiting threshold is a necessary
but not sufficient condition for detection. Indeed if the sky localisation from GW signal
analysis is poorly informative the source’s location could be pointed at late times, when
the emission has faded away, or even never pointed. Thus in the following when I refer
to EM detections I assume that the GW signal analysis always precisely localises the
source. Finally, I define an event as “GW+EM-detectable” if it is both EM-detectable
and GW-detectable.

6.3.3 BHNS/NSNS mergers detection rates and horizons

In each redshift bin I generate 10* binaries. For each of them I assign an LVC interfer-
ometers network configuration and I calculate the probability of being GW-detectable
and the possible GRB prompt, GRB afterglow and KN emission. Then for each of the
X-channels (where X can be GW,KN,GRB afterglow, GRB prompt, GW+EM or EM)
I calculate the detectable fraction of the generated binaries. Finally the contribution
in each redshift bin to the X-channel detection rate is the product of the X-detectable
events fraction by the intrinsic merger rate. The horizon distance for each channel is
the one where the cumulative detection rate flattens (farther events are non detectable).

In the following “local rate” indicates the cumulative merger rate for z < 0.1.
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Fig. 6.20 (panels a-b) shows the results for Startrack BHNS population. The
intrinsic cumulative merger rate is represented with a gray line. For this population I
find that O3 GW horizon is z ~ 0.3 (corresponding to a distance dy, ~ 1.6 Gpc) and
the local GW detection rate is ~ 6 yr™', in agreement with expectations in LVC (2010)
and the reported O3 BHNS candidates. For “High spin” ypy distribution, the O3 KN
horizon is z ~ 0.1 (d;, ~ 475 Mpc) and the local KN detection rate is ~ 0.4 yr—!. For
“LVC aligned” yp distribution, the O3 KN horizon is z ~ 0.09 (d;, ~ 450 Mpc) and
the local KN detection rate is ~ 0.03 yr—!.

Fig. 6.20 (panels c-d) shows the results for MOBSE BHNS population. The intrinsic
cumulative merger rate is represented with a gray line. For this population I find that
03 GW horizon is z ~ 0.28 (d;, ~ 1.5 Gpc) and the local GW detection rate is ~ 38
yr— !, in agreement with expectations in LVC (2010) but not with the reported O3 BHNS
candidates. For “High spin” xpy distribution, the O3 KN horizon is z ~ 0.09 (dy, ~ 400
Mpc) and the local KN detection rate is ~ 8 yr~!. For “LVC aligned” ypy distribution,
the O3 KN horizon is z ~ 0.09 (dy, ~ 400 Mpc) and the local KN detection rate is < 1
yr L.

Fig. 6.21 (panels a-b) shows the results for Startrack NSNS population. The
intrinsic cumulative merger rate is represented with a gray line. For this population I
find that O3 GW horizon is z ~ 0.15 (corresponding to a distance d;, ~ 736 Mpc) and
the local GW detection rate is ~ 12 yr~!, in agreement with expectations in LVC (2010)
and about twice the reported O3 NSNS candidates. The O3 KN horizon is z ~ 0.06
(dy, ~ 278 Mpc) and the local KN detection rate is ~ 5 yr— 1.

Fig. 6.21 (panels c-d) shows the results for MOBSE NSNS population. The intrinsic
cumulative merger rate is represented with a gray line. For this population I find that
03 GW horizon is z ~ (.13 (corresponding to a distance dy, ~ 630 Mpc) and the local
GW detection rate is ~ 52 yr~!, in agreement with expectations in LVC (2010) but not
with the reported O3 NSNS candidates. The O3 KN horizon is z ~ 0.065 (dy, ~ 302
Mpc) and the local KN detection rate is ~ 31 yr—.

Horizons and local detection rates from Figs. 6.20 and 6.21 are summarised in,
respectively, Tables 6.2-6.3 and Tables 6.4-6.5. As mentioned above, BHNS (NSNS)
estimated local GW detection rates for St art rack population are (almost) consistent
with reported O3 candidates, while for MOBSE population I find large overestimates.
This could indicate that the component masses distributions and/or the intrinsic merger
rates from Startrack population are more likely. During O3 EM follow-up cam-
paigns identified no counterparts associated with any of the BHNS/NSNS candidates.
As already mentioned, the EM detection rates reported in this work are overestimations,
because I assume each source to be precisely localised by the GW signal analysis. In re-
ality during O3 the mean sky-area 50% (90%) confidence region for BHNS candidates

has been ~ 2090 (~ 6860) deg?, while for NSNS candidates ~ 2360 (~ 8200) deg?.
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Fig. 6.20 Cumulative BHNS merger rate R(< z) for the Startrack (panels a-b) and
MOBSE (panels c-d) population. Gray lines indicate the intrinsic R. Filled and dashed
lines are obtained using, respectively, “High-spin” and “LVC aligned” spin distribution.
Left column — Pink lines indicate the GW-detectable R, green lines the EM-detectable
R and purple lines the GW+EM-detectable R. Right column — Blue lines indicate the
KN-detectable R, red lines the GRB Afterglow-detectable R and orange lines the GRB
Prompt-detectable R.

Startrack population - BHNS
High Spin LVC aligned

Horizon Local Horizon Local

Channel [Mpc] detection [Mpc] detection
[yr™'] [yr ']

GW 1.6x10°% (z ~ 0.3) 6 1.6x10% (z ~ 0.3) 6

EM z>4 <1 z>4 <1
GW+EM 1.6x10°% (z ~ 0.3) <1 1.2x10% (z ~ 0.23) <1
KN 475 (z ~ 0.1) <1 450 (z ~ 0.09) <1
GRB Afterglow z>4 <1 z>4 <1
GRB Prompt 22x10% (z ~ 2.6) <1 15x10° (z ~ 1.9) <1

Table 6.2 Horizon distances and local (z < 0.1) detection rates in the different channels
for the Start rack BHNS population and the two BH spin distributions.
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Fig. 6.21 Cumulative NSNS merger rate R(< z) for the Startrack (panels a-b) and
MOBSE (panels c-d) population. Gray lines indicate the intrinsic R. Left column — Pink
lines indicate the GW-detectable R, green lines the EM-detectable 12 and purple lines
the GW+EM-detectable RR. Right column — Blue lines indicate the KN-detectable R,
red lines the GRB Afterglow-detectable R and orange lines the GRB Prompt-detectable

R.
MOBSE population - BHNS
High spin LVC aligned
Horizon Local Horizon Local
Channel [Mpc] detection [Mpc] detection
[yr'] [yr']
GW 1.5%10° (z ~ 0.28) 38 1.5%x10°% (z ~ 0.28) 38
EM z>4 12 z>4 <1
GW+EM 1.3x10% (z ~ 0.25) 10 1.1x10°% (z ~ 0.22) <1
KN 400 (z ~ 0.09) 8 400 (z ~ 0.09) <1
GRB Afterglow z>4 7 z>4 <1
GRB Prompt 23x10°% (z ~ 2.7) 3 18x10% (z ~ 2.2) <1

Table 6.3 Same as Table 6.2, for the MOBSE BHNS population.
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Startrack population - NSNS

Channel Horizon [Mpc] Local detection [yr—']
GW 736 (z ~ 0.15) 12
EM 36x10° (z ~ 3.9) 8
GW+EM 656 (z ~ 0.13) 5
KN 278 (z ~ 0.06) 5
GRB Afterglow | 36x10° (z ~ 3.9) 5
GRB Prompt | 8.5x10% (2 ~ 1.2) 2

Table 6.4 Horizon distances and local (z < 0.1) detection rates in the different channels
for the Startrack NSNS population.

MOBSE population - NSNS

Channel Horizon [Mpc] | Local detection [yr—!]
GW 630 (z ~ 0.13) 52
EM 26 x 10° (z ~ 3) 43
GW+EM 552 (z ~ 0.11) 25
KN 302 (z ~ 0.065) 31
GRB Afterglow | 26x10° (2 ~ 3) 18
GRB Prompt | 8.5x10°% (2 ~ 1.2) 8

Table 6.5 Same as Table 6.4, for the MOBSE NSNS population.

It is important to note that I find GRB prompt and afterglow emission to be de-
tectable also at z > 1, consistent with the farthest sGRBs observed to date (Zhang and
Wang 2018). Thus, as proposed in Gompertz et al. (2018), Rossi et al. (2019) (and
references therein), NSNS and/or BHNS mergers could be the progenitor of some of
the observed sGRBs. Being these events very distant, the merger’s GW signal is not

detectable, making the interpretation of the progenitors more challenging.

6.3.4 EM counterparts peak properties distribution of GW-detectable BHNS/NSNS
mergers

Among the simulated event, I select the GW-detectable ones that produce EM coun-
terparts, in order to study the distribution of their peak properties (time and magni-
tude/flux).

Fig. 6.22 represents BHNS mergers. Here I show only the results for the “High
spin” xppg distribution. The results for “LVC aligned” distribution are similar, pre-
senting only a small shift towards earlier times and dimmer peaks. Indeed for “LVC
aligned” distribution a larger number of binaries produce low-mass ejecta, having smaller
xBu- The Startrack population’s results are shown in panels a-b. The KN peak time

and absolute magnitude 50% and 90% intervals are shown in panel a. Panel b shows
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the 50% and 90% intervals for the GRB afterglow peak time and vdL/dv, where

dnd?
AL /dy = 1” L

n zF (v), (6.4)
and v is the observed frequency. It is important to remind that the observed GRB after-
glow light curve is significantly affected by the viewing angle (see § 5.5). As explained
above, I assume this parameter to be uniformly distributed in cos 6, (predominantly
off-axis cases). However, since “face-on” binaries produce a larger SNR and I am con-
sidering here GW-detectable events, the ratio of on-axis to off-axis binary number is
slightly increased. Indeed I find the majority of GRB afterglow light curves to peak at
late times (~ 10 days to ~ 1 year), but there is also a non-negligible sub-group that
peaks at early times® (~ hours) with bright emission, corresponding to the almost face-
on events. The KN peaks have absolute magnitude in the range —14 < M < —17.5
and times 2 < ¢ < 24 hours in the g band, 8 < ¢ < 40 hours in the 7 band and 12 hours
< t < 10 days in the J band.

The MOBSE population’s results are shown in panels c-d. The KN peak time and
absolute magnitude 50% and 90% intervals are shown in panel c. Panel d shows the
50% and 90% intervals for the GRB afterglow peak time and vdL/dv. The KN peaks
have absolute magnitude in the range —15 < M < —17.5 and times 2 < ¢ < 24 hours
in the g band, 8 < ¢ < 40 hours in the » band and 1 < ¢ < 10 days in the J band.

Fig. 6.23 represents NSNS mergers. The Startrack population’s results are
shown in panels a-b. The KN peak time and absolute magnitude 50% and 90% intervals
are shown in panel a. Panel b shows the 50% and 90% intervals for the GRB afterglow
peak time and vdL /dv. The KN peaks have times in the range 8 hours < ¢ < 3 days and
absolute magnitude —15.5 < M < —17inthe g and r bands, and —15.3 < M < —16.5
in the J band.

The MOBSE population’s results are shown in panels c-d. The KN peak time and
absolute magnitude 50% and 90% intervals are shown in panel c. Panel d shows the
50% and 90% intervals for the GRB afterglow peak time and vdL/dv. The KN peaks
have times in the range 8 hours < ¢ < 3 days and absolute magnitude —16 < M < —17
in the g and r bands, and —15.5 < M < —16.5 in the J band.

Figs. 6.22 and 6.23 show that the kilonova peak properties distribution is quite nar-
row. Thus this analysis could provide stringent criteria to prioritize kilonova candidates
observations, based on the expected luminosity/time range. If some constraints on the
viewing angle are obtained from the GW signal analysis and/or the possible detection
of a sSGRB (see i.e. Iyyani and Sharma 2020), information from Figs. 6.22 and 6.23

can also guide the GRB afterglow search. The extension and systematic application of

9except for radio light curves. Indeed in this band also on-axis observers see the peaks at ¢ > 10 days
(see § 5.5, Fig. 5.7).
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Fig. 6.22 EM counterparts peak properties distributions for GW-detectable BHNS
mergers, from the Startrack (panels a-b) and MOBSE (panels c-d) population. I
show the 50% (filled) and 90% (dashed) intervals, for the “High spin” BH spin distri-
bution. Left column — Kilonova peaks absolute magnitude and time distribution, in the
g (blue), r (green) and J (red) bands. Right column — GRB Afterglow peaks v dL/dv
and time distribution, in the radio (red), optical (green) and X (orange) bands.
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Fig. 6.23 EM counterparts peak properties distributions for GW-detectable NSNS merg-
ers, from the Startrack (panels a-b) and MOBSE (panels c-d) population. I show the
50% (filled) and 90% (dashed) intervals. Stars indicate the peak properties of kilonova
and GRB afterglow associated with GW170817. Left column — Kilonova peaks absolute
magnitude and time distribution, in the g (blue), r (green) and J (red) bands. Right col-
umn — GRB Afterglow peaks v dL/dv and time distribution, in the radio (red), optical
(green) and X (orange) bands.
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this analysis to the future O4 observing run would be very important to characterize
the expected EM counterparts’ properties and to schedule the follow-up observations to

maximize the probability of new multi-messenger detections (Barbieri et al. 2020c).
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Conclusions

This work falls within the context of the nascent multi-messenger astronomy, where
detections of gravitational waves and electromagnetic signals are combined together to
increase the amount of available information. In particular, I studied the EM counter-
parts associated with BHNS and NSNS mergers.

I developed/updated emission models for all the expected EM counterparts (the kilo-
nova and its radio remnant, the GRB prompt and GRB afteglow), based on results of
recent state-of-the-art numerical simulations of BHNS/NSNS mergers.

Using these models, I anticipated the variety of light curves that can emerge from a
BHNS merger. I showed how a combined GW+EM analysis could reduce the expected
degeneracy and that a multi-messenger parameter estimation could give unprecedented
constraints on the binary components (i.e. the NS tidal deformability and the BH spin).

This information would pose important constraints on the NS EoS and stellar BHs
properties, besides giving insights on the compact object binaries formation and evolu-
tion history. As an example, if the BH spin is found to be almost aligned with the total
orbital angular momentum L, the system is most likely a “field” binary (originated from
the evolution of an isolated binary), and the BH spin can give insights on the stellar col-
lapse (angular momentum transport, stellar winds). If instead the BH spin is not aligned
with L, the system is a “dynamically-formed” binary, and the BH spin could indicate if
it is a “second generation” BH (formed by the collapse of compact object) or a stellar
BH.

I studied the particular case of coalescing binaries with “ambiguous” chirp mass,
compatible with being both NSNS and BHNS (with low-mass BH, in the “mass-gap”).
I showed that, while GW detection can not firmly identify the system’s nature, the KN
emission can be very different for the two cases. Thus the detection of this counterpart
from an “ambiguous” event would be crucial to disentangle the system’s nature.

I analyzed the real GW 190425 event (whose chirp mass falls in the “ambiguous”
range), proposing a method that, based on the knowledge of the system’s chirp mass,
could allow to distinguish the NSNS case from the BHNS one with the KN observation.

A firm identification of a “light” stellar BH, confuting the existence of a mass-gap
between NS and BH mass distributions, would give crucial constraints on the maximum
NS mass and it would be of paramount importance for supernova explosion models.

Indeed to date two engine models are proposed: the “rapid” explosion, producing the
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mass-gap, and the “delayed” explosion (with longer timescales and significant fallback),
producing a continuum mass spectrum for remnants.

Moreover I proposed new criteria to guide the organization of EM follow-up of
GW triggers, with the aim of maximizing the EM counterpart detection probability.
Indeed in the next LIGO/Virgo/KAGRA collaboration observing run O4 a large num-
ber of NSNS/BHNS events is expected to be detected through GWs, but the discovery
and study of associated EM counterparts could be very challenging. Using the models
presented in this work and by exploiting the posterior parameter distribution inferred
from the analysis of the GW signal, the compound of the expected multi-wavelength
light curves can be computed self-consistently. This precious information can be used
both to schedule the observations in different bands and to prioritize the follow-up of
transients consistent with the expected brightness at their first detection.

I applied the proposed method to KN candidates from GW190425 EM follow-up.
I showed that some of them could have been immediately discarded, giving the pos-
sibility to observe other transients consistent with the expected luminosity range, thus
increasing the detection probability of the GW 190425 EM counterpart.

Finally, using the aforementioned models I simulated an LVC observing run to ob-
tain the EM counterpart properties distribution for GW-detected events. By assuming
a NSNS/BHNS population model (from population synthesis works in the literature),
I simulated several events, computing both the GW signal and the EM counterparts (if
any). Assuming observing scenarios for GWs (LVC network configurations and detec-
tor sensitivities) and EM signals (limiting magnitudes/fluxes at different wavelengths),
I selected the events detectable in GWs obtaining the corresponding peak properties
distributions. With this information, EM follow-up can be scheduled in order to make
the most of telescopes’ availability by observing in each band at the optimal time for the
detection (around the peak time). The extension and systematic application of this anal-
ysis to the future O4 observing run would be very important to characterize the expected
EM counterparts’ properties and to maximize the probability of new multi-messenger

detections.
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