N

N

Compact binary merger searches in the era of
multimessenger high energy astrophysics

Cosmin Stachie

» To cite this version:

Cosmin Stachie. Compact binary merger searches in the era of multimessenger high energy astro-
physics. Astrophysics [astro-ph]. Université Cote d’Azur, 2021. English. NNT: 2021COAZ4056 .
tel-03406790

HAL Id: tel-03406790
https://theses.hal.science/tel-03406790

Submitted on 28 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03406790
https://hal.archives-ouvertes.fr

|ECOLE DOCTORALE|

UNIVERSITE .
COTED'AZUR * RPN

Recherches de fusions d’objets
compacts a |I'ere de
I’astrophysiqgue multi-messagers
des hautes énergies

Cosmin STACHIE

Laboratoire ARTEMIS, Observatoire de la Cote d’Azur

Présentée en vue de I’obtention Devant le jury, composé de :
du grade de docteur en Physique Marie-Anne BIZOUARD, Observatoire de la
de I’Université Cote d'Azur Cote d’'Azur, Nice
Dirigée par : Nelson Christensen Nelson CHRISTENSEN, Observatoire de la
Soutenue le : 30 Aolt 2021 Cote d’'Azur, Nice
Frédéric DAIGNE, Institut d’Astrophysique de
Paris, Paris

Tito DAL CANTON, Laboratoire de Physique
des 2 Infinis Iréne Joliot-Curie, Orsay
Damien DORNIC, Centre de Physique des
Particules de Marseille, Marseille

Susanna VERGANI, Observatoire de Paris -
GEPI, Paris



Recherches de fusions d’objets
compacts a I’ere de ’astrophysique
multi-messagers des hautes énergies

Compact binary merger searches in the era
of multimessenger high energy astrophysics

Jury :

Président du jury :
Marie-Anne BIZOUARD, Directrice de Recherche, Laboratoire Artemis,
Observatoire de la Cote d’ Azur, Université de la Cote d’ Azur, Nice

Rapporteurs :

Damien DORNIC, Chargé de Recherche CNRS, Centre de Physique des
Particules de Marseille, Marseille

Susanna VERGANI, Directrice de Recherche CNRS, Observatoire de Paris —
GEPI, Université PSL, Paris

Examinateurs :

Frédéric DAIGNE, Professeur des Universités, Sorbonne Université, Institut
d’ Astrophysique de Paris, Paris

Tito DAL CANTON, Chargé de recherche CNRS, Laboratoire de Physique des
2 Infinis Irene Joliot-Curie, Orsay

Directeur de these :
Nelson CHRISTENSEN, Directeur de recherche CNRS, Laboratoire Artemis,
Observatoire de la Cote d’Azur, Université de la Cote d’Azur, Nice



RESUME

Les étoiles a neutrons et les trous noirs stellaires sont créés par 1’effondrement grav-
itationnel qui survient a la fin des cycles de fusion nucléaire ayant lieu au sein des
étoiles massives. Ils sont les plus petits et les plus denses objets stellaires, avec des
masses allant de un a quelques dizaines de masses solaires, et des tailles similaires
a celle d’une ville sur Terre. Ils se trouvent soit isolés gravitationnellement soit en
systemes binaires, formant des binaires d’étoiles a neutrons (BNS), des systemes trou
noir - étoile a neutrons (NSBH) et des trous noirs binaires (BBH). Dans le dernier
cas, lorsque les objets compacts sont en orbite I’'un autour de I’autre, le systeme perd
du moment cinétique et de I’énergie de liaison par émission d’ondes gravitationnelles
(GW). Ainsi la séparation diminue au cours du temps et, si la séparation initiale n’est
pas trop grande, ceci peut conduire a une fusion dans un temps compatible avec 1’age
de I’Univers. Les secondes juste avant et apres la fusion, tout comme les jours suiv-
ant cet événement cataclysmique, sont spectaculaires. L’amplitude des GWs augmente
avec I’approche du temps de la fusion, les rendant détectables par les interférometres
a GWs Advanced LIGO et Advanced Virgo. Si en plus, au moins un des membres de
la binaire est une étoile a neutrons et I’autre objet compact pése moins de 10 masses
solaires, une émission électromagnétique (EM) a haute énergie sous la forme d’un jet
relativiste, appelé sursaut gamma court (GRB), activé par la chute de matiere dans le
disque d’accrétion entourant le trou noir nouvellement né, est attendue dans les secon-
des suivant ou précédant la fusion. Une radiation plus isotrope dans le spectre optique
et infrarouge proche, appelée kilonova et alimentée par la désintégration radioactive
des éléments lourds synthétisés lors du processus r, est émise dans les jours qui suiv-
ent. Enfin, les contrecoups (afterglows) des GRBs courts, couvrant une large portion du
spectre d’énergie allant des rayons X aux ondes radio, pourraient étre détectés sur des
échelles variant d’heures aux mois. GW170817 a ét€ un événement astrophysique re-
marquable, montrant clairement 1’existence de toutes ces signatures de GWs/EMs. En
outre, des travaux théoriques prédisent également I’existence d’autres signaux lors de
ces phénomenes violents, tels que I’émission des neutrinos et les précurseurs des GRBs.

De nos jours, I'un des objectifs de la communauté scientifique est de détecter de



plus en plus de fusions d’objets compacts, avec I’espoir d’identifier plusieurs messagers
associés entre eux. Cette these de doctorat s’inscrit dans ce cadre. Ainsi, plusieurs
procédures sont présentées, dont le but est d’augmenter les chances de la détection de
certains signaux de GWs/EMs, liés a la fusion d’une binaire compacte. Je propose
une méthode statistique pour la détection de 1’association entre I’émission rapide du
GRB, identifiable dans les données de Fermi-GBM, et le trigger de GWs, rapporté
par Advanced LIGO et/ou Advanced Virgo. L’idée derriere cela est de tirer profit de
I’avantage du faible taux de coincidence des bruits présents dans deux détecteurs dis-
tincts. De cette facon, on pourrait espérer d’€tre capable d’inférer une association as-
trophysique entre deux signaux provenant de deux détecteurs différents, méme si pris
séparément ils sont en dessous du seuil de détection. J’introduis aussi un outil destiné
a la recherche d’un signal gamma modulé, détectable par les scintillateurs de Fermi-
GBM, antérieurement a I’identification de 1I’événement de GWs, par les interférometres
de seconde génération. Tandis que les €émissions de rayonnement gamma et GWs de-
vraient etre presque simultanées, la contrepartie kilonova est postérieure a la fusion,
peut durer des jours et, la plupart du temps, est détectée par les télescopes terrestres.
Deux des difficultés les plus importantes pour un observateur de EMs sont: la largeur
des cartes de ciel fournies a partir des données de GWs donnant peu d’informations con-
cernant la direction dans le ciel ou les télescopes devraient pointer et la distinction parmi
plusieurs candidats identifiés tot afin de décider la stratégie d’observation pour le suivi
ultérieur. Je propose ici deux méthodes visant a aider la communauté d’observateurs
de EMs, dans son but de surmonter ces obstacles. D’abord je suggere I'utilisation d’un
algorithme a base d’apprentissage automatique pour distinguer parmi des courbes de
lumiere photométriques attribuées aux kilonovas ciblées, aux supernovas dominant la
liste de candidats et aux autres transients optiques non desirés. En second lieu, des
courbes de lumiere photométriques, pour des kilonovas, sont proposées, avec des délais
de I’ordre des minutes, a partir des données de GWs, de faible latence.

Toutes ces méthodes pourraient étre ameliorées afin d’augmenter leurs efficacités.
Cependant, ces méthodes pourraient représenter des points de départ pour des idées et
des outils, qui seront employés dans les années a venir. En effet, le futur proche sera
caractérisé par une multitude de signaux de natures différentes, rendant I’interprétation

des données tres difficile. Dans ce monde passionnant, il n’y aura de place que pour les

il



méthodes d’analyse de données les plus efficaces.

Mots clés: étoile a neutrons, trou noir, fusion de binaire compacte, sursaut gamma,
kilonova, onde gravitationnelle, photon, analyse bayésienne, courbe de lumiere, pho-

tometrie.
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ABSTRACT

Neutron stars and stellar mass black holes are the remnants of massive stars, caused
by the gravitational collapse taking place at the end of their nuclear fusion based life
cycles. They are the smallest and densest known stellar objects, with masses ranging
from one to a few tens times more the mass of the Sun, and sizes similar to that of an
Earth city. They can be found gravitationally isolated or in binary systems, forming
binary neutron stars (BNS), neutron star-black holes (NSBH) and binary black holes
(BBH). In the latter case, when the compact objects orbit each other, the system loses
angular momentum and binding energy by emission of gravitational waves (GW). Thus
the orbital separation shrinks over time and, if the initial separation is not too high, it
might lead to a merger during the lifetime of the Universe. The seconds right before and
after the merger, as well as the days following this cataclysmic event, are spectacular.
The amplitude of the GWs increases with the approach of the coalescence time, making
them detectable by the GW interferometers Advanced LIGO and Advanced Virgo. If in
addition, at least one of the binary components is a neutron star and the other compact
object is below 10 solar masses, a relativistic beamed high energy electromagnetic (EM)
emission, called a short gamma ray burst (GRB), activated by the infalling matter into
the accretion disc surrounding the newly born black hole, is expected in the seconds fol-
lowing or preceding the merger. A more isotropic radiation in both the optical and near
infrared spectrum, called a kilonova and powered by the radioactive decay of the syn-
thesized r-process heavy elements, is emitted on days timescale. Finally the short GRB
afterglows spanning a wide energy spectrum going from X-rays to radio wavelengths
might be detectable on timescales varying from hours to months. GW170817 was a re-
markable astrophysical event, showing clear evidence for all these GW/EM signatures.
Moreover, theoretical work predicts the existence of some other signals emitted by these
violent phenomena such as the emission of neutrinos or gamma-ray burst precursors.

Nowadays one goal of the scientific community is to detect the more and more com-
pact binary coalescences, hopefully by tracking several messengers associated with it.
The present thesis is within this framework. Thus, several procedures whose aim is

to increase the chances of detecting some GW/EM signals linked to a compact binary
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merger are presented. I propose a statistical method for the detection of the association
between the prompt GRB emission, identifiable in the Fermi-GBM data, and the GW
trigger, reported by Advanced LIGO and/or Advanced Virgo. The idea behind it is to
take advantage of the low coincident rate of backgrounds in two distinct detectors. In
this way, one may hope to be able to infer an astrophysical association of two different
detector signals, even if separately they are subthreshold. I also introduce a tool aimed
to search for a modulated gamma-ray signal detectable by the Fermi-GBM scintillators,
prior to a GW event identified by the Advanced interferometers. Whereas the emissions
of gamma-ray radiation and GWs are expected to be almost simultaneous, the kilonova
counterpart follows the merger, can last for days and is tracked most of the time by
the terrestrial telescopes. Two of the biggest difficulties for an EM observer are: the
broad GW skymaps giving insufficient information concerning the direction in the sky
where the telescopes should be pointing to and the discrimination between several early
identified candidates in order to decide the observing strategy for the later follow-up.
I propose here two methods aiming to help the EM observing community in trying to
handle these difficulties. Firstly, I suggest the use of a machine learning based algorithm
in order to distinguish between photometric lightcurves attributed to the desired kilo-
novae, the dominating background supernovae and other background optical transients.
Secondly, GW low-latency based kilonovae photometric lightcurves are proposed with
delays of the order of minutes.

All these methods might be improved in order to increase their efficiencies. How-
ever, they might represent starting points for future ideas and materialized tools that
will be employed in the coming years. Indeed the near future will be characterized by a
plethora of signals of different natures, making the data interpretation very challenging.
In this exciting world, there will be a place only for the most efficient data analysis

methods.

Keywords: neutron star, black hole, compact binary merger, gamma-ray burst, kilo-

nova, gravitational wave, photon, Bayesian statistic, lightcurve, photometry.
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CHAPTER 1

Introduction

1.1 Compact object binaries

1.1.1 Neutron stars and black holes

Among the theorized compact objects, the only ones detected to date are white dwarfs,
neutron stars and black holes. Concerning the latter category, there is observational
evidence for stellar mass, intermediate mass and supermassive black holes. Hereafter,
unless specified, by black holes, I refer to those of stellar mass. The compact ob-
jects represent the endpoint evolution of the luminous stars populating our Universe.
A sketch of the life cycle of stars is presented in Figure 1.1. The star-forming regions
refer to domains in the interstellar space characterized by dense molecular clouds, con-
taining principally hydrogen and helium but also traces of heavier elements. They have
sizes ranging from tens to hundreds light-years and weights going from thousands to
millions solar masses [Murray, 2010]. The formation of a star is triggered by a gravita-
tional collapse. This process occurs when the outward internal gas pressure is overcome
by the inward gravitational pressure, a phenomenon known as Jeans instability [Smith,
2004]. The contraction of matter continues until hydrostatic equilibrium is achieved.
An initial protostar, surrounded by a protoplanetary disc, is formed [Stahler and Palla,
2004]. The stars spend the main part of theirs lives on the main sequence. This stage
is characterized by the nuclear fusion reactions taking place in the core of the stars and
which are responsible for the light emitted outside in the Universe. The nuclear reac-
tions consist principally in conversion of hydrogen into helium. Inside the core of more
massive stars, production of heavier elements is happening, the limit being the synthesis
of iron. The fate of the low and intermediate mass stars is the following: at the end of
the main sequence lifetime, they become a red giant, i.e. a cool and luminous star with
large radius [Miglio et al., 2012]. The ionized gas from the outer shells is becoming
less and less trapped by gravity, escaping thus in the surrounding area and enriching
the interstellar medium with the new nucleosynthesized elements. At this stage the
red giant becomes a planetary nebula, in the center of which an electron-degenerate
carbon-oxygen core can be found [Kwok, 2005]. When the expanding cloud gas is
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Fig. 1.1 The different steps of the formation, evolution and death of stars. Credit:
NASA.

cold enough the life of the planetary nebula ends, leaving the room to the last stellar
evolution phase, the white dwarf. This star remnant is believed to be formed of degen-
erate electrons [Fowler, 1926]. Because nuclear reactions are not taking place anymore
inside a white dwarf, there is no more radiation pressure to balance the inward gravi-
tational forces. The equilibrium is assured by the degeneracy pressure, at the base of
which is the Pauli exclusion principle [Krane, 1987]. The first discovered white dwarf
is represented by one component in the triple system 40 Eridani [Holberg, 2009]. The
destiny of massive stars, i.e. with masses more than eight times that of the Sun, is a
bit different. First of all, during their main sequence period, they emit more light caus-
ing them to have a shorter lifespan. After the main sequence stage, they evolve into a
supergiant, some of the largest objects populating the Universe. The stars exist as super-
giants as long as there are still chemical elements to fuse. When this process is finished,
what follows is a core-collapse explosion, a phenomenon called a supernova, in which
gravitational binding potential energy is converted in far away ejected photons, neutri-
nos, cosmic rays and gravitational waves [Gilmore, 2004]. A core-collapse explosion
is responsible for the expulsion of the outer layers of the supergiant, leaving behind a
neutron star or a black hole, depending on the mass of the progenitor. Whereas this is
considered to be the most common formation process, several other ways of producing
neutron stars and black holes have been found. For example the mass of a white dwarf
accreting matter from its binary companion can exceed the Chandrasekhar limit. At
this point the electron degeneracy pressure is insufficient to oppose to the gravitational
collapse, and thereby the white dwarf evolves into a neutron star or black hole [Nomoto,
1986]. Also a black hole can be the result of the merger of two smaller other compact
objects [Abbott et al., 2019a].

Besides the general interest linked to the understanding of the Universe, neutron



stars and black holes are unique laboratories to test fundamental physics. Indeed, the
interior of neutron stars contains matter exceeding the supra-nuclear density [Miller
et al., 2019b]. At such overdensities, one might expect to find not (only) baryons, but
also degenerate quarks [Alford et al., 2013; Han et al., 2019; Lindblom, 1998]. Equally
some neutron stars, named pulsars, have magnetic fields which are much stronger than
one could try to artificially generate on Earth [Makishima, 2003]. The black holes are
objects that until recently have not even been imaginable. They are characterized by
a barrier, named event horizon [Rindler, 1956], which delimits an area of the space-
time inaccessible to an external observer. According to the non-hair theorem [Carter,
1971], for an external observer, a black hole is parameterized by its mass, angular mo-
mentum and electric charged. To date, there is no observational evidence of black
holes possessing non zero electric charge. Space-time geometry for a non electrically
charged and non-rotating black hole is contained in the Schwarzschild metric, whereas
the Kerr metric describes the Riemannian geometry of a black hole with non-zero an-
gular momentum, but still having no charge. An isolated black hole needs net charge
to give rise to a magnetic field. However, if there is a disc of material orbiting a black
hole, then a magnetic field might be formed. The gravitational field in the vicinity of
both neutron stars and black holes is so strong that, when studying the physics around
these objects, one needs to replace the Newtonian gravitation with the Einstein General
Relativity. Thus the light passing in theirs neighbourhoods experiences non-negligible
bending, making from these compact objects sources of microlensing [Wyrzykowski,
Lukasz and Mandel, Ilya, 2020]. Likewise other extreme phenomena take place in the
surroundings of these objects: the matter contained in theirs accretion discs radiates in
X-rays [Narayan et al., 1997]; the outer shells of the neutron stars rotate at relativistic
speeds [Hessels et al., 2006].

Most of the neutron stars and black holes detected yet are in our Milky Way. The
vast majority of them are found in X-ray binaries. In such systems, matter is transferred
from the companion star towards the black hole/neutron star [Lewin and van der Klis,
2006]. Gravitational potential energy is converted into X-rays. By the observation of
such radiation, the first black hole (Cygnus X-1) was discovered in 1964 [Webster and
Murdin, 1972; Bolton, 1972]. In addition to this technique, magnetized neutron stars,
known as pulsars, emit detectable beams of radio EM radiation, the behavior being sim-
ilar to that of a lighthouse [Abdo et al., 2013]. This is how PSR B1919+21, the first
discovered pulsar, was detected [Hewish et al., 1968]. Although less numerous, extra-
galactic compact objects [Cordes and Wasserman, 2016] have been equally detected by
scientists. Even if it is not the focus topic of this dissertation, it is worth mentioning that
there exists another class of black holes, weighing millions to billions solar masses and

generally residing in the center of the galaxies: the supermassive black holes. They are



usually surrounded by heated accretion rings orbiting them. The accretion disc powers
EM radiation, which can be measured by a distant observer [Event Horizon Telescope
Collaboration et al., 2019].

1.1.2 Formation channels

Compact binary population synthesis is a very exciting and challenging topic of modern
high energy astrophysics. The condition for a two black hole system to lead to merger
in a Hubble time is to possess an initial binary separation not higher than a few tens of
solar radii [Shapiro and Teukolsky, 1983]. In isolated binaries, it is expected that the
majority of these black hole components to be formed at the end evolutionary stage of
stars. And in particular, when a massive star leaves the main sequence and becomes
a giant star, its radius might be of the order of several hundreds solar radii [van Belle
et al., 2009]. So in order to address correctly the question of binary compact object for-
mation, one needs to take into consideration physical processes such as mass transfer,
common envelope, natal kicks and tidal interaction [Hurley et al., 2002]. The evolution
of a massive star in a binary is different from the evolution it would have if it is born,
grows up and dies alone, the reason for this fact being the interaction with its compan-
ion. Massive stars may lose an important part of their mass through stellar winds. The
matter lost by radiation driven winds is accompanied by loss of star angular momentum.
The amount of lost mass depends on metallicity [van Loon, 2006; Hainich et al., 2017;
Vink, 2018], the stellar winds manifesting by the interaction of photons with millions
of iron lines in the extreme ultra-violet EM spectrum. In a binary, the mass lost through
the winds might be accreted by the companion [Burns Boyle, 1984; Lamers et al., 1976;
Soker, 2004], causing thus a transfer of angular momentum too. Therefore, the mass
transfer and the accretion might have an impact on the orbit, changing the orbital an-
gular momentum and favoring circularization. Another important mechanism in binary
systems is represented by the tidal interaction. Tidal-energy dissipation provokes syn-
chronization between the star spins and the orbital angular velocities [Horedt, 1975;
Campbell, 1984]. It also speeds up the circularization of the orbit [Rasio et al., 1996;
Hut, 1981; Zahn, 2008]. Another mechanism allowing the loss of matter and spin an-
gular momentum is magnetic braking. Indeed the magnetic field of stars plays the role
of a trampoline for ionized matter which are transported far away from the originating
system [Skumanich, 1971; Sun et al., 2019].

[lustrated in Figure 1.2 are the different steps taking place in the most common
compact binary synthesis scenario for isolated binaries. The gravitational field in a bi-
nary system creates equipotential surfaces. Moreover, for each component star of the
binary there is a Roche lobe, defined as the region inside which the matter is gravita-

tionally bound to the star. At the end of the main sequence period, the star expands be-
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Fig. 1.2 Common envelope based formation channel for isolated compact binaries. The
different steps are: (a) two main sequence stars orbit each other; (b) one of the stars
expands overfilling its Roche lobe; (c) the star consumes its nuclear reaction based fuel
and detonates as a supernova; (d) new system containing a black hole/neutron star/white
dwarf and a main sequence star; () X-ray binary, with accretion disc around the com-
pact object; (f) the outer shells of the second star extend beyond the compact object,
giving birth to the common envelope; (g) after the ejection of the common envelope,
the second star dies in a supernova explosion; (h) a new system of compact objects in a
tight binary; (i) coalescence.



coming a giant, and its outer envelopes overfill the Roche lobe. The outer shell unbound
matter might be accreted by the companion through the Lagrangian inner point [Eggle-
ton, 1983; Tout et al., 1997; Webbink, 1988; Jackson et al., 2017]. At the end of its
life, the primary star explodes as a supernova thus giving to the new born compact ob-
ject a velocity kick [Lyne and Lorimer, 1994; Hansen and Phinney, 1997; Fryer and
Kalogera, 1997; Kaspi et al., 1996; Shao and Li, 2018]. The recoil impulsion changes
the parameters of the binary such as the eccentricity and the orbital separation [Mar-
tin et al., 2009], and sometimes may turn out to be fatal leading to the disruption of
the binary system [Belczynski and Bulik, 1999]. If the binary survives the supernova
kick, the new system is formed of a compact object and a companion star. The strong
gravitational field of the compact objects rips matter out from the star, an accretion disc
being formed around it [Migliari and Fender, 2006]. This new system is known as a
X-ray binary [Chen and Podsiadlowski, 2016]. Later the secondary binary expands, its
outer shells extending beyond the neutron star/black hole companion. This physical
process is known as the common envelope phase [Bond et al., 1978; Rasio and Livio,
1996; Law-Smith et al., 2020]. During this phase, unstable processes of mass trans-
fer and loss of angular momentum occur. The consequence of the common envelope
is the orbital separation narrowing, or even a premature merger [Taam and Sandquist,
2000; Soker, 2013; Schrgder et al., 2019]. At the same time energy extracted from the
binary accumulates in the common envelope, causing its ejection through dust-driven
winds [Glanz and Perets, 2018; Kruckow, M. U. et al., 2016; Davis et al., 2012]. The
result of the common envelope phase is a remnant short-period binary. Then follows
the supernova explosion of the secondary component. If the binary survives again the
new supernova natal kick, the new system is formed of two compact objects separated
by a sufficiently small distance. Finally, the end life of the binary is marked by the
coalescence of the compact objects.

The reason for which the existence of the common envelope seems inevitable is the
simultaneous large radius of giant stars and the small orbital separation of short-period
compact binaries. However, for the case of the massive black hole binaries, one can
envisage formation channels which avoid the stage of the common enveloppe. Indeed
it turns out that the tidal interaction of extremely massive stars might induce a large
spin, aligned with the orbital angular momentum, for each component of the binary.
And this causes the chemical mixing inside the star core, which has a non-negligible
impact on the pre-supernova evolution of the star. Indeed if the chemical composition
of the core is radially uniform, contrary to the traditional case of an outermost shell
of hydrogen, followed by a shell of helium etc, the star avoids the dramatic expansion
during the last stage of its life [de Mink, S. E. et al., 2009; Heger and Langer, 2000;
Walborn, 1976; Maeder and Meynet, 2000]. Thus two highly spinning massive stars
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Fig. 1.3 Chemically homogeneous evolution as an alternative formation channel for the
synthesis of compact object binaries. The different steps are: (a) two highly spinning
stars in a tight binary; (b) system formed of two He cores after the loss of outer shells
by the two highly evolved main sequence stars; (c) a first supernova explosion; (d) new
system consisting of a new born black hole and the other He core; (e) second supernova
detonation; (f) tight binary black hole; (g) merger.

might be present in a tight binary, without physical mechanisms, such as mass transfer
or accretion [de Mink, S. E. et al., 2009; Song et al., 2016], taking place. This new
formation channel is named chemically homogeneous evolution [Maeder, 1987] and its
different steps are highlighted in Figure 1.3. In a few words the binary synthesis takes
place as follows: two highly spinning massive stars are in a tight binary; by the end
of their lives, the radius of each star, even if increases, avoids the dramatic elongation
which occurs traditionally for low spinning stars; the two stars lose their outer layers,
leaving two He (or other heavier chemical elements up to Fe) cores. The two cores
explode as supernovae, leaving behind the remnant black holes. As before, if the binary
survives the two supernova kicks, the compact objects prepare for the last stage, the
coalescence.

Although the preceding formation channels might account for an important part of
binaries detected by Advanced LIGO [Aasi et al., 2015b] and Advanced Virgo [Acer-
nese et al., 2015] (LIGO/Virgo), there are places in the Universe where the scenario of
an isolated binary seems improbable. Indeed, high stellar/gas densities can be found
in several places, such as the globular clusters [Harris, 1996] and the active galactic

nuclei [Shields, 1999]. The large number of stars implies a high number of black holes
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Fig. 1.4 On left, an active galactic nucleus, with its supermassive black hole at the
center and its accretion disc (in brown) containing a binary black hole. On right, a
binary-single interaction. The result of the encounter might be either a softening, i.e.
remoteness of the compact object components, or a hardening, i.e. a tighter binary.

too. And presumably, many of them can be found in binaries. Even if the two com-
pact objects are initially too distant one from another in order for the binary to merge
through GW radiation in a Hubble time, the richness of the surrounding environment
offers new opportunities to reduce the orbital separation. For example drag forces ex-
ercised by the active galactic nuclei disc gas might extract gravitational binding energy,
leading to a tighter binary; also three-body (binary-single) interaction might dynami-
cally harden the system [Leigh et al., 2018; Stone et al., 2017; Tagawa et al., 2020b;
O’Leary et al., 2009; Kremer et al., 2018; Bartos et al., 2017]. Both mechanisms are
scarcely highlighted in Figure 1.4. This class of binary systems, formed in dynamical
environments, might be distinguished from the isolated systems category, by measuring
some parameters of the binary. Indeed, in dynamical environments, one should expect
interaction with the local surrounding regions, which might translate in large eccentric-
ities and highly non-aligned spin components [Tagawa et al., 2021, 2020a; Trani et al.,
2021], contrary to the isolated binary case which favors circular orbits and individual

aligned spins.



1.2 GW emission

GWs have been predicted since the beginning of the XX century firstly by Henri
Poincaré [Poincaré, 1906] by taking advantage of the Lorentz invariance, and later by
Albert Einstein [Einstein, 1916, 1918] in the frame of General Relativity. A system
of two compact objects orbiting each other emits GWs, causing thus the decrease of
the orbital separation. This leads inevitably towards merger, if the binary has no other
contact with the external world. The detection of GW signals associated with the merger
of compact objects is important for a variety of reasons. GWs give information related
to the parameters and spins of the binary components [Vishveshwara, 1970; Press, 1971;
Chandrasekhar and Detweiler, 1975; Blanchet et al., 1995; Blanchet, 2014; Buonanno
and Damour, 1999b; Pretorius, 2005; Campanelli et al., 2006a; Baker et al., 2006b]. The
reason for which the binary parameters can be estimated with extraordinary precision
is that GWs interact very quickly with the surrounding matter and thus arrive on Earth
almost unaltered, the only limitation being represented by the amplitude decrease with
the distance.

In General Relativity, a gravitational field does not act instantaneously on a far
away mass distribution, the information travelling at the speed of light. For this reason,
General Relativity does predict the existence of GWs. I derive here, following Moore
[2013], the 0*® order GWs emitted by two point masses orbiting each other, during the
early inspiral, i.e. when the orbital separation is high enough in order for the particles to
be considered non-relativistic. The assumption of an observer on Earth, far away from
the GW astrophysical source, allows us to write the Riemannian metric g, as the sum

the flat spacetime metric 7, = diag(—1, 1,1, 1) and some metric perturbation %,

Guv = N + h,uz/; (L.1)

where 1, = h,, and |hW|<< 1. The advantage of the weak-field limit prior is that it

permits to write the field equations in linear form. The Einstein equation is

B G

G
A

e, (1.2)

where G, and T, are the Einstein and the stress-energy tensors. It deserves to be
mentioned that the cosmological constant does not appear in the previous equation be-
cause its impact is negligible for GW sources covering distances lower than a typical
galaxy size, which is the case of our considered system. While 7', contains informa-
tion relative to the density of matter and energy, G, embeds everything having to do

with the spatial curvature. In order to simplify calculations, I define the trace-reversed



metric perturbation by
1

H;w = h,uz/ - Enuuha (13)
with b = n*h,,, the trace of the initial metric perturbation. By means of the Lorentz

gauge, defined by 0, /" = 0, the Einstein equation becomes

167G

wo_
OH" = o

. (1.4)

In the preceding equation, O = 1?9, 0; is the d’ Alembert operator. The wave equation
can be recognized in the previous formula. Therefore, I search plane-wave solutions that
can be written as

H" (t,x,y,z) = A" cos (k,x7), (1.5)

where A" and k, = [—w, k;, ky, k.] represent a constant matrix and a constant covec-
tor. The Einstein equation, the Lorentz gauge, the symmetry of A*” and the addition
of the transverse-traceless gauge, denoted by hff = A, cos (k,x7) (which is equal to

HEVT ), implies that a plane-wave solution, propagating in the +z direction, possesses a

wave-vector k, = [—w, 0,0, w| and an amplitude matrix
0 0 0 0000
01 0 0010
A = A + A : 1.6
“loo -1 0 “lo 10 0 (10
00 0 O 0000

with A, and A, two constants. The two components of the amplitude matrix are called
@ and ® polarizations. The physical effect of each polarization on a ring distribution
of point particles, placed on the Oxy plane, is illustrated in Figure 1.5. At a given
time, the & polarization changes by the same factor, for any two distinct points, only
the separating distance component parallel to Ox (Oy) axis. On the other side, the ®
polarization changes only the separating distance component parallel to the first bisector

or the line perpendicular to it. Moreover, by analogy with electromagnetism, one has

. T (t _ |E;ﬂ , 7:’) d37:*
) =5 [ e (1.7
c source - T

where R and 7 are the positions of the observer and mass-energy source respectively. I

also define the reduced mass quadrupole moment 3-tensor, as

. . 1 .
@) = [ et - (18

where p(t, Z) is the mass density, 7 = (2!, 2%, 2®) is the mass position and the integral
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Fig. 1.5 The evolution of a Oxy point particle distribution due to the passage of a GW.

On top (the middle), there is highlighted the effect due to only the & (®) polarization.
On bottom, there is the evolution of the GW phase.

is made over the three dimensional volume. The utility of this quantity comes from the
fact that the spatial components of the transverse-traceless perturbation metric can be
expressed as h{ka = é—i@{fT Moreover, the gravitational energy radiated by a system,
defined by

RQ 3 =21 L
dt T 327G / / h?rTh]TkT>sin9d9d¢, (1.9)
0 ¢=0
has the following form
dE G e ik
- 58 S Q" > (1.10)

The only remaining thing that needs to be considered is the astrophysical system at
the origin of the GWs. For two point particles with masses m; and ms, separated by
a distance D, orbiting each other in the Oxy plane with the pulsation w, the reduced
quadrupole moment is

D2 Cos2wt—% coswtsinwt 0

- mim

ij:L cos wt sin wt siant—% 0 1. (1.11)
my1 + Mo

0 0 -1

I consider only the case of circular orbits. It has been demonstrated that binary orbits of

an isolated system circularize early [Peters, 1964]. Thus, the spatial metric part of the
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perturbation for radiation in the +z direction is

cos [2w(t — R/c)]  sin[2w(t — R/c)]

0
- - 4GmymoD?w?
Wil (t, R) = — ' - - -

rr(t, R) P sin [2w(t — R/c)] —cos[(2w(t — R/c)] 0

0 0 0
(1.12)

and the energy released by the binary is

dE _32G(m1m2)2D4w6 (1.13)

dt 5 (my +my)?

But for a binary system, it is known that D3w? = G(m; + my) (Kepler’s third law) and
E = —&mme hyg [ deduce that

2D
5 1 3/8 G —5/8

In the previous expression ¢ = 0 corresponds to the coalescence time. The equation 1.14
shows that the frequency increases over time, and thus the orbital separation shrinks.
This behaviour is known in the literature with the name of chirp. There is observational
evidence for such an evolution of the orbital separation with time [Weisberg et al., 2010;
Burgay et al., 2003; Hermes et al., 2012].

The derivation realized above is approximately valid during the early inspiral phase,
i.e. as long as the distance between the point particles is high enough, in order for the
dynamics to remain stable. More specifically, given a massive object, the trajectory of a
test particle, orbiting the massive object, is stable if its distance from the central object
is higher than the radius of the innermost stable circular orbit [Jefremov et al., 2015].
If one notes by Msco and yisco the mass and the dimensionless spin of the massive

object, then this minimal distance can be expressed as

G M
TISCO = % <3 + Zs1sco £ \/(3 — Z11sco)(3 + Ziisco + 2Zs15c0) |

(1.15)

with Zy 1sco = 1+3/1 — %o (VT4 xisco + ¥/T = xisco) and Zs jsco = \/3X%sco
In addition, in the previous equation, 4 stands for a prograde/retrograde orbit. One
should note that the notion of innermost stable circular orbit might be generalized to
the case of two objects of comparable masses. The next step in the evolution of the
binary is the plunge phase which starts at the end of the adiabatic inspiral phase [Buo-
nanno and Damour, 2000]. During the plunge phase, the two compact objects continue
to have distinct apparent horizons. It is worth noting that the apparent horizon is not the
same as the event horizon, and is defined as the boundary separating the two regions for

which light rays directed outward moves outward and respectively inward. The merger,
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Fig. 1.6 Inspiral, merger and ringdown for binary system, consisting of two black holes
of 30 and 25 solar masses. The projected adimensional spins along the orbital angular
momentum are 0.9 (for heavier black hole) and 0.1 (for the lighter black hole). The
waveform used in this derivation is SEOBNRvV?2 [Piirrer, 2014].

the next binary evolution phase, occurs when the two apparent horizons coincide, giv-
ing rise to what is named a common apparent horizon [Lovelace et al., 2015]. Finally,
after the merger, the newly formed perturbed black hole starts a phase of relaxation,
known as ringdown, during which is emitted GW radiation, whose set of frequencies
and damping times are named quasinormal mode [Kelly and Baker, 2013; Briigmann
et al., 2009; Bhagwat et al., 2018]. The different steps of the binary evolution are pic-
tured in Figure 1.6.

One way to solve the late inspiral phase is to continue the development to next or-
ders in v/c, where v’ is the relative velocity of the binary compact objects components.
This procedure, named post-Newtonian theory, provides analytical approximations of
the exact solution. The different terms appearing in the expansion depend on the binary
system parameters, such as the masses and spins [Poisson and Will, 2014; Blanchet,
2014; Schifer and Jaranowski, 2018; Futamase and Itoh, 2007]. The prediction of the
last orbits can also be addressed by means of numerical relativity. This way, computers
solve the full Einstein field equations, very often at the expense of huge computational
cost [Pretorius, 2005; Campanelli et al., 2006a; Baker et al., 2006a]. Numerical relativ-
ity turns out to be very useful in the case of the merger and the ringdown. Indeed, in this
regime of strong gravity field and relativistic motions, the post-Newtonian expansion is

no more valid. Other ways to model the GWs have been proposed. For example, the
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Effective-One-Body method reformulates the two-body problem. In this framework, a
test particule is considered in an effective metric and its dynamics are derived from an
effective Hamiltonian [Buonanno and Damour, 1999a; Damour and Nagar, 2011; Bini
et al., 2017]. Is is worth noting that this approach is not independent from the previous
methods (post-Newtonian expansion and black hole perturbation theory), but makes use
of them. Another different method to model GWs is represented by the phenomenolog-
ical templates. In this case, results from post-Newtonian theory, black hole perturbation
and/or calibration to numerical relativity are used to parameterized GW signal based on
a set of coefficients [Hannam et al., 2014; Santamaria et al., 2010; Husa et al., 2016;
Khan et al., 2016; Sturani et al., 2010]. It is worth mentioning that both the Effective-
One-Body and the phenomenological methods are appropriate for the description of all
final stages of the binary life. Moreover, when at least one of the binary objects is a
neutron star, the GW signal might contain information related to tidal deformabilities,
which in turn depend on the supra-nuclear density matter equation of state [Poisson,
1998; Read et al., 2009; Hinderer et al., 2010; Damour et al., 2012; Del Pozzo et al.,
2013; Read et al., 2013; Wade et al., 2014; Lackey and Wade, 2015]. In addition, for
highly rotating neutron stars, deformations of the compact objects might also arise be-

cause of the spin-quadrupole effects [Harry and Hinderer, 2018].

1.3 EM radiation

Gamma-ray bursts (GRBs) have been an enigmatic phenomenon for decades. The de-
tection of the firsts GRB prompt emissions was realized in 1967 by the Vela nuclear
test detection satellites [Klebesadel et al., 1973]. It happened in the context of the
Cold War, and more precisely after the Nuclear Test Ban Treaty in 1963. Indeed USA
suspected USSR of making nuclear tests in space, outside the atmosphere where a fire-
ball could have been avoided, the only detectable traces being the presence of high-
energy photons. In spite of intensive calculations [Fowler and Hoyle, 1964; Colgate and
White, 1966; Arnett, 1967; Wilson, 1971], the questions concerning the GRB progen-
itors and/or sky origin had not been determined. The BATSE satellite [Fishman et al.,
1989] made the first step forward in understanding these violent events. A partition in
two classes, short and long GRBs, has been derived based on their time durations [Kou-
veliotou et al., 1993]. Moreover, the isotropic distribution of the GRB sky locations def-
initely tilted the scale in favor of an extragalactic origin [Meegan et al., 1992]. Another
debate inside the scientific community concerned the possible existence of a longer
wavelength radiation (the afterglow), following the GRB prompt emission. A key role
in accomplishing this task was played by the Italian-Dutch BeppoSAX satellite [Boella,
G. et al., 1997]. Thus GRB 970228 was the first event for which a afterglow emission
was detected [Costa et al., 1997; van Paradijs et al., 1997]. It followed GRB 970508,
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the first event with a measured redshift afterglow [Metzger et al., 1997; Reichart, 1998;
Waxman et al., 1998] and GRB 980425, the first event having a clear association with
a supernova [Galama et al., 1998]. All these together consolidated the idea that long
GRB progenitors are core collapse supernovae [Paczynski, 1998]. But short GRBs are
fainter as well as theirs afterglows. Consequently the detection of such afterglows is
more challenging. It was the turn of the Swift telescope [Gehrels et al., 2004] to over-
come this difficulty. The detection of GRB 050509B and its X-ray afterglow [Gehrels
et al., 2005] represented a breakthrough. Indeed the position measurement was accurate
enough in order to infer an elliptical galaxy origin, which is another clue in the favor
of compact binary mergers progenitors [Eichler et al., 1989; Nakar, 2007]. It should
be noted that long GRBs associated with broad-line Type Ic supernovae are generally
characteristic of star forming regions, being found in spiral galaxies.

Also theoretical work associated kilonovae to compact binary mergers [Metzger
et al., 2010a; Lattimer and Schramm, 1974; Li and Paczynski, 1998]. And the asso-
ciation of a kilonova with GRB 130603B [Tanvir et al., 2013] strengthened this idea.
To complete the picture scientists understood the necessity of the coincident detec-
tion of GWs and EM emission from compact binary mergers. Since the advent of the
second generation GW interferometers, Advanced LIGO [Aasi et al., 2015b] and Ad-
vanced Virgo [Acernese et al., 2015], compact binary coalescences can be detected un-
ambiguously [Abbott et al., 2019a, 2021a]. GW 170817 is an exceptional binary neutron
star merger event. For the first time, there was clear evidence for association between
GW [Abbott et al., 2017¢], short GRB 170817A [Goldstein et al., 2017; Savchenko
et al., 2017], ultra-violet, optical and near infrared kilonova AT 2017gfo [Coulter et al.,
2017; Smartt et al., 2017], and finally X-ray [Nynka et al., 2018; D Avanzo, P. et al.,
2018] and radio [Hallinan et al., 2017] afterglow. Since then, based on its similarity to
AT 2017gfo, Troja et al. [2018] inferred a kilonova associated to GRB150101B [Fong
et al., 2016].

Photons highly interact with the surrounding medium, being precious witnesses of
the behaviour of matter in extreme environments [Zhang and Meszaros, 2004; Meszaros,
2006; Piran, 2005; Nakar, 2007; Fan and Piran, 2008; Daigne, 2021; Zhang, 2014; Ku-
mar and Zhang, 2014; Berger, 2014; Meszaros et al., 1993]. The GRB afterglows pro-
vide information concerning the matter existing in between the EM source and the Earth
observer. Thus they might validate theories about the massive stars’ birth place, as well
as the features of galaxies hosting them [Akerlof et al., 1999; Castro-Tirado, A. J. et al.,
2010; Christensen et al., 2004; Frail et al., 2002; Jakobsson et al., 2006; Hjorth et al.,
2003]. Finally the kilonova offers indications regarding the equation of state of ultra-
dense matter, the composition of the ejected material or the velocity of the expelled
matter [Bauswein et al., 2013a; Piran et al., 2013; Bauswein et al., 2017; Dietrich and
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Ujevic, 2017; Radice et al., 2018b; Abbott et al., 2018a]. Additionally, multimessenger
astronomy brings new opportunities. GWs and EM radiation together might be used to
address questions related to the speed of gravitons [Abbott et al., 2017d; Green et al.,
2018], the measurement of the Hubble constant [Abbott et al., 2017a; Hotokezaka et al.,
2019; Coughlin et al., 2020b], the nucleosynthesis of elements in the Universe [Watson
et al., 2019; Drout et al., 2017; Pian et al., 2017; Kasen et al., 2017], and alternative
gravity theories [Jana and Mohanty, 2019; Langlois et al., 2018; Bahamonde et al.,
2020; Sakstein and Jain, 2017; Nojiri and Odintsov, 2018]. According to Burns [2020],
with the actual -ray observatories, at the moment when the already existing GW in-
terferometers reach the design sensitivity, one should expect more than 0.8-4.4 joint
GW-GRB detections per year. Equally, joint detections of GW and associated kilono-
vae are possible, but the rate of such events strongly depend on the quality of the EM
follow-up done by the terrestrial telescopes [Mochkovitch et al., 2021].

1.3.1 GRB prompt and afterglow emission

Since the detections of the first GRBs by the Vela satellite [Klebesadel et al., 1973],
much controversy has occurred in attempting to explain the origin and the mechanism
of these cataclysmic events. While the progenitors are not the same for all GRBs, the
radiation production mechanism is common. Moreover, the physical mechanism pow-
ering the wide wavelength emission is equally at the origin of the EM radiation coming
to us from other high energy astrophysical phenomena: supermassive black holes at the
centers of active galaxies like quasars and radio galaxies [Punsly, 2015; Taylor et al.,
2009], cataclysmic variable stars [Shahbaz et al., 1997], X-ray binaries [Fender, 2001],
or post-asymptotic giant branch stars [Pérez-Sanchez et al., 2013]. The physical process
consists of a relativistic jet fed by an accretion disc.

In Figure 1.7, a diagram of the relativistic jet stemming from the new born black
hole, and powered by the accretion disc, is provided. The compactness of the engine is
necessary to explain the short-time scale variability. Nevertheless, the black hole engine
does not emit energy far away, directly in the form of high energy photons. This is im-
possible as was noted a few decades ago [Ruderman, 1975; Schmidt, 1978]. Indeed an
emitter area possessing a size similar to that of the remnant diameter would imply a too
high density of high energy photons. In such a case, the electron-positron pair produc-
tion reaction vy — e e~ will be very efficient, rendering the outflow optically thick, i.e.
opaque for the gamma rays [Guilbert et al., 1983; Carrigan and Katz, 1992]. Therefore,
if the radiation reaching us is the same as the radiation trapped in this initial opaque
medium, it will undergo thermalization. Although, the spectra of the detected GRBs
have not blackbody shape [Ghirlanda et al., 2004; de Ugarte Postigo et al., 2012], prov-

ing that the radiation is produced in a optically thin region. In addition, during this early
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Fig. 1.7 Fireball model in which a relativistic jet is powered by the accretion disc sur-
rounding the new born black hole. The optically thick inner part of the jet represents
a soup of electrons, positrons and ~y-rays. Sufficiently far away from the black hole
engine, the density is low enough such that the medium becomes optically thin. In this
region, matter blast waves travelling at different speeds collide with each other giving
birth to a burst of high energy photons, which is the prompt y-ray emission our space
observatories detect. Further still, the shock waves interact with the interstellar medium,
giving rise to forward and reverse shocks. The interaction between the blast waves and
the interstellar medium is responsible for longer wavelength radiation (X-ray, optical,
infrared, radio), known as the afterglow.
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phase of the jet the energy becomes baryon loaded based high Lorentz factor [Mirabel
and Rodriguez, 1997] kinetic energy (there have been proposed versions in which the
energy is carried by Poynting flux [Thompson, 1994; Usov, 1994; Smolsky and Usov,
1996; Katz, 1997]), while an Earth observer receives EM radiation energy. This appar-
ent problem is solved by the fireball model [Paczynski, 1986; Goodman, 1986; Shemi
and Piran, 1990; Paczynski, 1990]. The conversion of the kinetic energy into EM en-
ergy is realized through shocks. There are two types of shocks: internal and external.
The internal shocks are due to baryons flying with different Lorentz factors. Within this
picture, two matter waves are released by the central engine at two distinct times. If the
wave starting the along jet journey lastly has a higher velocity, after a period of time,
it will overtake the other wave, thus generating a collision [Rees and Mészéros, 1992;
Rees and Meszaros, 1994; Meszaros and Rees, 1993; Sari and Piran, 1995]. This mech-
anism is responsible for the prompt y-ray emission. More precisely, supported by the
presence of the magnetic fields, the radiation processes that are most probably at play
are synchrotron emission and inverse Compton scattering [Meszaros et al., 1993; Katz,
1994; Sari et al., 1996; Rybicki and Lightman, 1979; Schaefer et al., 1998], even if
there is no absolute understanding of the GRB spectrum [Band et al., 1993]. The longer
wavelength photons, forming the afterglow, are created through the external shock, the
deceleration of the blast wave by the interstellar medium [Paczynski and Rhoads, 1993;
Meszaros and Rees, 1997; Wijers et al., 1997; Waxman, 1997b,a; Meszaros et al., 1998].
As emphasized in Figure 1.7, the external shock might comprise two components: a
long-lived forward- and a short-lived reverse-shock. The two components could be dis-
tinguished by an analysis of the well-sampled GRB lightcurves [Lamb, 2020; Gao and
Mészaros, 2015].

When a short or long GRB occurs, the system loses rotational energy, by the fall of
matter from the accretion disc into the newly formed black hole. This process powers
two opposite relativistic jets, perpendicular to the accretion disc. The subsequent shock
wave internal collisions lead to the production of high energy photons, which propagate
far away through space. On the other hand, the Earth space observatories are equipped
with high energy photon counters, which detect the incoming radiation. The ~v-ray
prompt emission, in the Earth observer frame, might last from milliseconds to thousands
of seconds. If Ty, defines the time interval whose extremities correspond to 5% and
95% of the total fluence, one can remark that two categories of GRBs arise: short
with Tyy < 2s and long with Ty > 2s [Bromberg et al., 2013]. More specifically,
in Figure 1.8 appears the Ty, distribution, according to the third Fermi-GBM GRB
catalog [Bhat et al., 2016b]. One can easily remark that the detection frequency is
higher for longer duration bursts. Although Figure 1.8 suggests the existence of two

duration GRB components (short and long), the discrimination seems to be less than
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Fig. 1.8 From Bhat et al. [2016b], the histogram of GRBs, as a function of log;, Ty.
The duration Ty is calculated in the 50 — 300keV energy range. The samples used here
are the 1405 triggers included in the third Fermi-GBM GRB catalog.

obvious. Moreover, it is worth mentioning that the measured duration of a burst might
be insufficient to correctly assign its progenitor system. Indeed, a long GRB, viewed
off-axis, might look like a short burst for an external observer [Rossi et al., 2021]. The
spectra of GRBs are non-thermal (or have a non-thermal components [Kawakubo et al.,
2018]) and traditionally are fitted by Band functions of type

_ (aspect2)E

Qspec
__E _ Epea i a—f
<1ookeV) € penk ifE < a2 Epeax

(st ™ [t ] " o) e

(1.16)
where agpee and [Sypec are two fitting coefficients , while E,c.x is the peak energy. Ac-
cording to Ghirlanda et al. [2009], E,e.x is generally around 500keV (respectively
350keV) for short (respectively for long) GRBs, which is a proof of the fact that the
shorter bursts are spectrally harder. This dichotomy between short-hard and long-soft
GRBs is also emphasized by Figure 1.9. One can easily see that the shorter (longer)
duration GRBs have higher (smaller) hardness ratios. Another observable accessible by

means of the high energy detector measurements is the bolometric fluence, defined as

Sholo = Tho / EN(E)dE. (1.17)

19



0.5
1

0.0
1

Log HR

-0.5
1

-1.0

-1 0 1 2 3
Log T90

Fig. 1.9 From Bhat et al. [2016b], the logarithm of the hardness ratio versus the loga-
rithm of T4y. The hardness ratio is defined as the burst fluence in the 50 — 300keV over
the fluence in 10 — 50keV energy band. The two fluences are calculated during Ty.
The sample includes 1376 GRBs from the third Fermi-GBM GRB catalog.

The order of magnitude of the bolometric fluence is a few tens of erg/cm? [Dirirsa et al.,
2019]. If in addition, the host galaxy is identified and/or the redshift z is derived [Le
and Mehta, 2017], using the afterglow radiation, a luminosity distance d; might be
calculated. In order to do this, a cosmology needs to be assumed. For example, in the
approximation of a flat ACDM cosmology, with matter and dark energy densities €2,
and (2, respecting the relation 2,, = 1 — (2,, the distance luminosity can be expressed

as )
dz

c z
| ,
HO 0 \/(1—QA)(1—|—Z/)3+QA
c and H being here the light speed and the Hubble constant. If the redshift is measured,

dL:(1+Z

(1.18)

one might derive the isotropic radiated energy FEiy, and the isotropic luminosity Lig,
defined by

drd? (14 2)Fiso
S olo d Liso = =
1+ =2 bol an Tgo

Tsvetkova et al. [2021] show, by studying a large sample of GRBs, that the isotropic

Eiso = (1.19)

luminosity and isotropic energy range from ~ 2 x 10* erg/s to ~ 5 x 10°* erg/s, respec-
tively from ~ 3 x 10%erg to ~ 6 x 10°*erg. Also, in Figure 1.10 are the distributions
of Eis, Liso as well as of the redshift for a sample of GRBs [Abbott et al., 2017c].
From Figure 1.10, one can conclude that long GRBs are more energetic and are situated

at higher distances. Concerning the isotropic luminosity, even if the higher values are
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Fig. 1.10 From Abbott et al. [2017c]. On left (respectively right), E;,, (respectively
Ls,) versus redshift, for short and long GRBs. In both panels, the green dashed curve
represents the redshift dependence of the Fermi-GBM detection threshold.

generally assigned to long GRBs, the discrepancy is less obvious. One should also note,
based on Figure 1.10, the peculiarity of GRB 170817A, which is much less energetic
that the majority of the other observed GRBs. It is believed that this is due to the fact
that, from the Earth, the GRB 170817A jet was viewed off-axis [Granot et al., 2018].
However, one should note that GRBs are not isotropic. More precisely, if one notes by

B, the opening angle of the relativistic jets, then the relation between the real emitted

energy Fqrp and the isotropic energy is

Egrp ~ GertEiso. (1.20)
In Figure 1.11, there is the lightcurve of GRB 170817A, showing the counts reported
by half of the Fermi-GBM Nal detectors, at energies going from 50 to 294 keV.

The GRB afterglow consists in photons emitted over the entire EM spectrum. Fol-
lowing Sari et al. [1999], I present here a few characteristics of this type of EM transient.
The afterglow is not isotropic, but it might be observed if the GRB relativistic jet is ori-
ented towards the Earth. Indeed for a jet with angular width 6;, as long as the Lorentz
factor [' > 9{1, the entire emission will be included in a cone with opening angle equal

et
to I'"1. But as long as the fireball expands, the Lorentz factor decreases, following the

law
Eiso

1 3
lem™3\&s / t \ s
I'(t)=06 .
®) (1O5Qerg nIsM ) (1day) ’
where Fi, and nigy are the ejecta isotropic energy and particle density of the sur-
rounding interstellar medium. When the Lorentz factor goes below 6!, the material

jet?
spreads sideways, the afterglow being visible off-axis, if still bright enough. The dura-

(1.21)
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Fig. 1.11 The Fermi-GBM high energy lightcurve of GRB 170817A. In blue, the sum
of counts reported by half of the Nal detectors, assigned with estimed error bars. In
red, there is the estimated background photon rate. On the x axis, 0 corresponds to the
mission ellapsed time MET = 524666471.475. The signal is found by the tool presented
in Goldstein et al. [2019] on a timescale of 512ms, with a log likelihood ratio of 73.
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tion needed to reach this second phase is estimated by the formula

1
Fi  lem™3\3
Atirans = 6.2hours x (1052erg ' nism ) (

8
ejet 3
: 1.22
0. 1rad> (1.22)

Moreover, the GRB spectra distributions present power laws, which most presumably
are due to synchrotron radiation and inverse Compton scattering. In the observer frame,

the typical frequency is expected to be v/

o t~2, while the cooling frequency is con-

stant over time (1% o t%). At late times (after a few hours), one has v > paft,

c

Finally, the flux per unit frequency, at a given time, has the expression

-0.7

Fult) o { Z_m

for v < p2ft
, (1.23)

otherwise

while the flux per unit time, at a given frequency, i.e. the lightcurve, has the following
power law
F(t|v) oc t24, (1.24)

1.3.2 Kilonova

Another EM counterpart to compact binary mergers, predicted a few decades ago, is
the kilonova [Lattimer and Schramm, 1974, 1976; Lattimer et al., 1977; Symbalisty
and Schramm, 1982; Eichler et al., 1989; Meyer, 1989; Davies et al., 1994]. This is due
to the synthesis of heavy elements through r-process neutron capture. Subsequently, the
newly formed high atomic number chemical elements radioactively disintegrate. Re-
cently more and more nucleosynthesis arguments have been provided to support the
idea that compact binary coalescences might be the principal site production of the
heaviest elements in the Universe, putting aside the initial idea according to which these
r-process chemical elements should mainly be created during supernovae [Freiburghaus
et al., 1999; Rosswog et al., 1999; Oechslin et al., 2007; Metzger et al., 2010b; Roberts
etal., 2011; Goriely et al., 2011b,c; Korobkin et al., 2012; Bauswein et al., 2013b]. The
most believable structure of a kilonova is pictured in Figure 1.12. There are two princi-
pal components: the dynamical ejecta and the disc winds [Fernandez et al., 2015]. The
dynamical ejecta represents the matter which, during the merger, becomes unbound due
to gravitational torques and hydrodynamic processes [Rosswog et al., 1999; Metzger
et al., 2010a; Roberts et al., 2011; Rosswog, 2013; Barnes and Kasen, 2013; Tanaka
and Hotokezaka, 2013; Hotokezaka et al., 2013; Bauswein et al., 2013b; Sekiguchi
et al., 2016; Radice et al., 2016; Dietrich et al., 2017; Dietrich and Ujevic, 2017; Bo-
vard et al., 2017]. But also the gravitationally bound matter forming the accretion disc
is responsible for the EM radiation. Indeed physical processes such as neutrino cooling,

angular momentum transport and nuclear recombination, generate emission, known in
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Fig. 1.12 Kilonova containing two components: near the equator (in red), the dynamical
ejecta and, at higher latitudes (in blue), the disc winds. The black hole appears in black,
while the GRB relativistic jets are depicted in yellow.

the literature as disc wind [McLaughlin and Surman, 2005; Surman et al., 2008, 2006;
Dessart et al., 2009; Wanajo and Janka, 2012; Metzger and Ferndndez, 2014; Perego
et al., 2014; Metzger et al., 2009; Lee et al., 2009; Fernandez and Metzger, 2013; Met-
zger and Fernandez, 2014; Just et al., 2015; Fernandez et al., 2014]. Concerning the
spatial position, the dynamical ejecta is found at lower latitudes, while the disc winds
are closer to the poles. Additionally, the photometric lightcurve kilonova is supposed to
be formed from a blue (ultra-violet and optical) component due to the lanthanide free
material in the composition of disc winds, and a red (optical and infrared) component
due to the more neutron-rich dynamical ejecta.

During the merger process, once the outflow is sufficiently expanded, and so the
matter density as well as the optical depth are sufficiently low, in order for the light
to escape, the spectrum is thermalized. The key parameters determining the lightcurve
of a kilonova are: the amount of ejected mass m,;, the velocity of the ejecta v; and
the chemical composition of the ejecta which determines the light opacity xxy. Fol-
lowing Kasen et al. [2017], which makes use of numerical resolution of the Boltzmann
equation for relativistic radiation transport in a radioactive plasma, the timescale of the

kilonova might be expressed

SIS
N|=

-1
M Vej 2 RKN

fen A 2.7d j ( J) _PRN 1.25

KN ays % (0.01M@) 0.01c)  \Tem?g—) (1.23)
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Fig. 1.13 Apparent magnitude versus time for AT 2017gfo. The photometric filters used
here are u, g, r, 1, 2, y, J, H and K. The circles represent observations with finite error
bars, while the triangles stand for upper limits.

while the characteristic luminosity has the following form

QKN o QKN

. 1==5= o\ 2KN ——%
Lix ~ 5 x 10%ergs ™! Mej (L> S AL . (126
KN 70 5 LUTeIgs X <0.01M@ 0.1c lemZg—1 (1.26)

In those two previous equations, M, and c designate the solar mass and the light speed,
while o = 1.3 is a constant. Based on these two formulas, one can conclude that
the higher the amount of the expelled neutron-rich material, the brighter and longer-
lasting is the kilonova. Similarly, the higher the velocity, the higher the brightness and
the shorter the duration of the EM counterpart. Finally, the heavier the composition of
the ejecta, the higher the light opacity, which in turns will imply a longer and dimmer
transient, causing the reddening of the corresponding lightcurve. The observational
points of AT 2017gfo are illustrated in Figure 1.13. One can easily remark that the
maximum of emission takes place at around 1 day after the merger. Also, it is clearly
highlighted that the longer wavelength radiations (due to higher opacities) decay on
longer timescales.

It is worth mentioning that sometimes, in the case of binary compact coalescences,
it is difficult to decide, based on uniquely photometric observations, if the measured ra-
diation corresponds to only the kilonova, only the short GRB afterglow or the superpo-

sition of two EM transients [Ascenzi et al., 2019]. But in some cases the discrimination
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Fig. 1.14 GW and EM signals expected during the merger of a binary neutron star: a
powerful release of GWs in seconds prior to the merger; the GRB prompt emission
radiation is expected to be at most a few seconds away with respect to the coalescence
time; the kilonova radiation occurs during the hours, days and even weeks after the
merger; the GRB afterglow starts with X-ray photons in the hours following the merger,
continues on the optical range in the days/weeks after the fusion of the two neutron star,
and is expected to still be visible in the radio spectrum in the months/years following
the cataclysmic event. Figure taken from Burns [2020].

is possible. For example Gompertz et al. [2018] show that the longer wavelength coun-
terpart to short GRB 140903A is too bright to account for a kilonova. As an example,
the photon flux in the ¢-band is almost 15 times higher than the corresponding kilonova
fluence expectation.

A sketch of the different multimessenger signals, that are expected in the case of a

compact binary neutron stars merger, is presented in Figure 1.14.

1.4 Detectors

1.4.1 GW interferometers

It was shown in the section 1.2 that a passing GW stretches and elongates the dis-
tance separation between freely falling points. Scientists tried to put into evidence
such effects. A first attempt was done in the 1960s by Joseph Weber (see Figure 1.15)
who tried to detect the fundamental mode excitation of an aluminium cylinder [Weber,
1960]. This excitation is due to the restoring force acting as a response to the elonga-
tion/stretching effect of the GW passing through it. Weber even claimed the detection
of GWs [Weber, 1968], but we know today that his experimental setup was not sensitive
enough for such observations.

The first device which turned out to be appropriate for the measurement of such
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Fig. 1.15 Joseph Weber and its aluminium bar detector.

small displacements is the large arm interferometer. In Figure 1.16 there is a scheme
of such an experimental setup. A monochromatic EM source (in our case a laser) is
incident on a beam splitter. Some part of the initial radiation is reflected, some other
part is transmitted, and for real case one should consider energetic losses which consists
in light absorption. Unless clearly specified, hereafter I will consider no energy dissi-
pation. Afterwards, the reflected and transmitted wave packets travel along separate
trajectories, reflect on end arm mirrors and return back to the beam splitter. Once the
wave packets arrive at the beam splitter, interference phenomena occur. Thus, depend-
ing on the interferometer arm length difference, the phase difference might account for
a more or less pronounced constructive or destructive interference. The interference
pattern is put into evidence by a photodetector measuring incoming light power. Fol-
lowing Maggiore [2007], I present here the way a GW interacts with a ground-based
interferometer and the measurement principle. Thus I consider wiasers Klaser = ‘“L%
2

and Ajaser = the angular frequency, the wavenumber and the wavelength respec-

klaser

tively of the laser. Thus, for some wave packet emitted at some time ¢, and having
traveled over some distance &, the electric field can be expressed as Eoe*i“"asert*i%laser'f ,
where E is the amplitude of plane wave. In addition, L, and L, designate the lengths
of the interferometers arms in the x and respectively y direction. I also note by wgw
the angular frequency of the GW signal. Therefore the two light components inter-
fering at the beam splitter, after a round trip in the arms of the interferomenters, are
E, = —LEjeieserttlibinele gnd [, = L tsett2haely | yhile the electric field at
the output of the beam splitter, after the interference, is Fo,. = F1 + F>. The power
measured by the photodetector is proportional to the square of the electric field, which

can be put under the form
‘Eout‘2: E(Q) sin” [klaser<Ly - Lm)] (1.27)

The preceding formula shows that the output power depends on the arm length differ-
ence. Thus one may intuitively anticipate that the passage of a GW will have a similar

effect on the output measurement. For illustrative purposes, I consider in the tranverse
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Fig. 1.16 Michelson interferometer consisting of: a laser providing monochromatic
radiation; a beam splitter separating the initial wave packet into a reflected part and
a transmitted part; two end arm mirrors situated far away from the beam splitter, on
which reflect the two spatially separated light components; a photodetector measuring
the power of the interference radiation output.
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traceless gauge, a GW propagating in the z direction with the & polarization. The time
dependent strain thus can be written h, (t) = hg cos (wgwt), with kg the maximum am-
plitude. After calculations of the photon geodesic paths, one arrives at the conclusion
that the wave packets interfering at the beam splitter at time ¢, should start their round

trip journeys at times

2L, L,

) = — T = Eh(t — La/c)sine(wewLa /o), (1.28)

ty) =t - 2—? - %h(t — L /e)sinc(wawLy/c), (1.29)

where sinc(() = Sizl <. And the power measured by the photodetector is proportional to
1 — cos [2¢0 + Adnien(t)] (1.30)

where ¢ is the phase of the chosen working point and Ay, s the total phase induced

by the GWs and which, under the approximation L, ~ L,, has the following expression

Aquich = 2h0k:1asergsmc wgwg COS |Waw t— g .
2 2c 2
31)

In the preceding expression, one can remark the appearance of the term z — xsinc(wgwz/c) =

se—sin (wgwz/c). Thus for an optimal sensitivity one needs L, L, ~ 7% =
750km (%) , with fow the frequency of the GWs. In conclusion, in order to detect
compact binary mergers radiating GWs with frequencies ranging from tens to a few
thousands Hz one needs an interferometers with arm lengths of the order of hundreds
of kilometers, which is of course impossible for both financial and technical reasons.
In order to handle this issue, scientists made use of Fabry-Perot cavities. Such an op-
tical cavity is made of two parallel mirrors. Inside it, at resonance, the light is doing
lots of round trips, increasing thus the optical path length without the necessity of a too
spatial wide experimental setup. A scheme of the Fabry-Perot cavity is offered in Fig-
ure 1.17. As in Figure 1.17, I consider a right moving incoming field Einc(t, x) which
gives birth to a left moving reflected field Eref(t, x) and a right moving transmitted
field Eypans(t, ), as well as two cavity trapped plane waves EM8™ (¢, 2) and EXf (¢, z)
propagating in opposite directions. As in Maggiore [2007], I consider (74,1, p1) (re-
spectively (—ry,t1,p1)) the reflection, transmission and energy loss coefficients for a
right (respectively left) moving wave incident on the first mirror. The coefficients re-
spect the relation r? 4¢3 = 1 — p,. For the second mirror I consider similar coefficients,
by replacing index 1 with index 2. The resulting fields are obtained by summing up

the corresponding wave packets having done different number of round trips inside the
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Fig. 1.17 Fabry-Perot cavity containing two optical mirrors M; and M, separated by a
distance Lpp. Outside the cavity, there is an incident signal Einc (t,z), partly reflected
into Eref(t7 #) and partly transmitted as Etrans(t, x). Inside the cavity, two plane waves,
Erisht(¢ o) and EXf(¢, ), propagate in opposite directions.

cav cav

cavity. Thus the reflected field evaluated at the origin of the x axis is

ry — 702(1 _ p1>€21klaserLFP

Erof(t,x = 0) = Eye~ “asert . »
ref( 9 ) 0 1 _ T1T2621k1aserLFP

(1.32)
For high reflective mirrors (1,73 &~ 1), there are resonances for Lyp being an integer
of 7 /Kjaser- Also if I define the finesse of the cavity by F = T and the phase of the
reflective field @pef by Fret(t, ) = | Eret|e™“iasertei®ret | then one has

TA/T17T2

2
a¢ref ~ i (133)

Oe T’

where €/(2k).ser) i @ small deviation of the resonant chosen value Lgp. So the finesse
is the quantity characterizing the displacement measurement sensitivity of the Fabry-
Perot quantity when the setup is fixed near the resonance. Indeed if I consider again
the only & polarization GW strain h. (t) = ho cos (wgwt), as long as the the length of
the interferometer is small compared to the GW wavelength (i.e. W < 1), the

phase shift induced by the passage of the GW on the Fabry-Perot based experimental
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setup, can be written as

4F L,+ L

L,+ L
A(bFP (t) = hO klaser 9 ySinC <WGW il Y
T

2c

1
) T Uow T 8 e,
(1.34)

m 1/f, is a quantity accounting for the time spent by the light

in the cavity. One can easily remark that if the light spends too much time stored

where f, ~

inside the Fabry-Perot cavity, a degradation of the sensitivity appears because, during
the photons’ travel time, the GW not only elongates or only stretches the optical path
but does oscillate between the stretching and contracting. In contrary, if fow < f,, the
new value of the phase shift is, at first order, a factor 2 /7 higher than the previous
value, i.e. |A¢pp|~ 2%|A¢Mich]. In conclusion, an optimal experimental setup requires
a cavity with a finesse in O(100).

Although the important features have been mentioned, a real GW interferometer is
more complicated than even a Fabry-Perot cavity based Michelson interferometer. For
example, up to now I considered that the laser output radiation is represented by plane
waves. But this is obviously just an approximation, as the component perpendicular
to the propagation direction of the EM signal has a finite extent. For this reason, the
spatial distribution of the radiation can be expressed as a sum of transverse electromag-
netic (TEM) modes, whose predominant component, named TEM,, is Gaussian. As
mentioned previously, for an optimal sensitivity, both Fabry-Perot cavities should be
resonant. But different TEM,; need different adjustments in order to be at resonance.
This is why, in real GW interferometers, before entering the beam-splitter, the TEM,;
modes, with ¢ # 0 or j # 0, are filtered out. This process is realized by means of
an input mode cleaner [Araya et al., 1997; Romero-Rodriguez et al., 2021]. A similar
apparatus, called output mode cleaner [Kumeta et al., 2015; Prijatelj et al., 2012], exists
at the output of the beam-splitter, once the interference had taken place, in order to filter
out the junk light from the GW signal before the EM radiation power is measured by
the photodetector. Moreover, the best working points for the actual GW interferometers
correspond to dark fringe settings [Maggiore, 2007]. But, when the interferometer is
set on such a position, the first derivative of the photodetector measured power with
respect to GW strain is zero. In order to handle this issue, the frequency of the laser is
modulated in order to make appear frequency sidebands, in addition to the already exist-
Ing wiaser- This procedure is realized by means of an electro-optical modulator [Canuel
et al., 2011; Quetschke, 2008]. Furthermore, given that the working point of the in-
terferometer corresponds to a dark fringe position, it means that when there is no GW
signal, the input laser light is not exiting the setup, but it is reflected back. In order to
not lose this radiation, a power recycling mirror is positioned before the beam-splitter,

whose role is to resend the photons towards the Fabry-Perot cavities. A sketch of a real
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Fig. 1.18 On left, a scheme of a GW interferometer possessing: a laser emitting the
monochromatic radiation with frequency wi.s; an electro-optic modulator creating
sidebands frequencies; an input mode cleaner and an output mode cleaner filtering out
all the TEM modes except the gaussian component; a beam splitter; a Fabry-Perot cav-
ity for each arm of the interferometer; a photodetector. On right, a real picture of the
Virgo interferometer, located in Cascina, Italy.

GW interferometer, as well as a real image of the Virgo detector, are presented in Fig-
ure 1.18. Also the main parameters of the Advanced LIGO interferometers, at design
sensitivity, are shown in Table 1.1.

I end this subsection with a succinct presentation of the noise sources limiting the
performances of a GW interferometer. One source of uncertainty comes from the in-
trinsic quantum nature of light. Indeed the light is formed of discrete quanta, named
photons, which possess energy and carry momentum. Thus when a photodetector mea-
sures light power, it actually counts photons. Given that the arrival rate of photons
follows the Poisson distribution, the state of Nppotons fluctuates, with an uncertainty in
Nphotons 0f NV lﬁtons This source of uncertainty is the shot noise. It is more impor-
tant at higher frequencies and can be reduced by increasing the laser power. Another
noise due to the quantum nature of light is the radiation pressure. It is created by the
stochastic force exerted by the stochastic number of photons bouncing mainly on the
Fabry-Perot cavities. Unlike the shot noise, the radiation pressure noise decreases with
the frequency and increases with the laser power. The shot noise and the radiation pres-
sure form the optical readout noise [Nishizawa et al., 2007; Buonanno and Chen, 2001].
Attempts to reduce the quantum noise by means of squeezed light injections have been
done [Yap et al., 2020; McCuller et al., 2020; Aasi et al., 2013]. The motion of the
Earth ground also represents an important source of noise, especially at low-sensitivity.
It is named the seismic noise, and it represents the most important limitation for the
detection of GW astrophysical sources below 1Hz [Accadia et al., 2012; Badaracco
et al., 2021; Daw et al., 2004]. For instance, in order to detect tight binaries of super-

massive black holes, one needs to conceive an interferometer suspended in the air, as
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Parameter Value

Arm cavity length 3994.5m
Arm cavity finesse 450
Laser type Nd:YAG
Laser wavelength 1064 nm
Input power at the power recycling mirror up to 125W
Beam polarization linear, horizontal
Test mass material Fused silica
Test mass size 34cm diameter X 20cm height
Test mass mass 40kg
Beam radius at the input test mass 5.3cm
Beam radius at the end test mass 6.2cm
Radius of curvature at the input test mass 1934 m
Radius of curvature at the end test mass 2245m
Input mode cleaner length 32.9m (round trip)
Input mode cleaner finesse 200
Recycling cavity length at the power recycling cavity 57.6m
Recycling cavity length at the signal recycling cavity 56.0m

Table 1.1 Advanced LIGO interferometer parameters, at design sensitivity. The values
are taken from Aasi et al. [2015a].

it is will be the case for LISA [Amaro-Seoane et al., 2017]. The local changes of the
gravitational field due to either seismic or atmospheric displacements, responsible for
the Newtonian noise, have a non-negligible impact on the sensitivity of ground-based
GW interferometers [Beker et al., 2012; Badaracco and Harms, 2019]. Thermal noise
(mirror coatings, mirror substrates, suspension system) is another limitation of the ac-
tual detectors. Stochastic movement, due to the temperature, is related to the internal
energy of the GW interferometer components (such as mirrors), which impacts the sen-
sitivity of the setup [Tugolukov et al., 2018; Granata et al., 2020; Brif, 1999]. Finally,
in Figure 1.19, there is an representative illustration of the noise spectrum during O3 in
Advanced LIGO and Advanced Virgo.

1.4.2 ~-ray space observatories

~-rays represent the highest energy EM radiation, whose spectrum is above 100keV. In
the Universe, they are generated by the most energetic objects and phenomena, such as
pulsar magnetic flares [Palmer et al., 2005; Grenier and Harding, 2015; Cerutti et al.,
2014], supernova explosions [Siegert, 2018], compact binary neutron stars, blazar rela-
tivistic jets [Ackermann et al., 2017; Rajput et al., 2020]. On Earth, they are produced
either naturally, as in terrestrial gamma-ray flashes [Mailyan et al., 2020; Neubert et al.,
2019], or artificially, like in the case of nuclear reactors [Roos, 1959; Nakashima et al.,
1971], nuclear bombs [Straume, 1995; Shimizu, Mar 1987], high energy physics exper-
iments [Tracz, 2017; Gonzalez, 2020]. Luckily for our health and unfortunately for our
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Fig. 1.19 Amplitude spectral density for Advanced Virgo and Advanced LIGO (Liv-
ingston and Hanford), during O3. The data used to generate these curves is the same
data as in Abbott et al. [2021a].

Universe understanding ease, the Earth atmosphere blocks the ~y-rays originating from
outer space and propagating towards us [Allison, 1958; Grasty, 1975]. Indeed the high
energy photons interact with the upper layers of the atmosphere through the following
phenomena: photoelectric effect, Compton scattering and pair production. Thus the ~y
radiation does not reach us on the surface of the Earth. In order to detect it, two so-
lutions can be envisaged: either to measure, by means of ground-based detectors, the
effect of the interaction between the high energy radiation and the atmosphere; or to
make use of space observatories situated at altitudes, high enough such that the photons
reach them before interacting with the atmospheric molecules. Although for this thesis
the interest is focused on the latter option, it is worth mentioning a few words about the
former solution.

When high energy photons enter the atmosphere, they interact with it, producing
a cascade of relativistic subatomic particles. Therefore, the newly formed particles
travel at speeds close to the velocity of light. Also, a particle in acceleration emits
EM radiation. On the other hand, the atmosphere, contrary to the vacuum, has a re-
fractive index higher than 1, slowing down an EM signal. As a consequence, in these
upper layers of the atmosphere, the interaction resulting particles might travel faster
than light. Therefore, the wavefronts emitted by a particle at distinct times overlap,

leading to constructive interference. An external observer sees this emitted radiation
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Fig. 1.20 On the x axis, the particle moves with velocity ¥Uparicie(f) and emits radial
EM waves propagating in the medium with %jign:. On top (bottom), the emitted wave-
fronts travel at velocities lower (higher) than vy, and for this reason there is (no)
overlap/interference. When vparicie(f) > light, cone-like radiation results.

as a cone-like signal with a characteristic angle [Mirzoyan, 2021]. This is named
Cherenkov radiation, after the Soviet physicist Pavel Cherenkov who discovered this
phenomenon [Cherenkov, 1934]. Figure 1.20 offers an illustrative explanation of the
Cherenkov light. Several Cherenkov telescopes have been built [Abramowski et al.,
2016; Cortina et al., 2009; Bradbury et al., 2000] and ambitious projects are planned for
the near future [Knodlseder, 2020].

Concerning the space observatories, one needs to conceive a device which interacts
with the incoming high energy photons. Traditionally scientists use scintillation coun-
ters. The main component of such a device is the scintillator, a material which, when is
excited by ionizing radiation, produces a flash of low-energy photons [Leo, 2012]. The
scintillators used for the purposes of the high energy astrophysics community are gen-
erally inorganic crystals, the most common of them being the thallium-doped sodium
iodide [Cuesta et al., 2013; Sailer et al., 2012]. The counter apparatus also contains
a photodetector, whose purpose is to convert the generated light to electrical signal,
which is amplified before being measured. A scheme representing a scintillator counter
is presented in Figure 1.21. As a matter of example, the Fermi-GBM instrument uses
12 Nal and 2 BGO scintillator detectors. The distribution of the scintillators on Fermi
satellite is shown in Figure 1.22. The conversion of shorter wavelength photons into

smaller energy radiation, taking place inside scitillators, represents the Compton scat-
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Fig. 1.21 High energy photon counter containing a scintillator crystal, a photomulti-
plier tube and the read-out electronics. After the excitation by the incoming ~v-ray, the
inorganic crystal emits longer wavelength photons which reach the photocathode of the
photomuliplier. The photocathode coverts the incident light into electrons, through the
photoelectric effect. A series of intermediate electrodes, called dynodes, at different
electrical potentials, increases the electronic cascade, by the creation of secondary elec-
trons [Arifov, 2013; Bruining, 2016]. The overall electrons arrive finally on the last
electrode, the anode. The corresponding electrical signals is measured by means of a
read-out technique.
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Fig. 1.22 On right: the Fermi satellite with its solar panels and two instruments: GBM
and LAT. On left: the spatial distribution of the Nal and BGO scintillators of the GBM
instrument. The Fermi satellite was launched on 11 June 2008, aboard a Delta II 7920-H

rocket.
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tering [Compton, 1923]. The Compton effect is the predominant interaction of interme-
diate energy range v photons with matter.

When the incident radiation is composed of soft - and/or hard X-rays, the EM
waves interact principally through photoelectric effect [Hertz, 1887; Elster and Geitel,
1889; Einstein, 1905]. And in this case, other technology devices might be preferred.
For example semiconductor based detectors convert directly the incoming EM radiation
into electrical signal. The Burst Alert Telescope (BAT) instrument aboard the Neil
Gehrels Swift Observatory, uses CdZnTe hard X-ray detector tiles. Also the ECLAIR
instrument aboard the future SVOM (Space Variable Objects Monitor) mission, plans
to use CdTe detectors [Remoue et al., 2009]. It is worth mentioning that X-rays, emitted
during the afterglow flaring, are detected by means of similar technology. For example,
the primary instruments of XMM-Newton [Aschenbach et al., 2000] and the Chandra
X-ray Observatory [Weisskopf et al., 2000] use silicon based chips which convert the
high energy incoming photons into free pairs of electrons and holes. The newly created
charge carriers are finally transformed into an electric signal by read-out electronics.

On the other hand, when a ~y-ray is highly energetic, pair production phenomena
might occur. More specifically, if a photon has an energy higher than twice the electron
rest mass of 0.511MeV, it might be converted into an electron-positron pair [Hubbell,
2006]. Thereby, for the detection of photons in the highest energy spectrum, a pair
conversion telescope [Hunter, 2018] might turn out to be the most appropriate choice.
This is the case for the Fermi-LAT instrument [Atwood et al., 2009]. There are also
proposals for future space missions equipped with pair telescopes [Tatischeff et al.,
2016; Bernard et al., 2014].

1.4.3 Terrestrial telescopes

If for far ultra-violet, X- and ~y-rays, the atmosphere is almost opaque, due essentially to
the ozone layer [Hartley, 1881], the situation is different for some ranges in the longer
wavelength EM radiation spectrum [Horvath, 1993]. For example, the visible radia-
tion reaches us even if affected by the atmospheric distortion [Ackerman and Toon,
1981] due essentially to the absorption by the natural [Viana et al., 2014] and anthro-
pogenic [Shen et al., 2020] air aerosols. Most of the incident infrared photons are
absorbed by the atmospheric greenhouse gases [Sinha and Harries, 1995]. Finally a
wide range of the microwave and radio wave spectrum is observable from the Earth
surface [Shi et al., 2017; Kobayashi, 1980]. To summarize, the viewing conditions are
always better for a telescope on a satellite in the outer space. This explains the existence
of numerous space missions, aiming to observe the Universe in EM spectrum windows
going from optical [Chaisson and Villard, 1990; Borucki et al., 2010; Collaboration
etal., 2016], to radio [Dodson et al., 2004], and passing through infrared [Werner et al.,
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Fig. 1.23 The 77 cm refractor telescope (la Grande Lunette), located at the Nice Obser-
vatory. It started to be operational in 1886.

2004; Pilbratt et al., 2010; Wright et al., 2010] and microwave [Bennett et al., 1996,
2003; Collaboration et al., 2006] ranges.

Traditionally, there exist two types of such instruments: refractors, whose principal
component is an objective lens, and reflectors, where the main constituent is a curved
mirror. The former category of instruments enjoyed success at the beginning of Cosmos
Study with the optical telescopes. The most famous example is probably the Galileo
Galilei refracting telescope. The lens based instruments were very popular in the second
half of the 19" century [Launay, 2007; Hale, 1897; Scharmer et al., 2003; Neubauer,
1950]. A picture of the 77 cm refractor, at Nice Observatory, appears in Figure 1.23.

However, when physicists and engineers became able to build large aperture mir-
rors, the reflectors became the new favourite devices. A scheme of a real mirror-based
telescope is presented in Figure 1.24. The main components of such instrument are:
the parabolic mirror, collecting the EM energy from a distant source, and the photon
detector, converting the incoming photons into electrical signal. The parabolic mirror
needs to fulfill shape and micro-roughness requirements in order to send an incoming
plane wavefront towards its focal point. For example, the surface of the mirror should
be smoother than a small fraction of the wavelength of the photons one wants to collect.
To this end, high quality polishing processes are required. Also the surface necessitates
high reflectivity. For the radio telescopes, a polished metal, like the steel or the alu-
minum, is an appropriate choice. For the optical and near infrared range, generally the

mirror surface are covered with a thin metallic layer, named coating; aluminum is an
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Fig. 1.24 Optical/Infrared/Radio telescope working principle. The EM radiation arrives
on Earth under the form of plane waves, because it is emitted by a distant source. The
incoming photons are intercepted by a (primary) parabolic mirror which redirects them
towards its focal plane. The secondary mirror (it is not a compulsory equipment com-
ponent) reflects once again the photons and reorients them to the photon detector. Here
the light energy is converted into electronic energy and the corresponding signal is read
out by a computer.
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appropriate choice for the optical wavelength; gold is convenient for infrared radiation;
silver is suitable in both cases. Despite the progress achieved to handle these technical
conditions, other limitations need to be taken into account. The wave nature of light,
more specifically the physics of diffraction, imposes a lower limit on the angular res-
olution a telescope might can obtain. Thus, a mirror with aperture Do, collecting

photons at wavelengths )\, cannot distinguish two points separated by an angular dis-
A

Dmirror

placement smaller than 1.22 . Nevertheless, one can go beyond this lower limit,
by means of astronomical interferometry. Indeed with an array of separate telescopes,
by taking advantage of the optical path difference between them, one might get per-
formances similar to those of a huge telescope whose aperture is equal to the spatial
distance between the telescope array components. This procedure is commonly used
in radio astronomy [Brown et al., 2004; Napier et al., 1994], but there are also exam-
ples at shorter wavelength EM spectrum [Lopez et al., 2014; Armstrong et al., 2013;
Haguenauer et al., 2010]. Another light detection limitation is the astronomical see-
ing. It accounts for the atmospheric turbulence, causing refractive index perturbations,
which affects the optical path of outer space originating photons. Therefore, photons,
which belong to a same wave plane, do not arrive simultaneously at the telescope. Re-
cently adaptive optics have been developed to remedy to this problem [Beckers, 1993].
Equally, other methods have been proposed, such as speckle imaging [Jacquot, 2008]
and lucky imaging [Fried, 1978]. As mentioned previously, the second main component
of a telescope is the photon detector. Since the time of Galileo up to the second half
of the 19" century, astronomers used their eye to see the astrophysical objects. Later,
they used photographic plates [Abell, 1959]. Nowadays, new devices are used. For the
detection of optical and near infrared photons, the technique is quite similar. First, one
needs an anti-reflective coating in order to reduce the loss of incoming photons. Then,
a photoactive layer (silicon for visible light [Kamata et al., 2004]; HgCdTe or InSb
for near infrared light [Borrello et al., 1980; Shirouzu et al., 1986]) interacts with the
photons generating electrons through the photoelectric effect. The resulting electrons
are collected pixel by pixel by means of applied electrical fields. In the case of opti-
cal radiation detection, a transfer of electrons is needed. Finally, charge amplification
and digitization is realized. The most common detectors using this technique are the
CCD (charge-coupled device) [Tompsett et al., 1970] and the CMOS (Complementary
metal—oxide—semiconductor) [Chih-Tang, 1988]. For mid- and far-infrared radiation,
thermal detectors might be used. Indeed, bolometers [Nishimura, 1989], measuring the
resistance change, and thermocouples, based on the thermoelectric effect, turn out to be
good choices [Rogalski, 2012]. Radio photons are measured by means of radio anten-
nas [Gancio et al., 2020]. When an oscillating EM signal arrives, the electrons inside

the wire oscillate, generating an electrical signal which is measured.
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CHAPTER 2

GWs and GRB prompt emission coincidence

This Chapter summarizes the work from [Stachie et al., 2020a].

2.1 Existing searches in the literature

Each black hole defines a border, named event horizon, beyond which no information
can escape, so it is invisible for an external observer. This is why, GRB prompt emission
is not expected to be associated with BBH, unless baryon matter exists in the vicinity
(e.g. the accretion discs) [Loeb, 2016; Janiuk et al., 2013]. On the other hand, NSBHs,
for which the binary components mass ratio and the spin of the black hole would allow
the disruption of the neutron star component before entering the black hole horizon, are
expected to generate y-ray flaring [Barbieri et al., 2020]. Finally BNSs are the most
probable sources of this field of the multimessenger astronomy. GW signals originat-
ing from the coalescence of two compact objects are detected with ground based GW
interferometers, while the high energy photons released during the merger of binaries
are observed and recorded by the v-ray space observatories. Thus, the different mes-
sengers are detected by different instruments. Once photon counts and GW strain are
measured, their common astrophysical origin might be investigated. There are different
clues which can bring conclusive answers to this issue. Generally, GW and GRB events
produce sky localization estimations. Thereby, if the two signals are from the aftermath
of the same astrophysical phenomenon, the two skymaps should be consistent with each
other. Also, theoretical modeling predicts that the separation between the arrival times,
on Earth, of two such signals should not be higher than a few tens of seconds. Both sky
localizations overlap and similarities in the arrival times of photons and GWs have been
verified for the case of GW170817 - GRB 170817A multimessenger detection [Abbott
et al., 2017b], as can be remarked from Figure 2.1.

Nevertheless, one can imagine the other way around. If a GW trigger and a high en-
ergy photon excess have not sufficient statistical significance to be claimed separately as
confident astrophysical events, a small amount of Earth arrival time offset, similarities
between their sky localizations, as well as a BNS/NSBH binary type inference, might

raise enough the statistical ranking of the association in order to claim an astrophysical
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Fig. 2.1 On left: sky localization based on only the GWs (in green), only the Fermi-
GBM detection (dark blue), only the arrival times difference of high energy photons
at Fermi and INTEGRAL [Savchenko et al., 2017] satellites (annulus in light blue),
as well as the NGC 4993 discovery images realized by Swope [Coulter et al., 2017]
and DLT40 [Yang et al., 2017]. On right: the arrival times of the GW/EM signals at
LIGO Handford interferometer, Fermi and INTEGRAL satellites. The left panel is taken
from [Abbott et al., 2017b].

common origin. Therefore searching for associations between sub-threshold triggers
has an interest in both the enlargement of the GW and GRB events catalog, and the re-
alization of new multimessenger detections, which, to date, are very rare: GW 170817
(GWs) - GRB 170817A (photons)- AT 2017fgo (photons) [Abbott et al., 2017b] and SN
1987A (photons and neutrinos) [Arnett et al., 1989] are the only unambiguous events,
while IceCube-170922A (neutrinos) - TXS0506+056 (photons) [Aartsen et al., 2018] is
very convincing. In the literature, there have been proposed several attempts to search
for such associations. For example, Burns et al. [2019] investigate the possible ex-
istence of signals, released by the same astrophysical source, in both the Fermi-GBM
and LIGO/Virgo O1 data, by making use of three methods (a “blind”, a “targeted”
and a “joint analysis” search), as follows. The GW data sample is represented by the
trigger set output of offline LIGO/Virgo GW search pipelines, PyCBC [Dal Canton
et al., 2014; Usman et al., 2016] and GstLAL [Privitera et al., 2014; Messick et al.,
2017], which identify template-based compact binary coalescence signals, by matching
the GW observational data with a template bank of simulated signals. More precisely,
they consider as foreground (respectively background) data sample the triggers possess-
ing a false alarm rate FAREIVJVR lower (respectively higher) than 107> Hz (respectively
1073Hz). For the “blind” search, both the on-board triggers generated by the Fermi-
GBM flight software [Meegan et al., 2009; von Kienlin et al., 2014; Bhat et al., 2016a]
and the output triggers of an offline all-time all-sky pipeline [Hui et al., 2020] occurring
during the same O1 period, have been used as Fermi-GBM data sample. The triggering
time lists of the GW and EM data samples have been compared, while the association

ranking statistic is assumed to be the shortest absolute time offset between two triggers
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belonging to the two distinct sets. For the “targeted” search, the counterpart to a GW
trigger is considered to be the highest statistical significant Fermi-GBM output trigger,
with detection statistic ABUR, reported by an offline targeted pipeline [Blackburn et al.,
2015], taking as input the GW time trigger and analyzing the £30s around it. In this
case the association ranking statistic is the same as ABUR. Regarding the “joint” analy-
sis, the EM counterpart is the same as in the case of the “targeted” analysis, while the
association ranking statistic is the quantity W, where FARCgy; and |AT| are
the false alarm rate of the EM trigger and the absolute offset value of the two signal
arrival times. Finally, for each of the three methods, a comparison between the rank-
ing statistic distributions of background and foreground associations allows one to infer
the non-existence of a multimessenger event, in the two data samples. Similar meth-
ods have been used by Hamburg et al. [2020] in the joint LIGO/Virgo - Fermi-GBM
02 search. In this case, the “joint” analysis association ranking statistic is the quantity

HAM, HAM
%, where plAM e and FARESM are the astrophysical probability of the
GW trigger, the fraction of the GW skymap visible by Fermi-GBM at the time of the

GW trigger time, and respectively the false alarm rate of the Fermi-GBM trigger.

2.2  New search

During my thesis, I contributed to the development of an event association search
pipeline, which combines ideas presented in Burns et al. [2019]; Hamburg et al. [2020]
with coincident detection concepts used for the identification of GW signals presented
in the data sets of two distinct interferometers. The choice of the association ranking
statistic utilizes the separate statistical significance of each trigger, as well as the ar-
rival times offset and the overlap of the two sky localization. This method is used for
the search of Fermi-GBM EM counterpart to LIGO GW single interferometer triggers,
from Ol and O2 data. No statistical significance association has been found. These
results are part of the outcome presented in Hamburg et al. [2020]. Moreover, an inde-

pendent paper is dedicated to this analysis method [Stachie et al., 2020a].

2.2.1 PyCBC GW triggers and Fermi-GBM EM triggers

Like in the analyses summarized above, here also a set of LIGO GW triggers and a
set of Fermi-GBM EM triggers are needed. The GW data input is generated by means
of PyCBC. More precisely, the Ol and O2 LIGO data is analyzed offline. Thus, the
strain time series is matched filtered against the modelled waveforms from the template
bank introduced in Dal Canton and Harry [2017], giving rise to a list of GW triggers,
assigned with statistic pg,,, which is a function of the signal to noise ratio and two chi-
squared signal-based vetoes [Allen, 2005; Nitz, 2018]. I present here a summary of
the PyCBC mathematical framework, following [Dal Canton et al., 2014; Usman et al.,
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2016; Allen, 2005; Nitz, 2018]. Let n¥°(t) and h*¥C(t) be the time series noise and
GW signal. Hence, the GW detector data stream is spyc(t) = npyc(t) + hpyc(t). For a
given time function x(t), its Fourier transform, defined by Z(f) = [~ x(t)e *"/!dL,
is associated. Thus, the stationary noise single-sided power spectral density becomes
(a(f)n (") = 3Su(|f1)6(f — f'), where () denotes the average over the ensemble of
different time series. The SNR is defined by

Seye (Do) o ft
4 f rWDiec)) —iznic gy

heyc(Hhpyo(f)
\/|4f — 5|

In the preceding expression, tgyy is the coalescence time. If the GW detectors had only

PPyC,init =

Gaussian noise, ppyc.init Would be an appropriate statistic to rank the triggers. But the
GW data contain spurious non-Gaussian and non-stationary noise which possess high
PpycC.init Values. This behavior degrades the sensitivity of the detector. In order to miti-
gate these inauspicious effects, a first reduced chi-squared, noted Xipyc, 1s introduced.
Initially the frequency range, over which the integrals from Equation 2.1 have been

done, are split into ppyc non-overlapping bands. These bands are chosen in such a way

PPyC,init
ppryC

of this first chi-squared is to compare the power of the signal (noted ppyc ) in each of

that the modelled waveform hpyc has a SNR equal to in each band. The purpose
the non-overlapping bands with the power expected from the theoretical model, and so

it has the following expression

pryC

2 PryC PPyC,init

X = —" ppycl — ——— . (2.2)
LYE T oppye — 2 ; ( Y PPyC )

Therefore, if Xipyc > 1, it is an indication of the presence of a noise glitch in the data.
Hence, this chi-squared behaves like a signal-based veto destined to filter out the output
trigger list of undesired candidates. xipyc is used to define a temporary reweighted

SNR (noted ppyc temp), as follows

1
3 6 .
PPyC init [(1 + (X1 pyc) ) / 2} if Xipye > 1 (2.3)

PPyC,init otherwise

PPyC,temp —

Despite the sensitivity improvement brought by the Xipyc based signal veto, there are
still non-Gaussian noises surviving. In particular, the short duration blip glitches, mim-
icking high mass binaries, are very numerous [Nitz, 2018]. One particularity of these
spurious events is that they contain more power than the true GW waveforms, at high
frequency. The second chi-squared veto, noted ngpyc, 1s aimed to detect this excess

power. This is realized by measuring the reweighted SNR ppyc init Of the detector sig-
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nal on a series of Npyc sine-Gaussian tiles, defining tight frequency ranges over which
the true GW signal is not expected to contain power. Thus, if one notes by p!'s, - the
SNR of the signal when matched against the i*" sine-Gaussian tile, the expression of

the second chi-squared veto becomes

NPyC
1

Ve = 55 2 ()" 2.4)

=1

As previously, Xg,PyC > 1 means a more likely noise glitch transient. This indicator is

used for the derivation of the final expression of the PyCBC statistic, as follows

_1 )

5 _ ) PPyCytemp (Xg,PyC/4) ’ if X3 pyc >4 25

Pgw = ) . (2.5)
PPyC,temp otherwise

The coincident triggers, i.e. those appearing simultaneously in both LIGO Livingston
and LIGO Hanford data, have been the subject of the main analysis presented in Ham-
burg et al. [2020]. Therefore, the actual study concerns only the single interferome-
ter triggers, i.e. those appearing in and only in the LIGO Livingston data or in and
only in the LIGO Hanford data. Henceforth in this chapter, by PyCBC trigger it is
meant a tuple (mq,ma, S1., S22, taw, Pgw)- M (respectively my) is the mass of the
heavier (respectively lighter) compact object. S . (respectively S .) is the heavier (re-
spectively lighter) object dimensionless spin component, parallel to the orbital angular

momentum. More precisely, if J; , is the angular momentum of the primary compact

cJi,z
Gm?2"

cance value, each GW trigger has an associated skymap, by means of the Bayestar

object, then S, , =

Besides the binary parameters and the statistical signifi-

algorithm [Singer and Price, 2016]. An overview of the size of this trigger list is pre-
sented in the left panel of Figure 2.2. For computational cost reasons, only those triggers
with pg,, > 8 have been considered. Additionally, this choice is supported by the fact
that the quasistationary noise of the detector is already above this threshold. Concern-
ing my role, I want to mention that I did not need to generate by myself the list of
triggers, because available for LIGO/Virgo members at https://git.ligo.org/
tito-canton/o2-1ligo-fermi-search/-/tree/master/pycbc. On the
other hand I was in charge of the production of Bayestar skymaps for each PyCBC
trigger used in this analysis.

I obtained the list of Fermi-GBM triggers as follows: for each GW candidate, I
used the targeted-search [Blackburn et al., 2015; Kocevski et al., 2018; Goldstein et al.,
2019] which gives a list of EM triggers occurring in the window [—30s, 30| with re-
spect to the GPS time of the GW candidate. More specifically, the targeted-search
initially estimates a photon rate background, and then searches for an excess of photons
over different timescales (0.064s, 0.128s, 0.256s, 0.5125s, 1.024s, 2.048s, 4.096 s and
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Fig. 2.2 On left, the number of PyCBC GW single interferometer triggers possessing
a statistic pg,, higher than 6 (in red), 7 (in green) and respectively 8 (in blue); the
results for both LIGO Livingston (L.1) and LIGO Hanford (H1) are shown. On right,
the histogram of LLR of the rargeted-search EM counterpart to the GW triggers.

8.192s), the phase shift being of 64 ms for durations smaller or equal to 1.024s. For the
longer durations a phase shift of factor 8 is used (e.g. the 4.096 s windows are separated
by 0.512s). It is worth mentioning that the search is realized over a grid obtained by the
cartesian product of a set of sky locations and a set of three Band function based spec-
tra, named soft (the lowest energy), normal (the medium energy) and hard (the highest
energy). Each such candidate is assigned a log-likelihood ratio (LLR), measuring the
statistical significance of the trigger. I remember here the statistical method used to
derive the LLR, following Kocevski et al. [2018]; Blackburn et al. [2015] . An index ¢
defines a pair formed of a detector and an energy channel, so there are 112 (14 detectors
x 8 energy channels) such indices. For each pair, dﬁs, ad , 0' and r % represent the
observed data counts, the background counts, the standard dev1at10n of the expected
data, the standard deviation of the background and respectively the location and spec-
trally dependent detector response. Also noted by Hi* (HE) is the hypothesis of the
presence of both signal and noise (only noise) in the data. Therefore, under the prior of
Gaussian noise, the probability of measuring the data d** = {d!*}, given the assumption

of the presence of a signal of amplitude s > 0, can be written as

s s (Cifs — Tfss)Z
P dt H{ , H 27r (_2(0.—35)2 , (26)

while the probability to have the same data, given the assumption of only noise in the

data, can be expressed as

dts Hts H _ (dﬁs)Q 2.7)
\/%0“ 2(072)% ) '
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In Equations 2.6 and 2.7, d* = d' — (n!*) is the background-subtracted data. The

likelihood ratio (LR), under the assumption of amplitude signal s, is defined by the

o ats P(d!*|H* s
quantity A*(d|s) = Wh}és))

obtained above, one has

. By replacing the two probabilities with the expressions

ols (d*)? (df —rlss)?
Ats ts — 1 _ni [ _ 1 7 ) 2.
o p{z "o T 2ony T 2oy =0

Before taking the logarithm of the LR, one needs to marginalize, i.e. A'*(d) = [ A(d|s)P(s)ds.

By considering the prior

S B ts
P(s)=|1—exp|— (W> s (2.9)

with v = 2.5 and 8% = 1, one obtains for the LLR, defined here by £*(d"*) =
In A (d"), the following expression

L%(d"¥) =Inol¥ +1In [1 + erf (—Stbse“ >] + In A" (d"|siE )+

V20ls
In[1—exp (—sk )| — B Insh, sl 20 (2.10)
8 (1%0%) i st <0
In Equations 2.10 and 2.9, 0f = —5=7, while s}%, is the amplitude value max-

)2
imizing In A*(d"|s). It is derived by means of the iterative Newton’s method. One

starts with st = Sridi /(o) while the k™ iteration step consists in the procedure
0 = T er)? p P

SiE A s — agﬁ—g;' For this study, I kept only the candidate assigned by the high-

est LLR. Henceforth in this chapter, by a targeted-search trigger, it is meant a tuple
(LLR, tg, durgyy, specg,,), where tgys is the central time of the trigger, durgy €
{0.064s, 0.128s, 0.256's, 0.5125, 1.024s, 2.048's, 4.096 s, 8.192 s} is the duration of the
trigger. specy,, = 0, 1,2 stands for a soft, normal or hard spectrum. Moreover, the
targeted-search provides, for each EM trigger, a sky localization. Like in the case of
the GW trigger list, a cutoff of LLR > 5 is chosen. As emphasized by the right panel
of Figure 2.2, this cutoff is almost equivalent to the choice where no restriction is con-
sidered, because almost all the most significant Fermi-GBM triggers have LLR higher
than 5.

One could naively consider that a GW (EM) trigger assigned with a high reweighted
SNR (LLR) is necessarily a real GW (EM) event. Actually, the GW (EM) background
data is far from being Gaussian. For example in the strain data, measured by the GW

interferometers, non-Gaussianity often arises under the form of glitches. In order to
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confidently detect the GW emitted by a binary source, situated at millions to billions
of light years, one needs sensitivities in measuring fractional length difference, on the
order of 1072, Thus, given that the arms of the actual GW interferometers have lengths
of 3/4km, and the Fabry-Perot cavities are responsible for O(100) laser pulse round-
trips, it means that one needs to measure length differences which are still much smaller
than the atomic size. In these conditions, the instrumental noise, as well as the environ-
mental perturbations, might produce excess power at the output of the interferometer.
These external disturbances account for high SNR triggers, of non-astrophysical origin.
The advantage of the coincident triggers, i.e. measured by distinct interferometers sep-
arated by thousands of km, is that, in general, the environmental disturbances have an
impact only locally. Thus, it is unlikely to have two non-astrophysical GW candidates
occurring at so large distances, and separated in time by at most a few milliseconds.
On the other hand, for the single interferometer triggers, the same method cannot be
applied. So one needs to envisage another way to address the question of the astro-
physical origin of the GW candidates appearing when only one of the detectors is in the
observing mode. In the LIGO and Virgo data, there are a multitude of glitch types. A
citizen program dedicated to the classification of these non-Gaussian noises is Gravity
Spy', hosted by the Zooniverse platform [Borne and Team, 2011]. Several efforts have
been made in order to characterize and classify these background transients [Mukherjee
et al., 2010; Mukund et al., 2017; Powell et al., 2015; Rampone et al., 2013; Bahaadini
et al., 2018]. The identification and the filtering out of these background transients is
important in order to increase the sensitivity of the actual GW detectors. Even if some
of the sources of noise (scattered light, EM coupling between external instruments and
the detector, vibrations of the external instruments, earthquakes etc) are known, there
are still many glitches for which the origin of noise has not been associated yet. A
few examples of Omega Scans [Chatterji et al., 2004] of glitches, as well as the as-
sociated gwdetchar-omega® SNRs, is offered in Figure 2.3. One of the most common
non-Gaussian transient noise is the blip glitch [Torres-Forné et al., 2020; Cabero et al.,
2019; Nitz, 2018]. They are short and, in a Time-Frequency diagram, they appear as a
sharp increase of the frequency. Thus, they resemble high mass binaries. The presence
of these types of glitches has as effect the degradation of the search pipelines sensitivity
in the range of high mass BBH.

A similar situation happens when one tries to look for an excess of photons in the
Fermi-GBM data. Any increase of photon counts in the scintillation detectors should
not be associated to a short GRB event, even if assigned with high LLR by the targeted-
search. Indeed other astrophysical sources are also responsible for the flashes of v-rays

reaching the Fermi satellite. In our solar system, the solar flares represent releases of

'https://www.zooniverse.org/projects/zooniverse/gravity-spy
https://gwdetchar.readthedocs.io/en/stable/omega/
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Fig. 2.3 Frequency versus time Omega Scan for four noise transients: blip glitch (top
left), paired doves glitch (top right), scattered light glitch (bottom left) and radio fre-
quency glitch (bottom right). The gwdetchar-omega SNRs are 8.5 (for the blip glitch),
29.8 (for the paired doves glitch), 21.3 (for the scattered light glitch), and respectively
14.3 (for radio frequency glitch). Strain data has been used for the derivation of these
diagrams. The bottom right panel corresponds to a LIGO Livingston event, while the
three others are associated to LIGO Hanford.
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Fig. 2.4 Skymaps (on top) and lightcurves (on bottom) for a solar flare (on left) and a
long GRB (on right). On the skymaps, represented are the Earth (in blue), the galactic
plane (the grey line), the satellite position (the dot on the grey line), the Sun (in yellow),
the confident area of the EM trigger (in red), as well as the sky directions towards which
the scintillation detectors point. Regarding the lightcurves, the red line represents the
estimated photon background, while the vertical grey line indicates the position of the
EM trigger. The solar flare (long GRB) generates a targeted-search trigger with LLR =
196.11 (respectively LLR = 105.90), a duration of 2.048s (respectively 8.192s) and
soft (respectively normal) spectrum.

magnetic energy under the form of high energy photons, accelerated particles, mag-
netohydrodynamic waves and plasma heating. In particular, the Fermi-GBM detectors
are sensitive to the photons and particles originating from the Sun [Kafexhiu et al.,
2018; Knuth and Glesener, 2020]. Equally, in the Milky Way, X-ray binaries, 1.e. a
compact object (black hole or neutron star) accreting matter from its companion star,
emit high energy radiation intercepted by the Fermi satellite [Grinberg et al., 2013;
Malacaria et al., 2021; Sugizaki et al., 2020]. At cosmological distances, long GRBs,
generally associated with the collapse of massive stars, send ~y-ray photons towards the
Earth [Gruber et al., 2011]. Figure 2.4 provides sky localizations and EM lightcurves
for a solar flare event and a long GRB. Manual analysis of both the skymap and the
lightcurve might allow the filtering out of the non short GRB events. Indeed high en-

ergy radiation associated with a solar flare is assigned with a skymap suggesting the
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same position as the Sun. Also solar flare events have an excess of low energy photons,
several episodes close in time being possible as depicted in the bottom left panel of
Figure 2.4. Similarly, a flash of photons originating from a X-ray binary can be iden-
tified by a sky localization indicating a galactic plane position. Likewise, long GRBs
might be distinguished from short GRBs, by studying the spectrum and especially the
timescale. Effectively, the long GRBs have softer spectra, while their durations are
longer than 2s (bottom right panel of Figure 2.4). Other kinds of high LLR events,
not associated with short GRB exist. An example is the long lasting phosphorescence
due to the interaction of cosmic rays with one of the Nal crystal scintillators [Fishman
and Austin, 1977; Kouveliotou et al., 1992; Hurley, 1978]. The subsequent cosmic ray
scintillation has similar shape and duration as the y-ray scintillation, but it generates
lower energy counts. A similar process may take place in a BGO crystal. In this case,
a high energy cosmic ray can hit the scintillator, giving birth to a short lived radioac-
tive isotope, which afterwards decays to stability by releasing ~y-rays [Grigoriev et al.,
2009; Reedy, 2010]. Figure 2.5 provides skymaps and single detector lightcurves for
each of these two types of noise transients. A filtering procedure is possible here, either
with an automatic implementation or manually. Indeed, regarding the phosphorescence
backgrounds, the excess of counts present in only one Nal detector is not characteristic
of a flash of y-ray coming from a distant source, but it denotes a physical process taking
place locally, at the place of a single detector. A high energy wave packet coming from
outside the satellite, whatever the non occulted (by the Earth) direction, determines a
increase of counts on several detectors. Similarly, the excess of photons in only one
BGO detector necessitates an EM radiation with only one very high energy component
and positioned in the sky in such a particular place that is invisible to the other BGO
detector, which is of course unrealistic. One should note from Figure 2.5, that, in the
case of phosphorescence events, the targeted-search skymap clearly indicates the Nal
detector on which the cosmic ray is incident, while, for BGO skymaps, it is quite unin-
formative. This is due to the fact that the Nal scintillators have a directional dependent

response, whereas the BGO scintillator do not.

2.2.2 Statistical framework

It is worth mentioning that ideas contained in this subsection have been proposed by
Tito Dal Canton in the regular meetings of the LIGO/Virgo - Fermi-GBM team. While
in the previous subsection, I presented the way each messenger is separately assigned a
statistical significance, i.e. the pg4,, value for the GW candidates and the LLR for the EM
triggers, here I introduce the mathematical method allowing to assign significance to an
association, i.e. the pair formed of a PyCBC trigger and its fargeted-search counterpart.

The method is inspired from Ashton et al. [2018] and is based on a Bayesian formalism.
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Fig. 2.5 Sky localizations (on top), Nal scintillator lightcurves (middle) and BGO
detector lightcurves (bottom) for a phosphorescence event (left) and a BGO spike
(right). The phosphorescece event (BGO spike) generates a rargeted-search trigger
with LLR = 425.53 (respectively LLR = 86.03), a duration of 0.064s (respectively
0.064s) and soft (respectively hard) spectrum.

The notations are the same as in Stachie et al. [2020a]. Hereafter D, and D represent
the PyCBC and the targeted-search trigger data. Also noted by H¢, HNN, 5N NS
and H*° are the hypothesis that the two triggers have a common astrophysical source,
the hypothesis that the two triggers are noise events, the hypothesis that the GW (EM)
candidate is of astrophysical origin (a background event), the hypothesis that the GW
(EM) trigger is a transient noise (short GRB event), and respectively the hypothesis
that two triggers are compact binary merger and short GRB events, but non-related. Of
particular interest is the comparison of the likelihoods of measuring the observed data
Dy and Dg, given H or (HNN v HSN v HNS v H59). Therefore, the joint ranking
statistic is defined by

P(Dy, Dg|H)

A= .
P(Dy, Dg|HNN v HSN v HNS \/ H55)

(2.11)

In addition, the Bayes theorem allows the writing

P(HNN v HSN v HNS v HS%| Dy, Dg)P(Dy, Dg)
p(HNN v HSN vy NS v/ HSS) !
(2.12)

But the HXY, for X, Y € {N, S}, are disjoint hypotheses, so P(HYN v H5N v HNS v
H5S|Dy, Da)P(Dp, D) = Sxyensy P D, D) and P(HYY v HSY v
HYSV H%) =37 vern.gy P(HXY). Therefore one can write

P(Dy, Dg|HNNVHSN v HNS v H99) =

P(Dr, De|H®) Yy epn sy P(HYY)

A= .
>xvensy PHXY Dy, De)P(Dy, De)

(2.13)
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Once again the Bayes theorem is used, foreach (X, Y") € {(N, N), (N, S), (S, N),(S,95)},

as follows
P(HXY|Dy,Dg)P(Dy, Dg) = P(Dy, Dg|HXY)P(HXY). (2.14)

Hence, the joint ranking statistic becomes

_ P(D1, D|H) Sy yeqn sy PUYY)
ZX,YG{N,S} P(DLaDG‘HXY)P(HXY)

(2.15)

In order to simplify even more this expression one can use the prior P(HNY) =
P(HSN) = P(HN%) = P(H®®). This assumption seems unrealistic, as the GW and
the EM trigger lists are dominated by background events, so P(HNY) > P(HN), P(HN®), P(H%).
On the other hand, there are at least two reasons in favor of such a choice: (i) it is an
easy way to get rid of undesired factors and (ii) the correctness of the joint ranking
statistic is not primordial, given that this quantity will be converted later into a FAR
distribution. Also, for every (X,Y), is introduced the quantity Be,xy (Dr, Dg) =
P(Dy, Dg|H®)/P(Dy, Dg|HXY'), which is the likelihood ratio of the hypothesis H¢

and H*Y . Now the association ranking statistic is written

4
A= . . (2.16)

ZX,YE{N»S} Boyxv(Dr,Dc)

Oasn denotes the set of binary parameters. Moreover, noted by O3y is the restricted
set of parameters of those binaries giving rise to a signal in the GW data and a signal
in the EM data, i.e. ©3gy = {# € O asy such that P(0|H®) > 0}. Thus, one can write
P(Dp,DglH®) = f@iSH P(Dy, Dgl0, HO)P(0|H®)df. Additionally, one can show
that, for § € ©% gy, the following relation holds

P(D|HE)P(0| Dy, H®) P(D|HC)P(0| D, HE)

P(Dy, Dgl0, HY) = PlOIH) PlOIHC) (2.17)
Finally, one obtains

P(Dy, Dg|H®) = P(DL|HY)P(Dg|HO) I} (Dy, De), (2.18)

where 7)Y (Dy, Dg) = Jos P@ID iji(?'g(g;l’ e:H) 19 is, up to an approximation, the

ASH
quantity measuring the similarities between the two separate and independent poste-

rior distributions. The individual hypotheses Hy/HZY (respectively Ho/HY ), of having
a signal/noise in the LIGO (respectively Fermi-GBM) data, are introduced. One can
easily prove that, under the assumption P(0|H®) = P(0|Hy) = P(0|H}) for any 6 €
©% s> and taking into consideration the relation P(Dy, Dg|H*Y) = P(Dy|HX)P(Dg|HY),
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the following equality holds, P(([)DL DD G| g&cy)) = }1; ((DD j"g ?) Ii)((ggl‘g% Furthermore, by in-

troducing the individual Bayes factor notations Q;(Dy) = P(Dp|HY)/P(D.|H?)
and Q¢ (Dg) = P(Dg|HY)/P(Dg|HE), one has:

1;%%(Dy, D)

Be/nn(Dr, De)

Qr(Dr)Qc(Dg)’
B IﬁSH(DL,Dg)
Beysn(Dr, Dg) = QoDa)
_ I;(Dy, Dg)
Beyns(Dr, Dg) = O.(Dn)
Beyss(Dr. D) = I3M(Dy, De). (2.19)

Now I focus on the posterior overlap Z;*"(Dy, D). Hereafter it is considered that
the binary parameters O34y concern only the sky location, the coalescence time and

the time of the EM signal i.e. O%¢y; = {Q, tA5H 251 where Q represents the sky

light
ASH . £ .
;> is the coalescence time of the bi-

nary measured at some location (for example the geocenter) and tﬁgsﬂ is arrival time

angle coordinates of the astrophysical event,

of an EM signal at some location. One should note that ©3;; contains only one sky
location parameter and two arrival times. This is due to the fact that for an astro-
physical event, the skymaps of the corresponding GW and EM signals are the same,

while their arrival times are not necessarily identical. I remind that Z)"(D,, D) =
f f f Q51 tﬁgslmDL,HlS)P(ﬂ S i om| D, HE)
P(Q,tASH (ASH| [ C)
sbe »“ligh

dﬁdthHdtﬁg’g. By assuming the priors

—

P, % gl [HY) = P(QUHO)P (1%, (il [HO),

P(ﬁ|tcASH tﬁSIE?DL7H€> = (Q|DLaHL)
P21 625 Dg, HE) = P(S|Dg, HE), (2.20)
one gets
Z;°"(Dy, Dg) = Ini(Dy, Dg)Ia(Dy, De), (2.21)
where

(Q|Dy, HS)P(Q D, D
IQ(DL7DG) = // | L Q|]—I(C)| < G)dQ7

(29| Dy, HY )PS5 D, HE)
_ ’ 1 ’ SH ;,ASH
In(Dp,Dg) = / / P(ASH tASH|gHC) At M dtyg . (2.22)

light

By replacing the relations from Equation 2.21 and 2.19 in the Equation 2.16, and by

ignoring the factor of 4, one obtains

Ini(Dyr, De)la(Dyr, D)
1+ Qr(Dr) + Qa(De) + QL(Dr)Qc(De)

A(Dr, Dg) = (2.23)
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By dropping the factor 4, no fundamental mistake is made, because, as mentioned previ-
ously, this A statistic will be converted to a FAR. Here I briefly discuss the behavior of
the association ranking depending on the characteristics of the input data. Given the def-
inition of Q1 (Dy) (respectively Q¢ (D¢ )), a statistical significant PyCBC (respectively
targeted-search) trigger has Q. (D) < 1 (respectively Qg (Dg) > 1), while for a low
significant candidate, Q1 (D) > 1 (respectively Qg (Dg) > 1). Therefore, if very
likely, both candidates are background events, then A(Dy, Dg) ~ L At%’f(’g f))é‘;((gg ’)D c)

If the GW trigger is statistically significant and the EM candidate is likely a noise

transient (respectively the GW event is a noise transient and the EM trigger is statis-

tical significant), then A(Dy, D¢) ~ fatPr.Lo)la(Dr.De

Qc (D)
Ia(D L’gf()é’z ()D De)y Finally if both triggers, independently, have important statisti-

cal weight, then A(Dy,, D) ~ In(Dy, Dg)Ia(Dy, D¢). Moreover P(QHY) = -

(agnostic choice), so Io(Dy, D) = 4n [ P(2 Dy, H?)P(2 D¢, DZ)dQ2. Again if
both the GW and the EM sky localizations are poorly informative, then P(Q2| Dy, HY),

P(Q|Dg, HZ) ~ P(QHY) = 4=, which implies Iq(Dr, D) ~ 1. On the other

hand, if the GW (respectively EM) sky localization data is very informative, i.e. it in-

) (respectively A(Dy, D¢) ~

dicates with high precision the sky location (0, ¢1) (respectively (0¢, ¢¢)), meaning
that P(Q| Dy, DS) =~ §(Q— (0, ¢1)) (respectively P(Q|Dg, D5) ~ §(Q— (6, dc))),
then the skymap overlap becomes Iq(Dy, Dg) ~ 4P (01, ¢1|Dg, HS) (respectively
Iq(Dyp,Dg) =~ 4nP(0g, ¢c|Dyr, HY)). In the particular case, when both skymaps
are very informative, the mathematical expression of the sky localization overlap is
Io(Dy, Dg) =~ 4w (0, — 01)d(¢c — ¢). This means that if the two directions (61, ¢r,)
and (¢, ¢ ) are distinct, then Io(Dy, Dg) = 0, while if they are identical, then math-
ematically speaking one has Iq(Dy, Dg) = oo. In reality, in this latter case, the value
of In(Dy, Dg) is limited by the characteristics of the instruments. Indeed, when one
deals with experimental physics, zero uncertainty does not exist. The discussion about
the behavior of Ix;(Dy, D) is less obvious because, up to date, it is not clear what the
prior P(t2", ti5H | H) should be. Indeed this probability accounts for the difference
of the arrival times for the two signals. If the GW and the EM signal would be emitted
at the same time, under the assumption of graviton propagation at the light speed, one
would have P(t25" {50 HC) = §(t25" — #3311). But such a thing is not expected.
The main reason is that right after the coalescence, the matter density around the binary
remnant black hole is very high, which means that the medium is optically thick. In
these conditions, the optical path length is short, the photons scatter on the surround-
ing atoms, and so the merger remnant is invisible for an external observer. Once the
ejecta expands enough and the baryon density is sufficiently low, the medium becomes
transparent and the EM signal can propagate towards us. This is why one would ex-

pect tf?gsﬁg — 251 > (), when the two times are measured at the same spatial location.
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Nevertheless, given that, to date, there exists only one example of a simultaneous mea-

ASH ASH _ 4ASH

surement of ¢}, and tASH the option tlight < 0 should not be neglected. How-

ever, this is to say that one needs a prior for P(t2°", 35| H). The constraints on the
arrival times tﬁgshlg and t25H are, in general, very good (around 1ms of imprecision). It
means that, if ¢27" and ¢3!l ; denote the measured values, then P(t25"|D;, H}) ~

ASH _ ASH ASH SY o §(4ASH _ 4ASH -
O(te"" — tor) and Pty |Da, HZ) =~ 0(tigh — tien.c). Moreover, the arrival
tASH tASH)(S(tASH tASH )

time overlap reads Ia(Dr, Dg) = [ f ke tA;‘I%T;{C;IghtG dt2SH RS, which,
after mathematical development, becomes Ia;(Dyp, DG) = Tas——o~. If in
P(t(, L ’tllght G‘H )

addition, it is considered that the arrival time offset should be in some range, say
tASH S € [tyne — 80000 tyne+ 80r] then Iny(Dy, D) = ATy, if t271 — 1051 €
[tunr — ATQ‘““ tunr + AT%] and Ian;(Dy, Dg) = 0 otherwise. One should remark the be-
haviour in the extreme cases: when AT,,, — oo, then Ix;(Dy, DG) — 00 whatever

" and #3531 o3 when ATy, — 0, then Iny(Dy, Dg) — 0, for all t27" and ¢ .

These results are expected. Indeed, the former case corresponds to the 51tuat10n where

there is no constraint, so the probability is maximum for all input values. On the other
hand, the latter case corresponds to the situation where the constraint is infinite.

In this paragraph, I present the method for the calculation of the FAR, given two
lists of PyCBC and targeted-search triggers, noted {D%} and {D}}. In the preced-
ing set expressions, D* (respectively D) stands for the detection parameters of the
i*" LIGO (respectively Fermi-GBM) candidate. Among the parameters, of particular
interest are the arrival time of the GW signal, tl ASH o pi , and the arrival time of the
EM signal, tf@if{G € D, Even if, as noted above there is no absolute knowledge about
what the quantity 25" — f?gsﬁg should be, one can confidently assume an upper limit for
its absolute value (for example 50s), noted AT"PP**. Now two processes are executed:
(i) the rargeted-search triggers is time shifted by an amount higher than 2AT"PP¢* i e.
tflgAhi% — tflglstlé + 2AT"PPr and (ii) set of associations distant in time by less than
AT™Pe ie. {(D;,D%) such that ]ti’fzSH — tﬂ’gﬁik AT"PPerY | is considered. Each
such association contains two triggers which, before the time shift, were distant by
more than AT"PPe* thus it is assumed as a chance coincidence. Hence, the correspond-
ing statistics A(D?, DJG) belong to the distribution of background rankings. Thus, by

repeating lots of times these two operations, a FAR distribution is derived.

2.2.3 Ol and O2 data analysis results

Here I apply the mathematical framework, presented in the previous subsection, for
the O1 and O2 PyCBC triggers and their targeted-search counterpart candidates. One
can easily remark from above that in order to assign a joint ranking statistic for a pair
of triggers, one needs to compute Q1. (D), Qa(Dg), Ini(Dyr, D¢) and Iq(Dy, Dg). 1
make the following choices: Q1,(Dy,) and Q)¢ (D¢ ) uniquely depend on the p,,, and the
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LLR; Ind( Dy, D) (respectively Iq(Dy, D)) is a function of only the PyCBC and the
targeted-search trigger times (respectively skymaps), 23" and (331 ; (respectively €2,
and Q). Therefore, in order to calculate Q¢ (LLR) = %, the LLR dependence
of the probability distribution functions of the background and the real short GRB sig-
nal events needs to be computed. I use the same set of real signals as in Kocevski et al.
[2018]. Additionally, the Fermi-GBM team tried the targeted-search on a large set of
random times during O2, providing thus the list of background events. I fit, by means of
a kernel density estimation (KDE) procedure, the histogram of real signals (respectively
noise triggers), on the range of LLR going from 5 to 2000 (respectively 170). If the
choice of the lower limit was explained in Subsection 2.2.1, the upper limit selections
are justified by the quality of the KDE fitting. Moreover, for real short GRBs (noise
triggers) possessing LLR > 2000 (LLR > 170), I assume P(LLR|H%,) o< LLR™
(P(LLR|HY) oc LLR™). While for the real events, such a power law with exponent
—4 1is consistent with a population of binaries which is uniformly distributed in the Uni-

verse, concerning the background distribution, this prior only represents a conservative
P(pguw|HY) 3
Pl HE) " There

fore, for the background events, the KDE fitting is done over the range j,, € [8.0, 10.6].
Also for g, > 10.6, the prior P(pg.|H)') o f,,, is used [Callister et al., 2017]. On

the other hand, there is no real single interferometer compact binary coalescence event

choice. In a similar way, I realize the derivation of the Q(p4u) =

during O1 and O2. This together with consistency arguments led to the assumption
P(pgw|H7) for all p,,, > 8. The different steps used in the derivation of the four den-
sity distributions, P(LLR|H}Y), P(LLR|H$) and P(pg.,|HY), are illustrated in Fig-
ure 2.6. Once these distributions are calculated, one can easily derive the LIGO and
the Fermi-GBM Bayes factors ()1 (f4.) and Q¢ (LLR). These quantities are shown in
Figure 2.7. Intuitively, one would expect the Bayes factors to be decreasing functions
of the individual statistical significances. But in Figure 2.7, one can easily remark the
presence of rapid oscillations contrary to our prior belief. It is worth mentioning that
these spikes are not real representations of the observational data. Actually, they are
numerical artifacts, due to the bad KDE fitting. Even if the non-monotonicity of the
Bayes factors is unexpectable and probably physically wrong, given the conversion of
the joint ranking A into a FAR, the worry of a fundamental mistake can be eliminated.
Additionally, I will show later that the pipeline sensitivity is essentially not impacted by
this artificial behavior of the Bayes factors.

Even if the behavior of the skymap overlap I (27, €2s) was discussed in Sub-
section 2.2.2, I focus here on the particular features of the present work. Given that
only single interferometer triggers are considered, the localization of the GW triggers
is largely uninformative. Indeed, contrary to the case of coincident triggers where the

difference in the arrival times of the GW signal at the different detectors is used for
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Fig. 2.6 The stages employed in the derivation of P(LLR|HY) (top left), P(LLR|HZ)
(top right), and P(p,,,|HY) for the LIGO Livingston (bottom left) and LIGO Hanford
(bottom right) interferometers. The histograms of the data samples are on blue, the
KDE fitting appears on red. In green, the interpolation of the fitting over the ranges
LLR € [5,170] (for the Fermi-GBM backgrounds), LLR € [5,2000] (for the Fermi-
GBM real signals) and p,,, € [8.0,10.6] (for the GW noise events) with the functions
LLR* and ,6;;1 for LLR > 170 (for the EM noise transients), LLR > 2000 (for the
short GRB transients) and respectively pg,, > 10.6 (for the GW backgrounds).
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Fig. 2.7 On top, the LIGO Bayes factor (), as a function of p,,, for the LIGO Livingston
(left) and the LIGO Hanford (right) interferometers, during O2. On bottom, the LLR
dependence of the Fermi-GBM Bayes factor (), over the same period of time.
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spatial triangulation, in the case of the single interferometer events, one can only use
the directional response of the interferometer, whatever the sky position of the GW
source. Thus, the 50% (respectively 90%) credible regions of a single interferometer
trigger cover areas spread over 8000 (respectively 24000) square degrees. Finally with
respect to Ia,(t271, th5k o), Trecall that the value of this quantity depends on the prior
P25 iS5 [HE) which is largely unconstrained. For the present study, the following
assumption is used

In (B2 358 (2.24)

- 30 — [$L]  if |At]< 30s
1o otherwise ’

where At = 23" — {31  is the difference between the arrival times of the GW and the
EM signals at the geocenter, and respectively the Fermi-GBM satellite. The dependence
of Ia; with At is presented in Figure 2.8. This choice favors an association of signals
close in time and forbids signals separated by more than 30s. Also, by considering such
a form for /5, no arrival chronology is preferred over the others. Finally, one might
consider other similar priors, but the final results are expected to be equivalent, as long
as the forbidden time offsets are the same and /x; is slowly varying.

So for each PyCBC trigger assigned with (pg.,, Q, t23"), its targeted-search coun-

terpart candidate assigned with (LLR, Q¢, ti5{ ;) is considered. This represents the set
of foreground associations. For each pair of triggers belonging to this set, I calculate
QL(Pgw)> Qa(LLR), In(Q1, Qg) and T, (t2 7", 35 ), and finally the joint ranking
statistic A(pgw, Qr,to", LLR, Qq, tigh o). In order to derive the FAR distribution,
one needs the set of background associations. For this I consider the same set of GW
triggers, while for the set of EM candidates I run the targeted-search over the 23 days
centered at GPS time 1180561923. This GPS time is the coalescence time of the Py-

CBC trigger of the most interesting foreground association. It should be noted that, in
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Fig. 2.9 Background FAR versus joint ranking A, for O2. The distribution correspond-
ing to the background pairs of Fermi-GBM triggers and LIGO-Livingston (respectively
LIGO-Hanford) triggers is on left (respectively right). On the left panel, the red dia-
mond illustrates the position of the most interesting foreground association.

this way, the FAR value is not completely correct for each foreground pair. Indeed, the
targeted-search should be run over the entire O1 and O2, instead of only 23 days around
a particular GPS time. This choice has been done for computational cost reasons. Then,
the set of Fermi-GBM triggers is time shifted by a non-zero integer multiple of 50 s with
respect to the set of LIGO triggers. The joint ranking statistic is calculated for the new
pairs. This procedure is repeated multiple times. According to Subsection 2.2.2 and
the expression of /a; from Equation 2.24, the absolute value of the time shift should be
higher than 60s. So the case of the time shifts equals to +50s and —50s seems prob-
lematic. This inconsistency has been noted only after the publication of Stachie et al.
[2020a]. However, a rapid manual verification allows to confirm that there is no real
association in the foreground set, such that one messenger arrives earlier with respect
to the other messenger by an amount of time situated in between [25s , 30s]. After all,
when the joint ranking statistic is calculated for a large number of background associ-
ations, I derive the background FAR. The two distributions, corresponding to the two
LIGO interferometers, are illustrated in Figure 2.9. A comparison of the FAR from
Figure 2.9 and the FAR one would obtain if the LIGO Bayes factor is completely unin-
formative, i.e. Q1 (pgw) = 1, for all pg,,, is proposed in Figure 2.10. One can conclude,
that the non-physical spikes presented in the LIGO Bayes factor function have no im-
pact on the output results. Before having a look at the most significant associations,
it is interesting to compare the FAR distributions of the background and foreground.
This is realized in Figure 2.11. One can easily see that the distribution of inverse false
alarm rates for the foreground associations is away from the background association
corresponding distribution by less than 3¢ errors. This means that most (or all) of the
foreground associations are not of astrophysical origin. This behavior is expected from

the beginning, given that the number of associations considered in this study is much
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Fig. 2.10 On left, )1, versus pg,, for both the uninformative case (on black) and the
quantity obtained empirically from the distributions P(pg,|H5) and P(pg.,|HY) (on
green). On right, the corresponding O2 FAR distributions. These results concern the
LIGO-Hanford data.
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Fig. 2.11 On left (right), the cumulative density function of the inverse false alarm
rate for the background and the foreground associations when the LIGO-Livingston
(respectively LIGO-Hanford) GW triggers are considered. For the background associ-
ations, the 1o, 20 and 30 uncertainties are provided too. On the left plot, the diagram
coordinates of the most interesting foreground association is equally provided.
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Fig. 2.12 On left, frequency-time diagram of the power measured at LIGO-Livingston
near June 03, 2017 21:51:45 UTC. On right, the Fermi-GBM lightcurve (summation
of all Nal detector photon counts with energies in between 12keV and 38keV) of the
targeted-search counterpart.

larger than the expected rate of multimessenger signals. Moreover, Figure 2.11 suggests

1
year ®

that there is no foreground association having a FAR <

Once the FAR was calculated for each O2 foreground association, more focused
analysis is done for the 80 pairs with the best statistic. Concerning the PyCBC triggers,
I realize manual analysis consisting in detector characterization, realized by means of
Omicron Scans and Used Percentage Vetoes [Abbott et al., 2018b, 2016b; Isogai, 2010].
This procedure led to the rejection of 64 candidates. For the GW triggers surviving this
first test, parameter estimation [Veitch et al., 2015] is realized. The candidates, for
which the log Bayes factor is smaller than 5, are rejected. There are 12 such triggers.
If a foreground association has a GW trigger which passes also this test, analysis of
the lightcurve is realized for EM counterpart. 3 associations are rejected because the
targeted-search triggers are due to poor background fits in the low-energy detectors of
the Fermi-GBM scintillators. Finally, there is still one association, for which there is no
obvious reason to reject it. The individual statistics are pg,, = 9.04 and LLR = 30.63.
The arrival time offset is 0.7s. When analyzed with offline parameter estimation, the
log Bayes factor of 12.3 still indicates more likely a signal than a Gaussian noise. The
Omega scan of the GW trigger and the lightcurve of the EM counterpart are offered
in Figure 2.12. On the left panel, the spectrogram of the PyCBC trigger ressembles
a high mass binary chirp. Nonetheless, it can also be a glitch. The EM counterpart,
on the other hand, represents very probably an excess of high energy photons coming
from outside the satellite. Despite the promising GW and EM individual candidates,
there are reasons to believe that the association is not due to a same astrophysical event.
Indeed, the GW trigger, if real, indicates a very high mass binary (total mass higher
than 200M/), which is expected to be invisible for an EM external observer. Moreover,

the sky localization of the EM trigger is consistent with the galactic plane. In addition,
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it lasts more than 8s, which is much more than the typical duration of known short
GRBs. Equally, the excess photons have low energies (soft spectrum), which is not
a characteristic of the short GRBs. [Stachie et al., 2020a] conclude that the rargeted-
search event is associated with the X-ray binary Scorpius X-1, because almost at the
same time was observed strong occultation step resulting from this galactic source.
Finally, the FAR of the association is only 1.1 x 10~®Hz, which is not sufficient to
claim a confident detection. In conlusion, there is no real astrophysical association

between a GW signal and flux of high energy photons in the datasets.

2.3 Upcoming analyses

The different studies presented in Burns et al. [2019]; Hamburg et al. [2020]; Stachie
et al. [2020a] are part of a larger effort to search for coincidences of Fermi-GBM and
LIGO/Virgo sub-threshold triggers. During my PhD thesis I was part of a team, re-
grouping people from both LVC and Fermi-GBM collaborations, whose activity is ded-
icated to this multimessenger endeavor. Improvements to the current methods are in
progress. In particular, I worked on the method search for EM counterparts to the O3
GW sub-threshold triggers. Very probably, this analysis will be an improved version of
the work from Stachie et al. [2020a]. As part of the team, I had a few task to accomplish
related to this activity. More specifically, I had to generate the entire set of O3 Fermi-
GBM triggers, by means of the targeted-search. This output set is largely dominated by
noise events, but it also contains the real GRBs occurring during the O3 period. Finally
it is equally the set eventually holding in the targeted EM trigger in coincidence with a
GW sub-threshold candidate. In addition to be the set of EM triggers needed to realized
an analysis similar to the one described in the previous section, it also has a relevant
importance for the study of the Fermi-GBM data separately. Indeed given that it rep-
resents the output of almost an year of data, continuously in time, this set of triggers is
very representative for the output results one can have by running the targeted-search
at a random GPS time. Thus, not only the rate of high LLR and non-GRB events can
accurately be derived, but also the Fermi-GBM data search analysis (in this case the
targeted-search) might be improved, in order to get rid of unwanted triggers, impacting
the sensitivity of the coincidence search method. More specifically, the filtering strategy
might be modified to take into account other particularities (and up to now unknown)

of spurious events.
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CHAPTER 3

Modulated gamma-ray precursors to GW mergers

The results from this Chapter will appear in an upcoming paper (Stachie et al. (2021)
in prep).

3.1 Real GRBs with multiple emission peaks and proposed precursor sig-
nal models

Up to now, except for the case of GRB 170817A, the GRB ~-ray prompt emissions
have been detected, either alone or together with the subsequent X-ray/optical/radio af-
terglow. Most of the time, such a signal consists in an excess of high energy photons,
appearing in the ~y-ray detectors as a photon counts peak. According to the existing
knowledge about both the short and long GRBs, the y-ray flaring is believed to be trig-
gered by specific physical mechanisms: the gravitational collapse of a massive star (for
long GRBs) and the coalescence of compact objects (for short GRBs). More precisely,
it is thought that the EM emission starting time is posterior to these trigger processes by
a few seconds, because the matter inside the corresponding relativistic jets needs to ex-
pand enough in order for the ejecta medium to be optically transparent. However, there
are situations where GRBs have several ~y-ray peaks, sometimes separated in times by
hundreds of seconds, as was the case for GRB 160625B [Zhang et al., 2018]. Even
if the different y-ray flashes are not equivalent, mainly because they do not have the
same intensity, the attribution of the physical mechanisms responsible for these bursts
is controversial. The detection of a multi-peak vy-ray emission in coincidence with
the GW originating from a compact binary coalescence, would allow to address more
properly the question related to the EM flaring generation mechanism. Traditionally,
the convention is to consider the peak possessing the highest brightness as the vy-ray
prompt emission, while the other ones as precursor, if they occur before the main peak,
or successor (or extended emissions) signals, if they occur after the main peak. In this
chapter, of interest is the former type of EM flaring. An example of a short GRB prompt
emission preceded by a precursor is shown in Figure 3.1.

For both short and long GRBs, many searches and claimed detections of precursor

emissions exist in the literature [Lazzati, 2005; Burlon et al., 2008; Murakami et al.,
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Fig. 3.1 Swift/BAT and Fermi-GBM lightcurves of GRB 081024A, containing two sta-
tistical significant bursts of photons. The picture is taken from Troja et al. [2010].

1991; Piro et al., 2005; Vanderspek et al., 2004; Page et al., 2007]. Because in this the-
sis I treat the case of EM counterparts to compact binary coalescences, in this chapter,
I focus on the case of early emissions to short GRBs. Troja et al. [2010] lead a search
for precursor signals to Swift short GRBs. More precisely, they use a wavelet transform
based detection algorithm [Torrence and Compo, 1998], to search for an excess of pho-
tons into the data. Then, Troja et al. [2010] consider the EM signal candidate a GRB
precursor if, in addition to the lower photon flux intensity, the candidate sky location is
consistent with the localization of the main burst and if the two signals are separated by
a non-zero amount of time where the detectors photon counts do not overcome the back-
ground rate. The output of the analysis indicates that ~ 8% — 10% of the GRB samples
possess early emission. Also, Troja et al. [2010] find no spectral hardness difference be-
tween the precursor and the main emission. Moreover, more than one precursor might
exist, as in the case of GRB 090510 [Abdo et al., 2009]. Equally, for some GRBs, mul-
tiple detection of the precursor is realized by analyzing the data of another high energy
observatory than Swift: Fermi-GBM detector for GRB 080124 A [Stratta et al., 2008]
and Suzaku [Mitsuda et al., 2007] detector for GRB 091117 [Hayashi et al., 2009]. Li
et al. [2021] search for signal precursors in the third Swift/BAT short GRB Catalog.
They find that 25 out of 124 GRBs present early emission. For some of them, a com-
parison of the precursor and the main peak temporal properties is done. More precisely,
if one notes by fL, tEI FWHMY, L, 41 and 11 /t41, the peak amplitude, the peak

m> “m? > Yros
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time, the full width at half maximum, the rise time, the decay time and the asymmetry
of a burst, then the conclusions of Li et al. [2021] are: a weak positive correlation in
the fL! indicating a same progenitor for the two (precursor and main burst) emissions;
mild correlations in ¢4 /t51, FWHM™, ¢~ and ¢4 for the two flaring episodes; an order
of magnitude difference in the FWHM™ of the two EM emissions, pointing out that
precursors are shorter duration signals than the main ~-ray flaring episodes.

In the literature, different physical models have been proposed to explain the exis-
tence of GRB precursor signals. Bernardini et al. [2013] assume that the GRB engine
consists in a newborn magnetar. Others [Wang and Meszaros, 2007; Lipunova et al.,
2009] explain the multiple signals within the more classical GRB model: generally,
they consider a first collapse to a short-lived neutron star (responsible for the precur-
sor) and then a second collapse to a black hole (responsible for the main emission).
But, there are also explanations which invoke binary interaction hypotheses. For ex-
ample, Most and Philippov [2020] show that one possible channel is represented by
the force free interaction of the magnetospheres of the two magnetized neutron stars
of a binary. In such a situation, a twist in the magnetic flux tube, powered by binary
differential motion, is responsible for repeated flaring episodes. In the study of Most
and Philippov [2020], the General Relativity electrodynamics equations are solved by
means of numerical simulations. Thus, the neutron stars are modeled as 13km spher-
ical conductors with surface magnetic field strength BY!©5. Therefore, inside the neu-
tron stars, the line element is written ds? = (—1 + S 8%)dt? + 2B.dz"dt + 6;;dz'da?,
with 8; = —¢;;,. Q2% With this notation, @ = (0,0, 0,wM%) is the orbital angu-
lar momentum, while ¢, ¥, dij» €5, are the time coordinate, the space coordinate, the
Kronecker delta and the Levi-Civita tensor. In the corotating frame, the magnetohy-

MOS __ ik, MOS RnMOS MOS MOS MOS
E; = —"pMOS B EMOS B

drodynamics equation reads —€ U w =, where and v

are the electric field, the magnetic field and the spin vector of the neutron star. The
EM flaring is powered by the magnetosphere interaction in a tight binary. The total

EM energy writes EM?5 = L [((EM99)? 4 (BMO%)%)@3x. Some part of this en-

8w
gggﬁ)amn, is dissipated by Ohmic resistance due to formation of closed

electrical circuit, while the remaining energy is transported away by the Poynting flux
SMPS = & [EMOS x BMOS — L((EMOS)2 4 (BMO5)2)3]. The distribution of the en-

ergy is done according to the conservation equation 9; (5= ((EM%)? + (BM95)?2)) + V.

SMOS = £MOS Finally the precursor peak luminosity, noted £}\77.., is estimated

dissipation*
MOS (¥MO5)2  \os (BRMOS)3 HMOos MOS MOS , MOS
E(] S ]-9 ¢ ) v 1)

MOS ~
to be EEM,max ~ 2 Urec (aMOS)4 rec
MOS ,MOS MOS
RMOS ¢ B

ergy, noted £

, where 7
and are the pre-factor quantifying the percentage of twisted flux en-
ergy available for reconnection, the (small) twist of the magnetic tube, the reconnection
speed, the neutron star radius, the orbital separation and the unperturbed dipole config-

uration energy. Tsang et al. [2012] investigate the possibility of another flaring channel:
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the neutron star crust shattering determined by the tidal forces of the companion binary

compact object. In the study led by Tsang et al. [2012], the neutron star has a liquid core

and a solid crust, the transition taking place for a baryon density n}>* ~ 0.065 fm 3. At

the base of the crust the shear modulus is ™>* ~ 10%erg-cm™3. The tidal forces of the
binary companion drive several neutron star modes, but the only one investigated is the

[ = 2 spheroidal i crust-core interface mode, whose frequency is f152 ~ 100Hz [Mc-

mode

Dermott et al., 1988]. In order to have resonance, one needs phase coherent tidal

—5/6 TSA —11/6
ot s ] TSA —2 MTSA mode
driving, which occurs for a timescale ¢, % ~ 8 x 107“s (1_2 v A ,

with MT54 the chirp mass. The energy needed to break the crust is E5* ~ 5 x

16 AN TsA - - - -
10" erg , with €, the crust dimensionless strain. Or the maximum energy of

0.1

: c TTTSA 50 Tsa \ B (grsa\? (ymsa\ T2 prsa T qgn (9 PP
the ¢ mode is Emax ~ 5x10 erg (m) 0.04 1.4 Mg 2km q T5qTSA ,
where QT34 is the dimensionless overlap integral between the tidal field and the i

mode [Lai, 1994], M54 and RTSA are the neutron star mass and radius, while ¢™* is

the binary mass ratio. Because 5" < ET5A the crust breaks. The subsequent ex-

max °* 9
TSA
TSA b
Eolastic

i8] ) , while the tidal energy transfer is

cited elastic energy is ~ 2 x 10%erg (

. SA \ 2 TSA \ 1/2 1ga TSA
TSA __ 50 Q- 1 fr’Eode Eb Q 1 TSA Eelastic -3
Egqa = 10 erg-s (188 P Toi erg ¢or - Giventhatt, 2* > i~ 107 3s,

the crust shatters, determining the coupling of the elastic energy to the magnetic field.
Finally, the estimated luminosity is L™* ~ 10*erg - s~".

A short GRB precursor, emitted by a binary compact object before the merger,
would be modulated by the strong relativistic dynamics. Therefore, depending on
the parameters of the binary, the EM signal would present a pattern, in the same way
the GW signal resembles the theoretical modelled waveforms. An example of such a
computed EM lightcurve, emitted by a NSBH binary, is proposed in Schnittman et al.
[2018]. In this model, it is assumed that the surface of the neutron star emits thermal
light, uniformly and isotropically. Noting by m3g", mgf! and 25 = — (mgglgjcmégli) I

the neutron star mass, the black hole mass and the orbital separation in units of gravita-

tional radius (D5“! being the binary components separation in units of meter), then the

angular velocity can be expressed as

QSCH _ |64 (x59)? | pSCH 1 - o + (nSCHY?2 1 1/2( SCH |y SCH)—1
~ P 2gScmys T sy gyscr VT (£5CH)5 Mys TMBH )
(3.1
where 75C1 = "X MR Bqually, the orbital f lution is realized ac-
> = it B Equally, the orbital separation evolution is realized ac

cording to the 2.5 PN leading quadrupole radiation reaction terms, introduced in Peters

[1964]:

a6 son 1 (3.2)
dt 5 (25CH)3

Like in Campanelli et al. [2006b], the spacetime Riemannian metric can be put under
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2
the diagonal form g% = diag(— (W) , (SO (SO (SCH) ) - where

SC
PSCH =14+ ;nls“éH + 5 SCH is the conformal factor, expressed as a function of the Carte-

sian distances TEI%H and r55H to the neutron star and to the black hole. Finally, the

photons travel in this dynamical relativistic spacetlme along geodesics parameterized
dat da¥

dAQ = =1, % s with ' the

Christoffel symbol. The photons’ path is integrated by means of the Monte Carlo radi-

by an affine variable A and respecting the equation

ation transport code Pandurata [Schnittman and Krolik, 2013], accounting for photon
emission and absorption processes, Compton scattering and light polarization. Then,
the subsequent EM energy, reaching a distant observer, is obtained. The EM signal is
modulated by the binary orbital evolution. As the binary separation shrinks, the am-
plitude and the frequency of the EM power increase, in a similar way the GW signal
does. In addition to that, inside an orbit, the modulation is due to the relativistic Doppler
beaming and to the gravitational lensing.

Although radiation transport code is needed for a proper treatment of such a physical
system, one might attempt to derive approximate output by means of analytical formu-
lae. Indeed, concerning the relativistic Doppler beaming, following Dubus et al. [2010],
if the neutron star moves with velocity vRy 2 with respect to a distant observer and emits

thermal radiation, whose spectral index is aPYB € [0, 2], then the magnification factor

writes
3_aDUB
1
3.3)
,UDUB )
~DUB (1 55 g G)UB)
where yPUB and ¢PUB are the Lorentz factor and the angle between vR$" and the

line of sight. Regarding the gravitational lensing effect, one might use the formulae
from Narayan and Bartelmann [1996]. According to them, the neutron star emitted
radiation is magnified by the gravitational field of its companion, by the factor

(uNAR)2+2

NAR
uNAR\/(uNAR)2+4 ”Z 1

for ||u

) (3.4)
9 4GmRAR DNAR
2

N oo for [uAR|< 1
NS

NAR — DNAR gy (NAR(RNAR)=L with DNAR the binary separation, (YA the

RNAR

where u
angle between the orbital separation and the line of sight, and the Einstein radius.

It is worth mentioning that ()A® depends on the binary inclination angle. The Ein-

stein radius is defined as RYAR = \/ % DNAR ¢os (NAR with m3AR the black hole

mass. It should be noted that for small HuNARH, i.e. when the neutron star is close or in-

side the Einstein ring, it is assumed that it is exactly behind its companion and its image

is approximated as a ring with angular width equal to the neutron star angular diameter.
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Fig. 3.2 Normalized EM intensity versus orbital phase, for EM chirps obtained as
the sum of the relativistic Doppler beaming and of the gravitational lensing effects.
In all simulations, the x axis covers an orbit and has its origin at the maximum
of intensity. The orbital separation is, in all simulations, ~ 10 gravitational radii

(G(mE + mSEM)/c?). Top left: the inclination angle 5 is varied at constant

miS! = 1.4 Mg, miG! = 10M, and 05" = 0; top right: the mass of the black
hole m3G! varies, while m3S"! = 1.4 M, and o®“® = 0 are kept constant; bottom
center: the binary components masses mSCH = 1.4 My, and m3$ = 10 M, are fixed,
while the spectral index o“!! varies.

In this case, one might make use of the formula proposed in Liebes [1964], and assume
that the neutron star radius is rY4™ = 10km. Finally, if one assumes orbital angular fre-
quency evolution at the first Post-Newtonian expansion [Blanchet, 2014], the analytical
expression of the EM power reaching an external observer is obtained by summing the
expressions from Equations 3.3 and 3.4. In Figure 3.2, there is illustrated the variation
of the normalized EM radiation intensity during an orbit. For all simulations, the origin
of the orbital phase coincides with the maximum of the intensity, which corresponds
to the neutron star position of maximum blueshift, i.e. when the neutron star points
towards us with maximum velocity. Depending on the inclination angle 67! of the bi-
nary with respect to Earth, the gravitational lensing might be more or less pronounced.
Indeed, the lensing amplification is favored for an aligned configuration of the neutron

star - black hole - external observer geometrical system. This can be easily seen on
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the top left panel of Figure 3.2, where a second local maxima (due to the gravitational

lensing, and happenning when the neutron star and the Earth observer are on opposite
Q.SCH

mc °

sides with respect to the black hole) appears at high The relativistic Doppler
beaming increases with the velocity of the neutron star, as emphasized by Equation 3.3.
This behavior is also shown on the top right panel of Figure 3.2, where the normalized
intensity, outside the position of maximum blueshift, decreases with the mass of the
companion black hole. Indeed, for the same orbital separation (expressed in units of
gravitational radius), the higher the mass of the black hole the higher the velocity of the
neutron star (in a circular orbit). The relativistic beaming factor also decreases with the

spectral index o5¢H

, as suggested by Equation 3.3, and verified by the bottom panel of
Figure 3.2.

Similar predictions exist in the literature. For example, Haiman [2017] calculates
the EM chirp emitted by the accretion disc photospheres of two black holes, of masses
10* My, < MHAL < 107 M., in a binary tight enough to be detectable by the future
GW detector LISA [Amaro-Seoane et al., 2017]. In this thesis, I propose a method to
search for EM signals, modulated by the orbital phase evolution of a binary prior to the

merger. This work will be published soon in Stachie et al. (2021) in prep.

3.2 Search for signals modulated by the pre-merger BNS/NSBH orbital
phase evolution

3.2.1 Flaring characteristics and statistical analysis of the Fermi-GBM data

This project is aimed at the detection of an excess of photons in the orbital phase space.
More precisely, I am interested in those signals which, over several orbits, present the
same flaring behavior, i.e. the maxima and the minima of intensity are positioned at the
same place in the orbit. I assume that the evolution of the orbit is done according to
the first Post-Newtonian expansion term [Blanchet, 2014]. Therefore, in the observer

frame, the time dependence angular velocity is

5 1 8 ram 8
Q“):(%tc_ t) (Cg) , (3.5)

where t. is the coalescence time at the detector, G is the gravitational constant, ¢ is the

vacuum speed of light and M is the observer frame chirp mass. I also define the orbital
phase by B (1) = [, Q) dz.

In this study, I analyze the data from the Fermi-GBM instrument. I recall that Fermi-
GBM has 14 detectors (12 Nal and 2 BGO scintillators) and 8 energy channels (after
the collapse of the initial 128 channels). In order to search for an excess of photons

occurring during some orbital phase window, and repeated for several orbits, I divide
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Fig. 3.3 The positions of [y, I, and I5, for Ny, = 3. In blue, orbital phase ®,,;; versus
time. The origin of the x axis corresponds to the merger time.

the orbital phase space (going from 0 to 27) into Ny, equal intervals, as follows: [y =

[0, Ni_wn]’ I, = [Ni?nsﬂNi?ns]’ oIy 1= [(Nbins — 1)%, 271']. The positions of

the [}, intervals are illustrated in Figure 3.3. Then, an intermediate step of the statistical

method is to estimate the photon background rate and to compute the foreground pho-
tons corresponding to the intervals /. Concerning the background, a first estimation is
done in the time space, following Goldstein et al. [2019]: for a given time %, the total
number of photon counts Nppotons(to), corresponding to one of the 8 energy channels

and to one of the 14 detectors, is summed up over a long duration 7' (here 7' = 1005s)
Nphotons(to)

e
This procedure is repeated for several times, then the time dependence of the photon

centered at o, and the background rate is simply evaluated as Ayax(to) =

background rate, A« (%), is derived. In addition to the consideration of the Poisson

A'“a%(to), a chi-squared Y test is realized in order to analyze

uncertainty o3 (tg) =
the quality of the fitting. The detector-energy channels, for which the fitting is bad,
are discarded for the further statistical calculations. For a given k € [0, Npns), I ob-
tain the [ background photon number in the following way: first, the time space short
tienal) C I,

are identified; secondly, the background photon number is calculated with the formula

. . k
duration intervals [t7 ...,

tF na) corresponding to Iy, i.e. Porie ([t

1,start?

k k
k k ti,start+ti,end .
> i (trend — tistart) X Amax(—=5—=%). The I}, background photon number variance

is derived in a similar way, i.e. Y, (tF g — i gar) X aimx(w). Regarding
the foreground photons, for each k& € [0, Nyiys), I sum up the photons corresponding to
I).. This process is easily achievable because each Fermi-GBM photon count initially
assigned with a time ¢, might be matched with the index k, such that @i (t) € I.
Hereafter, by an excess of photons in the orbital phase space, I mean a set of adjacent

intervals Iy, i.e. {I;, 11, ..., Lir;} with0 < i < Npus—1land 1 <@ < Ny, assigned

74



with a number of photons above the background estimation. Given that the search is
designed for the detection of real astrophysical events, the set of detectors and energy
channels, presenting an excess of photons, is expected to be coherent. Thus the signal
is expected to indicate a reasonable (continuous function) spectrum, while the detectors
with the photon surplus should point in the same direction in the sky. To a set of adjacent
intervals {I;, [;11, ..., I;+;}, I assign a log likelihood ratio (hereafter LLR), following
the same procedure as in Blackburn et al. [2015]; Kocevski et al. [2018]; Goldstein et al.
[2019]. The technique was already presented in subsection 2.2.1. Nevertheless, I briefly
summarize it here. Given the data d®"*, the hypothesis of noise and signal into the data
HBLA and the hypothesis of noise only into the data HEA, then the expression of the

statistical ranking is
P(dBLA | H{BLA)
P(dBLA|HBLA)

After some mathematical derivations and some assumptions that I do not repeat here,

LLR(d®“}) = In (3.6)

the same quantity might be written as

LLR(dP") = In B 4 In [1 + erf( iy )] +In ABUA(GBLA|sBLAY L (3.7)

V2oBIA

In 11 Shast BLA |, BLA i GBLA >

nfl—exp TAELAGEIA ) | T B 1 Spest if s > 0
BLA BLA _BLA : BLA

—ﬁ In (’7 Or ) if Shest S 0

BLA

In the previous expression o, = TELAV’ where 7,7+ 1s the spectrally dependent sky

i (oBLA2
detector response and JELA is the stgildard deviation of the expected data, the index
i standing for a pair formed of a detector and an energy channel. ABMA(dBMA|s) =
%{% designates the likelihood ratio, given the amplitude s of the signal. sBL4
is the amplitude which maximizes the distribution In AB(dB%4|s), obtained by the
Newton iterative method. Finally vy = 2.5 and 8B"“* = 1 are two constants, while
erf(x) = \/% foz exp —t2dt is the error function. The last step, in this statistical method,
consists in subtracting from the LLR, the quantity LLR,,f = A% InBM + (1 —
BBEA) In oBLA | where 0B is a constant that does not need to be specified, given that
1 — B4 = 0. The filtering techniques proposed in Goldstein et al. [2019] are still kept
here. This procedure avoids among others the pollution of the background trigger set

with soft events due to high energy cosmic rays interacting with the Nal detectors.

3.2.2 Pipeline sensitivity
3.2.2.1 The search method

A search attempting to detect a modelled signal should in principle be more sensi-

tive than a search looking (blindly) just for an excess of energy/power. Therefore, a
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Fig. 3.4 The positions of the [tgart, tstart + Alaur] Windows on the time axis. The
time windows with Atq,, = 0.256s (as well as those with Atq,, € {0.064s, 0.128s,
2.048s}) are separated by 64 ms. For the windows with Atg,, = 1.024s (as for those
with Atg, € {2.048s, 4.096s, 8.1925s}), the application of the phase factor of 8 means
that the time windows are separated by %245 = (.128s.

comparison of the proposed search (called hereafter the chirp-search) with the search
from Goldstein et al. [2019] (called hereafter the targeted-search), used for the detec-
tion of un-modelled GRBs, is important. The targeted-search needs as input a GPS
time, close enough to the compact binary merger time ¢., measured at Fermi. Indeed
the targeted-search looks for a high energy photon excess over the 30s preceding the
input time. On the other hand, for a proper use of the chirp-search, one needs a good
knowledge of both the merger time ¢, at Fermi and the observer frame chirp mass M.
Indeed, the information concerning these two observables is essential for the conver-
sion of the time space into orbital phase space (/; intervals). Both searches are aimed
to identify the time windows [tgtart, fstart + Ataur] C [te — 30s, t.] where the EM sig-
nal is present, with t,, the arrival time of the first photon(s) and Atg,, the duration
of the signal. In both cases, the timescales Atgy,, over which the search is done are:
0.064s, 0.128s, 0.2565s, 0.512s, 1.024s, 2.048s, 4.096s and 8.192s. In order to prop-
erly cover the 30s prior to the input GPS time, a 0.064 s phase shift is used for the four
shortest timescales (i.e. Atg,, € {0.064s, 0.128s, 0.256, 0.512s}), while for the other
timescales, the phase shift of factor 8 is used (e.g. the 1.024 s search windows are sepa-
rated by 0.128s). The positions of the search time windows are also shown in Figure 3.4.
It should be noted that, as mentioned in Chapter 2 for the case of the targeted-search,
the LLR is maximized over a grid of sky positions and over three spectral Band func-
tions, the hard (v = 0), the normal (x = 1) and the soft (v = 2). In addition, for the
chirp-search, for a given time window [tggart, tstart + Alaur|, the EM signal is searched

over several orbital phase space durations. More specifically, sets of adjacent intervals
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Fig. 3.5 FAP (assigned with 10, 20 and 30 uncertainties) versus LLR for background
noise, for the chirp-search (left) and the targeted-search (right). The distributions have
been obtained by running the two searches on the same 1000 random times distributed
along the month of April 2019. For the chirp-search, the setting Ny;,s = 10 is used.

I}, of any length are considered. The coverage of the orbital phase space is realized by
means of a phase factor of 2 (e.g. the subsets of length 4, 5, 7 are separated by 2, 3, 4
intervals [;). Hereafter, for any of these searches, I assume that the output is the trigger
assigned with the highest LLR. The reader of this thesis has to take some precautions:
the choice of the consideration of only the highest LLR triggers is motivated in part by
technical reasons. Indeed, it would be more correct to rather impose a LLR threshold
motivated by the statistical significance of the background noise events. The raw output
of the searches might contain several statistically significant candidates, and the true
EM signal, if it exists, is not necessarily the one ranked first according to the LLR. On
the other hand, such a choice would require the manual analysis of many candidates as
can be seen later, and I want to avoid such a time expensive task here. Nonetheless, for
the case of the few real 02/03 GW events, presented in the next section, for the sake of

clarity, the raw outputs of the two searches are investigated manually.

3.2.2.2 The case of background triggers

Before calculating the LLR of injected signals and of EM counterpart candidates to real
GW events, one should know the statistical significance of the background noise. In-
deed, both searches are sensitive to any coherent excess of photons, whatever its origin.
Therefore, even if some prudence was taken into account by avoiding the input GPS
times closer by less than 30s to the start/end of the South Atlantic Anomaly (SAA)
episodes, very high significant triggers not related to compact binary mergers survive.
Some examples are: the solar flares; the y-ray associated with galactic objects, such as
pulsars; some phosphorescence events not filtered out by the code. In Figure 3.5 there is

the false alarm probability (FAP) of the background noise, for both searches. I obtained
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this distribution by running the code on random triggers. The FAP is calculated in the
following way: given a trigger with LLRy, then FAP(LLR,) represents the probabil-
ity that, by running the code on a random trigger time ¢,.,4, its statistical significance
respects LLR(t;ana) > LLR. One should note the similar behaviors of the FAP distri-
butions corresponding to the two searches. Despite the resemblance, the chirp-search
FAP is shifted to higher LLR values. Although to some extent this is normal, given
that the targeted-search is included into the chirp-search (when the set of adjacent in-
tervals [ is the same as the entire set), some improvement of the filtering strategy is
needed. Moreover, to date, the chirp-search is looking for signals of fixed time duration
Atqye € {0.064s, 0.128s, 0.256s, 0.512s, 1.024s, 2.048s, 4.0965, 8.192s}, without
taking care if these timescales cover an integer number of orbits. This situation is all
the more problematic as the timescales are short (e.g. 0.064s) and situated far from
the merger (where the orbital phase frequency is small). In this regime there might be
durations covering a few (or less than one) orbits, which artificially create gaps in the
orbital phase lightcurve. Lastly, the reader of this thesis should be aware of the fact that
the chirp-search FAP distribution depends on the number of [, intervals, Ny,s. The
case NVpins = 1 corresponds to the case of the targeted-search, while a too high number
of Npins might artificially introduce large oscillations in the orbital phase lightcurve,

generating high LLR fake triggers.

3.2.2.3 The case of injections

Once one knows the ranking statistic of background triggers, the next step for the eval-
uation of the sensitivity of the pipeline is to see how well injected signals are recovered.
For a same light intensity amplitude of the injected EM signal, the smaller the FAP
the higher the sensitivity. One should be aware that the output results depend on the
choice of the injected signals. The targeted-search is generally used for the detection
of the short GRB prompt emission and so looks for an excess of photons, whatever its
pattern. On the other hand, the chirp-search is designed for the detection of modulated
signals, 1.e. those events with time dependent luminosity modelled by the orbital phase.
Therefore, in order to have a chance to assess the suitability of the chirp-search in the
case of modulated signals, one needs to avoid time independent (or similar) brightness
injections. For this study, the choice consists in a set of functions, named exotic wave-
forms, parameterized by two variables: 0},cax and 6q¢,. More precisely, the expression

of the normalized intensity of a exotic waveform is

_]((I)orbit) — { Lt epeak - 9““% S (I)orbit (t) S Qpeak + _HWithh (3 8)

Tnax 0 otherwise
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Fig. 3.6 Time dependence of the normalized lightcurve. In blue: the exotic-waveform
parameterized by 0, = 270° and Oy;qn = 40°; in orange: the lightcurve modulated
by the relativistic beaming and the gravitational lensing. For both cases, the binary
compact objects components have masses m; = 10 M and my = 1.4 M.

Based on this equation, the exotic waveform corresponds to an EM flaring occurring

during and only during the orbital phase window [Qpeak — HWiQd“‘ s Opeak + ew%] The
time evolution of the exotic-waveform is illustrated in Figure 3.6. For comparison pur-
poses, in the same Figure 3.6, there is the more realistic lightcurve obtained by the
summation of the relativistic Doppler beaming [Dubus et al., 2010] and the gravita-
tional lensing [Narayan and Bartelmann, 1996], as described in the first section of this
chapter (examples in Figure 3.2). While the behavior of the two types of lightcurves is
similar, one should note that the exotic-waveform is a particular unrealistic case, where
photons are not spread at all over regions of low luminosity.

Up to now, by exotic-waveform 1 meant the time evolution of the brightness. In order
to completely characterize the incoming EM signal, one also needs the information
related to the spectrum, i.e. the flux of photons versus the wavelength. The spectral
analysis of Wang et al. [2020] indicates that the short GRB precursor spectra might be
fit by blackbody, nonthermal cutoff power law and/or power-law models. For this study,
I choose the spectra of the injected signals to be parameterized by x € [0, 2], as follows:
if K = 0,1 or 2, then the spectrum is hard, normal or soft. These templates are the
same as the ones used by the rargeted-search (and the chirp-search) for the recovery
of the signals. The normal and soft templates are Band parameterized functions and
have been introduced in Connaughton et al. [2015]. Regarding the hard spectrum, I
make use of the comptonized version introduced in Goldstein et al. [2019]. Finally
for a non-integer k € [0, 2], the spectrum is assumed to be a weighted sum of two
between the three hard, normal and soft templates. Thus, if x € (0, 1), then the hard
and normal templates have weights (1 — x) and , while if k € (1, 2), then the normal
and soft templates have weights (2 — k) and (k — 1). At this point, when both the

signal amplitude and the spectrum are specified, there is a complete knowledge about
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the injection. Nevertheless, in order to totally mimic the observational conditions, one
should convert the time dependence brightness and the wavelength dependence photon
flux distributions into Fermi-GBM detectors counts. I remind the reader of this thesis
that the Fermi-GBM data consists of a list of photon counts assigned with arrival times
and energies. Before deriving the histogram of photon counts, I show how the photon
number rate in the detectors is computed. This conversion is possible if one knows the
response of the Nal and BGO scintillators to any incoming flux of photons. It is worth
mentioning that, in addition to the luminosity and the energetics related information, the
direction of the incoming EM signal also plays a role. This sky localization dependency
of the response is more stringent in the case of Nal crystals. For the BGO detectors, the
response is relatively independent of the incoming photon flux direction. One should
be aware that not only the emission directly incident on the detectors [Kippen et al.,
2007] is responsible for the observed photon counts, but there is also a component
accounting for the radiation originating from the Earth’s atmosphere and the spacecraft
scattering [Pendleton et al., 1999]. The calibration of the detectors was realized, prior to
the launch of the satellite, on ground [Bissaldi et al., 2009]. Finally, the detector photon
rate distributions are converted into photon counts by assuming Poisson statistic. One
should note that a binning of the data is also done, the sampling being 0.5 ms. Though,
at first sight, this process might seem useless or even bad, this choice is motivated
by technical reasons. Nonetheless, based on the Nyquist-Shannon sampling theorem,
this binning allows the preservation of the harmonics up to 1000 Hz, which is largely
sufficient for the purpose of this project. I want to mention that the scripting tools used
for the injections of signals have been largely developed by Tito Dal Canton.

From the above paragraph, to completely define an exotic-waveform injection, one
needs the tuple (¢.,m1, M2, famp, tstart; Maurs Opeak, Owidtns Oras Odec, £), With fam, the
amplitude of the lightcurve, 6., the right ascension and 64.. the declination angle.
Moreover, I consider here a set of 1000 injections with ¢. random during the month
of April 2019. Additionally, log, (ff‘rilusr), Oras Odees K and Opeq are chosen uniformly
distributed in [6, 13], [-90°,90°], [-180°, 180°], [0, 2] and [0°,360°]. For an injection,

once Atqy, is fixed, then fsar and fomp are assumed uniform in [t, — 30s, t. — Atqy]

and [20,/ %, 504/ %]. The choice for ty,,¢ 1s simply the requirement to en-
sure [tsearts tstart + Ataw] C [te — 30s,t.], while the distribution of f,.,, was derived
empirically in order to: (i) have sufficient injections above the ranking statistic of noise
triggers and (i1) have similar statistical significance among triggers of different dura-
tions. Indeed, given an amplitude, the higher the flaring duration the higher the number
of incoming photons and so the bigger the LLR (and the smaller the FAP(LLR)). Fi-
nally, for all the injections in this section, I consider €;q, = 10°.

I remind the reader that in order to effectively recover the injected signals with
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Fig. 3.7 Top left: CDF versus FAP, for the case of signals injected and recovered
with the same binary parameters. Top right: CDF versus LLR for injected signals with
oam = 0 and different values of o ;. Bottom left: CDF versus LLR for injected signals
with oA, = 0 and different values of oa x(. Bottom right: CDF versus LLR for different
values of (oas, oar). For all the panels, except the top left, the setting Ny, = 10 is
used.

the chirp-search, one should have access to the observer frame chirp mass M and the
coalescence time ¢, measured at Fermi. In this paragraph, I treat the case of perfect GW
strain measurement, i.e. both M and ¢, are known without uncertainty. More precisely
for both the injection procedure and the search setting, the binary components masses
my = 10 M and my = 1.4 M, are considered. The FAP distributions for different
Nins settings are presented in the top left panel of Figure 3.7. One should remark that
the pipeline sensitivity increases with Ny;,,s. Given that a signal of orbital phase duration
Owiatn = 10° might be included in only one interval [; of duration 360°, 72°, 36°, 24°
or 18°, corresponding to Ny, = 1,5, 10, 15 or 20, then the narrower the [, interval the
higher the statistical significance. Indeed, for a given orbital phase interval of length
l1,, containing a signal of orbital phase duration /; and orbital phase photon rate 7, if

the orbital phase background photon rate is 1, then the ratio between the noise only

Tsls+7‘bl1k 1 r
molry - I, /ls o So

at fixed [;, the higher the [;,, the lower the signal-to-noise ratio. This behavior is also

counts number and the signal plus noise counts number is
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emphasized by the sketch proposed in Figure 3.8. One should note that the chirp-search
with setting Ny,;,s = 1 is the same as the targeted search. Therefore the top left panel of
Figure 3.7 proves the superiority of the chirp-search over the targeted-search, for the
case of exotic-waveform signals recovery.

However, in real observational conditions, both the chirp mass and the coalescence
time are assigned with uncertainties. Here, I investigate the pipeline sensitivity loss de-
pendence on the errors affecting these two binary parameters. A oa; (respectively o)
standard deviation in . (respectively M) is tested by injecting signals with merger
time . + 0t. (respectively M + d M), and recovering them with the chirp-search set
with t. (respectively M). In the previous expression, dt. (respectively 6. M) is uni-
form in [—o Ay, 0a¢] (respectively [—oan, oan]) and represents the error of the coales-
cence time (respectively the chirp mass) which is unknown. More precisely, I consider
three situations: (i) coalescence time uncertainty only, where signals are injected with
(te + 0t., M) and recovered with the setting (., M); (ii) chirp mass uncertainty only,
where signals are injected with (t., M + 0. M) and recovered with the setting (., M);
(ii1) both coalescence time and chirp mass uncertainties, where signals are injected with
the setting (¢, + 0t., M + d M) and recovered with (¢., M). The mean values are the
same as in the previous paragraph, i.e. t. is random during the April 2019, while M is
the chirp mass corresponding to a binary formed of a 10 M, black hole and a 1.4 M,

neutron star. It is worth mentioning that for technical reasons, this code actually takes
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as input (¢, mq, ms) (instead of (., M)), so when the chirp mass uncertainty is consid-
ered, I kept the total mass equal to 11.4 M. I vary the standard deviations oa; and oA
and the results are presented in Figure 3.7. In all three related panels (top right, bottom
left and bottom right), the expected behavior appears: the lower the uncertainties, the
better the sensitivities, and the closer the LLR cumulative distribution functions (CDF)
to the CDF corresponding to GW measurement without uncertainty (oa; = o = 0).
More precisely, for the case of coalescence time uncertainty only, the CDF relative error,
between the cases ooy = 0.01s and oa; = 0, is lower than 12% for the LLR in the range
[0,200]. For the same LLR range, the relative error in CDF is below 12% in the case
of chirp mass uncertainty only, for carg = 0.001 M, versus oo = 0. Finally, when
both uncertainties are considered, the case (oat, oar) = (0.01s, 0.001 M) indicates
a CDF with a relative error smaller than 21%, in the [0, 200] LLR range, with respect to
the case (oat, oarm) = (0,0). One should be aware of the fact that targeted-search is
not affected by uncertainty on the coalescence time, unless the EM signal is really close
either to t. or to (t. — 30s). On the other hand, concerning the chirp-search, an error
on t. and/or M implies a mixing of the true intervals /. Indeed, in order to derive the
photon counts corresponding to the intervals /i, one should know how the binary orbit
evolves in time. And the time dependence of the orbital phase is completely known if
one has both the time evolution of the angular frequency (so the chirp mass) and some
point on the orbital phase axis (in present case, the merger time). Nevertheless, it is
worth mentioning that this /; mixing feature is more predominant close to the merger,

because in that regime the angular frequency is higher.

3.2.3  Output results for the O2/03 real BNS/NSBH events

According to the results derived at the end of the previous subsection, if one has a
real GW measurement, and the computed coalescence time and chirp mass have uncer-
tainties below 0.01s and 0.001 M, then the chirp-search might be used confidently
for the identification of EM signals modulated by the orbital phase. On the other
hand, if the uncertainties are higher than these limits, say ¢, € [tcmin, femax] and
M € [Myin, Miax], then the following procedure might be used: a grid of points
(t!, M?) is introduced, such that t*1 — ¢! = 0.02s and M1 — M = 0.002 M. It is
worth mentioning that in the previous expressions ¢ is just an index, not a power. Then,
whatever the true values ¢"°, M™"¢ of the binary parameters, there exists a grid point
(tk, MF) such that ||t% — t¢||< 0.01s and || MF — M™ue||< 0.001 M.

Now I apply the strategy, described in the previous paragraph, for: the two BNS sys-
tems GW170817 [Abbott et al., 2017e] and GW 190425 [Abbott et al., 2020a]; the two
NSBH systems GW200105 and GW200115 [Abbott et al., 2021b]; the event GW 190814 [Ab-
bott et al., 2020b], which is, depending on the nature of its lighter compact object, either
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a NSBH or a BBH. Their binary parameters are obtained from the posteriors of offline
MCMC analyses: Bilby [Ashton et al., 2019] for GW170817 and LA LInference [Veitch
et al., 2015] for the other four events. One should note that these posteriors provide the
coalescence time measured at the center of the Earth, while in the present study, ¢. mea-
sured at Fermi is needed. The conversion of the two GW arrival times might be realized
if one has the position in the sky of the compact object binary. Concerning GW170817,
this is simple because the galaxy (NGC 4993) hosting the binary is known. Thanks to
this information, ¢. at Fermi is obtained by subtracting 3.176 ms from the coalescence
time, measured at the Earth center. Regarding the other four events, the GW based sky
localization are less informative (except for GW190814). At this point of the analysis,
I assume that these four events have uniform skymap distribution probability, i.e. all
the directions are equally likely. For this reason, I suppose that the median value of
the geocenter merger time is the same as t., measured at Fermi. But the Fermi satel-
lite ¢, upper/lower limits are increased/decreased by 0.023s, accounting for the light
travel time from Fermi to the center of the Earth. One should remark that these extreme
cases, where the amount of 0.023 s needs to be added/subtracted to/from the geocenter
t., corresponds to the situation of an alignment of the Earth center, Fermi satellite and
the EM source. In contrast, t. is the same at the center of the Earth and at Fermi if the
direction of the EM signal is perpendicular to the line defined by the geocenter and the
high energy photon observatory. The median values, as well as the upper and lower

limits, for the five events appear in Table 3.1. In this table, I replace t. by MET (the

Event MET(s) M(My)
GW170817 | 524666469.4247 000, | 1.198
GW190425 | 577873090.00975:055 | 1.487+0-001
GW190814 | 587509843.99170:025 | 6.41370 02
GW200105 | 599934271.057003; | 3.6270004
GW200115 | 600754994.7540:02% | 2.58370-005

Table 3.1 MET and M for the five O2/0O3 real events. For GW170817, the posteri-
ors from [Romero-Shaw et al., 2020] have been used, while the samples from Abbott
et al. [2019a] have been preferred for both GW190814 and GW190425. Finally, for
GW200105 (respectively GW200115) I have used LALInference with the prior wave-
form SEOBNRv4 ROM NRTidalv2 NSBH [Bohé et al., 2017] (respectively IMRPhe-
nomNSBH [Thompson et al., 2020]). In the table, the reported values represent the
median (50th percentile), the upper limit (90th percentile) and the lower limit (10th per-
centile). For the case of M, a missing upper/lower limit means that this limit is away
from the median value by less than 0.001 M.

mission elapsed times). Then, for each of the five events, I run the chirp-search and the
targeted-search on the points of the grid described in the first paragraph of this section,
and the highest LLR and its associated FAP are derived. The results are summarized in

Table 3.2. Based on the high values of the targeted-search FAP one can conclude that
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chirp-search targeted-search

Event LLR | FAP37 | LLR | FAP 37
GW170817 | 28.6 | 0.487012 | 8.9 |0.161 015
GW190425 | 22.4 | 0.767914 | 7.2 | 0.47,915
GW190814 | 117.4 | 0.00.09% | 10.3 | 0.07:0:09
GW200105 | 63.3 | 0.05.005 | 9.9 | 0.09:0%%
GW200115 | 70.8 | 0.03.003 | 8.1 | 0.29,01%

Table 3.2 LLR and corresponding FAP, for the two searches, for the five 02/03 real
GW events. The chirp-search is used with Ny, = 10. For the FAP, the mean as well
as *+ 3 standard deviations are provided. When the mean and/or the upper limit (—30)
is (are) equal to 0, it means that the value(s) is (are) lower than 0.01. All the events
reported in this table represent triggers with duration of 0.064s and hard spectrum.

there is no way to claim the presence of an unambiguous excess of high energy photons
emitted prior to the merger. The chirp-search output is similar in the case of GW 170817
and GW190425. On the other hand, for GW200105, GW200115 (and respectively for
GW190814) upper limits (and respectively the mean value and the upper limit) have
not been derived. At first sight, this aspect can give to the reader the naive intuition that
these candidates might be real GRB precursors. Nonetheless, I warn the reader of this
thesis that some precautions need to be taken. The reason, for the missing upper limits,
is not necessarily because the EM candidates are too statistically significant in order for
these quantities to be derived. The reason is simply due to the computational expense of
such operations. Moreover, the manual analysis of these three EM triggers reveal that
each of them has a duration of 0.064 ms and possesses a hard spectrum. Given that more
than 80% of the noise events (the output of the chirp-search when it is run on random
times; previous subsection) have the same timescale and spectral features, this is a clear
indication that EM candidates for GW190814, GW200105 and GW200115 are simply
coincidence background triggers. Finally, I conclude that there is no modulated GRB

precursor for the five GW real events examined here.
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CHAPTER 4

Photometric lightcurve discrimination between kilonovae,

supernovae and other transient signals

Stachie et al. [2020b] is the paper dedicated to the work contained in this Chapter.

4.1 Motivation and other proposals

Kilonovae are ultra-violet/optical/infrared transient objects, associated with the merger
of two compact objects, of which at least one is a neutron star. In an Earth night, several
types of transient objects might shine the sky, the majority of them being supernovae.
One of the difficulties encountered in the exercise of identifying kilonovae is that their
observational properties are still very uncertain. To date, these features vary depending
on the models and, are mostly based on one single well-studied event, AT 2017gfo (see
Figure 4.1). The photometric and spectroscopic appearance may be not universal at all,
and vary depending on the merger and environment characteristics [Kasen et al., 2017],
as well as on the viewing angle [Darbha and Kasen, 2020]. Furthermore, depending
on the viewing angle and distance, there might be cases where the relativistic jet (GRB
afterglow) will be superimposed on the kilonova [Troja et al., 2018].

Kilonovae are shorter and dimmer than the supernovae. While the supernovae are
visible for the Earth telescopes on timescales of months, or even years [Fox et al., 2015],
AT 2017gfo was observable for nearly one week [Coulter et al., 2017; Smartt et al.,
2017], even if associated to a particular close binary merger [Abbott et al., 2017¢]. For
a BNS merger taking place at a few hundreds of Mpc, the optical transient is expected
to fade in only one (two) day(s). Thus, while scientists might attempt to detect and
identify supernovae by means of all-time all-sky observational campaigns, in the case
of kilonovae such a strategy would be very challenging. Multi-wavelength and spectro-
scopic observations are the key for a robust KN identification, and, in any case, in order
to detect kilonovae, it is preferable to be in the situation in which the search is targeted
by another observation associated with the same astrophysical event. Such a trigger can
be the flash of «-ray photons or the subsequent longer wavelength afterglow originat-
ing from the relativistic jet of a short GRB, as was the case of 130603B [Tanvir et al.,
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Fig. 4.1 On top: spectroscopic measurements of AT 2017gfo; on bottom: photometric
measurements of AT 2017gfo. The panels are taken from Pian et al. [2017].



2013] and 150101B [Troja et al., 2018], or the GW signal emitted by a binary compact
object in its last seconds of life [Abbott et al., 2017b]. Nonetheless, if the trigger is the
GW strain signal, the information related to the position in the sky of the possible EM
counterpart might be quite uninformative, although the luminosity distance estimation
is generally quite precise and very useful. Indeed, the low-latency skymaps, during O1,
02 and O3, covered sometimes thousands of square degrees [LIGO Scientific Collabo-
ration and Virgo Collaboration, 2019a, 2020a,b]. Not only the observational results are
discouraging, but also the theoretical and numerical modelling of the compact binary
coalescence GW signals indicate broad sky localizations [Rover et al., 2007; Fairhurst,
2009; Grover et al., 2014; Wen and Chen, 2010; Sidery et al., 2014; Singer et al., 2014;
Berry et al., 2015; Essick et al., 2015; Cornish and Littenberg, 2015; Klimenko et al.,
2016]. In the EM observing community, the sky coverage is realized by wide field of
view telescopes. Depending on the sensitivity of these telescopes, a number of EM
candidates are identified. Then, the promising transient objects are followed-up by
smaller field of view telescopes. The problem that, in general, arises is that the num-
ber of the initial candidates is very high, which renders the selection of the potential
kilonova very difficult. This is already the case for the most sensitive actual instru-
ments, but also for the next generation facilities [Morgan et al., 2012; Tonry et al.,
2018; Bellm et al., 2019; Graham et al., 2019; Bloemen et al., 2016; Ivezié et al., 2019].
One proposal to tackle this challenge is the instrument coordination within a network
of telescopes [Antier et al., 2020a,b; Coughlin et al., 2019b]. For an increased synergy,
skymap tiling [Coughlin et al., 2018b] and galaxy prioritization [Ducoin et al., 2020]
techniques have been improved.

Nevertheless, given the large number of EM candidates, discrimination criteria
should be envisaged in order to reject non interesting EM transients. In general, each
type of transient has photometric lightcurves presenting particular characteristics. Thus,
timescale variability, magnitude values and/or color evolution are features that might be
investigated in order to assign priority weights. For example, for Type Ia supernovae,
fitting formulas have been proposed in the literature. SALT2 [Taylor et al., 2021; Guy
et al., 2007, 2005] is such an example. Here the spectral flux density f°2 at phase p°?

and wavelength \°? can be expressed as

FI2(p52, A52) = a2 [ME2 (P52, A5?) + 5% x ME2(p52, X52) + . ] xexp [¢S2CLS2(A52)],
“4.1)
where the fitting parameters are the amplitude x52, the stretch 72 and the color ¢*2.
MG2(p°%, \52), MP2(p°2, \52) and C'L5%(\°?) are wavelength dependent SALT?2 pa-
rameters. MJ?(p°2, \52) and M;%(p52, \5?) depend also on the phase. A more general
fitting formula, convenient not only for Type Ia supernovae, but for almost all the other

types including core collapse supernovae, is proposed in Bazin et al. [2009, 2011]. Ac-
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cording to this model, the supernova photon flux can be written as

(t tBAZ)/ BAZ

e Trall
PR = AP e + B (4.2)

where ¢ is the time variable, while ABAZ BBAZ BAZ 7BAZ and 7BAZ are fitting pa-

rise
BBAZ ABAZ are the constant flux value and the normalization constant

BAZ BAZ
rise and Ttall

rameters. and

of the variable part of the signal. T, are the rise and fall times of the vari-
ation, while the maximum of intensity takes place at t5A% + 7BA% I (Tfa—“ 1) But
the variety of optical transients is very rich and a fitting formula may r1t51irn out to be
insufficient to catch all the desired features of a lightcurve. This is why non-parametric
representation can be useful. Varughese et al. [2015] makes use of wavelet decomposi-
tion based method [Timmermans and von Sachs, 2015] in order to characterize optical
transients, as follows: there are NVAR

dependent flux evolutions f,"AR, with i € {1, 2,..., NVAR} If one notes by x}%, the

classes of objects possessing the unknown time

7' measurement time argument when the ' obJect class is considered, and by yVAR
and eVAR the corresponding flux and uncertainty values, then

Yy AR = fVAR(GVAR) 4 VAR fori e {1,...,NY* R} andj € {1,...,nYAR}, (4.3)

VAR i the total number of measurements. Finally similarities between wavelet

where n,
decomposition coefficients of lightcurves belonging to the same class are studied. Ishida
et al. [2019] propose an active learning based method for the optimization of supernova
photometric classifications. More specifically, data released after the SuperNova Photo-
metric Classification Challenge [Kessler et al., 2010] consisting of 20,216 supernovae
observed in the g, 7, ¢ and z filters are used. For each item in the sample, feature
extraction is realized by fitting every photometric band lightcurve with the expression
from [Bazin et al., 2009]. A random forest machine learning algorithm is used as a
classifier [Breiman, 2001]. Finally, in order to improve the performances of the clas-
sifier, samples are added to the training data by means of active learning procedure.
Equally, Lochner et al. [2016] use machine learning approaches to classify objects.
More precisely, lightcurve features extraction is initially performed by the fitting for-
mulas proposed in Guy et al. [2007]; Newling et al. [2011]; Karpenka et al. [2012].
Then, several machine learning techniques, such as Naive Bayes (e.g., Zhang [2004]),
k-nearest Neighbors (e.g., Altman [1992]), Artificial Neural Networks (e.g., Jeffrey and
Rosner [1986]), Support Vector Machine (e.g., Cortes and Vapnik [1995]) and Boosted
Decision Trees (e.g., Friedman [2002]), are used to discriminate between different ob-
ject classes. Photometric lightcurves and spectroscopic data, representing the key from
of the EM point of view, might be combined with high energy photons information

in order to discriminate between transients. X-ray binary sources have been classified
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by Wevers et al. [2017] in such a way. In a X-ray binary, matter falls in the accretion
disc surrounding a white dwarf, a neutron star or a black hole releasing flashes of high
energy photons. The subsequent X-rays ionize the surrounding matter, creating hydro-
gen Ha features in the optical range, detectable on the Earth as emission or absorption
lines. This spectroscopic information, together with the photometric variability, and the
ratio between the X-ray and the optical fluxes are used to identify cataclysmic variables,
young stellar objects and/or low-mass X-ray binaries.

The searches for kilonovae have some specific particularities. On one hand, the
inherent rapid decay of the brightness represents a disadvantage because it obliges the
EM observers to have a fast identification, based on scarce information. On the other
hand, astronomers can use this fast evolution feature as a flag indicating the kilonova, or
other rapidly fading object such as GRB afterglows, in the large list of optical transient
candidates. This kind of approach was succesfully used by Andreoni et al. [2021].
Their filtering strategy includes the decay constraint of 0.3mag - day ! in any of the
g, r and 7 photometric filter. In this way, Andreoni et al. [2021] found several GRB
afterglows, despite a serendipitous (all-time all-sky) search. In the following of this

chapter, I summarize the work from Stachie et al. [2020b].

4.2 Machine-learning based method

For this study, I make use of ast rorapid [Muthukrishna et al., 2019], a deep learn-
ing classifier based on a uni-directional recurrent neural network with Gated Recurrent
Units. It is designed for time-domain astronomy, being able to analyze multi-passband
photometric transients, and to discriminate among several classes of objects. As any
supervised machine learning code, before it is used to classify objects, it needs to be
trained on a set of already labelled astrophysical transients. To this end, the lightcurve
models released by The PLAsTiCC team et al. [2018] together with the simulation code
from Kessler et al. [2009, 2019] have been used in order to generate a dataset. These
simulated lightcurves are representative for the “Mid Scale Innovations Program” sur-
vey at the ZTF [Bellm, 2014]. Thus, ZTF observing conditions and photometric prop-
erties have been respected. The cadence of the lightcurves has a median of 3 days in
the g and r filters. astrorapid is designed to distinguish between the following
transients types: “SNla-norm” (the most typical thermonuclear explosion taking place
when a white dwarf accretes sufficient matter from its companion star in order to reach
the Chandrasekhar limit [Guy et al., 2010; Kessler et al., 2013; Pierel et al., 2018]),
“SNIa-91bg” (a subtype [Perrefort et al., 2020] of Type Ia supernovae which ressem-
ble SN 1991bg [CHENG et al., 1993]), “SNIa-x" (a subtype [Jha, 2017] of Type la
supernovae which ressemble SN 2002cx [Li et al., 2003]), “point-Ia” (a hypothetical
subtype [Shen et al., 2010] of Type Ia supernovae), “SNIbc” (the core-collapse super-
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novae of Type Ibc [Kessler et al., 2010; Pierel et al., 2018; Guillochon et al.; Villar
et al., 2017]), “SNII” (the Type II core-collapse supernovae [Kessler et al., 2010; Pierel
et al., 2018; Guillochon et al.; Villar et al., 2017]), “Kilonova” (the r-process powered
electromagnetic counterpart [Kasen et al., 2017] to BNS and NSBH), “SLSN-I" (the
hydrogen-poor super-luminous supernova presumably caused by magnetars or core-
collapse of very massive stars [Guillochon et al.; Nicholl et al., 2017; Kasen and Bild-
sten, 2010]), “PISN” (the pair instability supernovae which are believed to take place
when the oxygen core of a very massive star has a so high internal energy that electron-
positron annihilation reaction is possible, powering y-ray emission [Guillochon et al.;
Villar et al., 2017; Kasen et al., 2011]), “ILOT” (Intermediate Luminosity Optical Tran-
sients possessing brightnesses higher than novae and smaller than supernovae and are
presumably due to either eruptions of red giants or interactions of binary systems [Guil-
lochon et al.; Villar et al., 2017]), “CART” (CAlcium-Rich gap Transients, whose spec-
tra show important forbidden and permitted calcium lines, and whose origin is not well
understood [Guillochon et al.; Villar et al., 2017; Kasliwal et al., 2012]), “TDE” (Tidal
Disruption Events designating a star which is disrupted by the tidal forces of its black
hole companion [Guillochon et al.; Mockler et al., 2019; Rees, 1988]), “AGN” (Active
Galactic Nuclei, resulting from the matter accretion by the supermassive black hole
harbouring the center of a galaxy [Connolly et al., 2010; MacLeod et al., 2010]). An
example for each of these templates is provided in Figure 4.1. More precisely, in Fig-
ure 4.1, there is: on the left panel, first line, a “SNIa-91bg” template parameterized by
the stretch 27=® = 0.95 and the color ¢"®R = (.5 according to Perrefort et al. [2020];
on the right panel, first line, a “SNla-x” template parameterized by the peak optical
magnitude M{HA = —17.267, the rising time 71114 = 15.172 days, the decline magni-
tudes after 15 days in the B- and R-band Am{I*(B) = 1.341 and Am{P4(R) = 0.581
according to Jha [2017]; on the left panel, second line, a “SNIa-norm” template, based
on SALT? and extended in the ultra-violet and infrared as in Pierel et al. [2018]; on
the right panel, second line, a “Kilonova” template parameterized by the mass of ejecta
MEAS — 10716021 A7 the velocity of the ejecta v545 = 0.03c and the lanthanide
fraction X féfl‘s =10~ according to Kasen et al. [2017]; on the left panel, third line, a
SN 2006-like [Joubert et al., 2006] “SNIbc” template; on the right panel, third line, a
SDSS-018590-like [Xavier et al., 2014] “SNII”” template; on the left panel, fourth line, a
“TDE” template parameterized by the radius normalization Rf)/{l%c = 5.739, the viscous
timescale TNOC = 0.463 days, the scaled impact parameter H*°€ = 1.015, the black
hole mass MMOC = 8.514 x 10° M, the efficiency parameter €*°¢ = 0.009, the power
law exponent [MO¢ = 1.505 and the star mass MM9C = 1.034 M, according to Mock-
ler et al. [2019]; on right panel, fourth line a “CART” template parameterized by the

mass of ejecta My = 0.304 Mo, the velocity of the ejecta v = 4393.623km/s, the
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Fig. 4.1 AB magnitudes versus time for some examples of templates used in the training
of astrorapid. The plots represent the following templates: “SNIa-91bg” (first
column, first row), “SNIa-x" (second column, first row), “SNIa-norm” (first column,
second row), “Kilonova” (second column, second row), “SNIbc” (first column, third
row), “SNII” (second column, third row), “TDE” (first column, fourth row), “CART”
(second column, fourth row), “PISN” (first column, fifth row), “ILOT” (second column,
fifth row), “SLSN-I" (first column, sixth row) and “AGN” (second column, sixth row).

nickel fraction fyf" = 0.220, high energy photons opacity Y™ = 11.195cm”g™" and
temperature 7V = 2649 K according to Villar et al. [2017]; on the left panel, fifth line
a “PISN” template parameterized by the ejecta mass MJ"™ = 175.03 M, and kinetic
energy Eyir = 31.06erg according to Villar et al. [2017]; on the right panel, fifth line,
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a “ILOT” template parameterized by the ejecta mass MJ"™ = 2.23 Mo, the ejecta ve-
locity vy = 255.097km/s, the mass of the circumstellar material Mgy = 0.309 Mo,
the density p¥™* = 6.3127'"°cm™ and the initial source radius Ry = 33.936 R,
according to Villar et al. [2017]; on the left panel, sixth line, a “SLSN-I" template
parameterized by the magnetar mass MY® = 1.999 M, the spin period PNI¢ =
7.195ms, the optical opacity xM¢ = 0.122cm?g !, the high energy photons opacity
kY1 = 22.420cm?g", the ejecta mass M['C = 1.455 Mo, the final plateau tempera-
ture 77'C = 5889.222K and the velocity of the ejecta vj'® = 7034.700km/s according
to Nicholl et al. [2017]; on the right panel, sixth line, an “AGN” template parameterized
by the timescale 7MAC = 398.238 days and the long-term root mean square variability in
the u, g, r, i, z, y equal to SFMAC(y) = 0.978 mag, SFMAC(g) = 0.865, SEMAC(r) =
0.767, SFMAC(3) = 0.697mag, SFMAC(2) = 0.651 mag, SFMAC(y) = 0.610mag ac-
cording to [MacLeod et al., 2010]. Up to now, I discussed only about intrinsic absolute
magnitude. But for an EM observer, the accessible quantity of interest is the observer
frame apparent magnitude. Besides the apparent magnitude in the r and ¢ filters, the
lightcurves used for the training of the classifier also possess cosmological reshift and
Milky Way dust reddening. Therefore, while the cosmological redshift is used for the
conversion of the observer frame time series and the apparent photon flux into a source
frame time series and intrinsic photon flux (by means of a luminosity distance), the
Milky Way reddening is used for the correction of the ZTF [Bellm et al., 2018] mea-
sured wavelength. Moreover, the data preprocessing includes, for each lightcurve, a
common passband time trigger ¢}V (origin of the time axis) derivation by fitting a sim-
ple power law, LYIUT, (1; MIUT, q}{UT_ (MUT) = gMUT (4 MUTY2 (4t MUT)+\I1VT,
and introducing a new template, named ‘““Pre-explosion”, accounting for the time period
preceding the targeted flaring event. In the previous expression H (¢ — ¢)'VT) stands
for the Heaviside function, while a}!VT and c}UT are two filter dependent fitting coeffi-
cients. ty!T, {a}VT} and {c}'V"} are determined by means of a Markov Chain Monte

Carlo procedure, using the following chi-squared metric

tI\/IUT

ek [LMUT (4) — [UT (4 (MUT MUT CMUT)}Z
A;data A;mod ") 0 » N AN
XIQ\/IUT(tg/IUTu {QI;&UT}; {Cl;/[UT}) = Z Z oMUT (1)2 )
A t=—00 A
“4.4)
where )" is the time corresponding to the peak of the lightcurve and LY!JY, () is

the filter input data to be fitted. Once the preprocessing is finished, the deep neural
network method is setup. astrorapid works in the following way: at each time,
based on the past observations, it provides for each of the fourteen templates (including
“Pre-explosion”) a probability. The sum of the probabilities is normalized to one and
the probability distribution is updated at each new observation. An example of both

input and output data for a transient object is proposed in Figure 4.2. I want to mention
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Fig. 4.2 astrorapid input (top panel) and output (bottom panel) data for a kilonova
object. On the x axis is the time, while the y axis represents the photon flux (top panel)
and the probabilities assigned to the different transient object classes (bottom panel).
In this example, ast rorapid assigns high probability to “Pre-explosion” before the
increase of the light intensity, then the curve corresponding to “Kilonova” goes to higher

and higher probabilities. The input data consists in r and g photometric data.
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Fig. 4.3 Initial guess of the four main classes, obtained by the collapse of original
astrorapid classes.

that I did not contribute to the development of the code described above, but I have just

received it from Daniel Muthukrishna.

4.2.1 astrorapid output based discrimination

So far in this section, I made a summary of ast rorapid as it is proposed in [Muthukr-
ishna et al., 2019]. This version is designed to realize full lightcurve classification
and to discriminate between many classes of objects. On the other hand, this work
is destined for the kilonova follow-up. Therefore, it becomes unnecessary to distin-
guish between several varieties of Type Ia supernovae or to consider on equal footing
as the kilonovae, rare transients such as tidal disruption events, intermediate luminos-
ity optical transients, etc. With a real EM follow-up, the majority of the background
events are represented by the supernovae. This motivates an initial choice (illustrated
in Figure 4.3) of the following four main classes: “SN” (accounting for “SNIa-norm”,
“SNIbc”, “SNII”, “SNIa-91bg”, “SNIa-x”, “point-Ia”, “SLSN-I”, “PISN”), “Others”
(accounting for “ILOT”, “CART”, “TDE” , “AGN”), “KN” (accounting for “Kilonova”)
and “Pre-explosion” (accounting for ‘“Pre-explosion”). The first guess would be to con-
sider that the probability assigned to each main class should be the sum of probabilities

of the corresponding initial ast rorapid templates, as follows:
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Fig. 4.4 Histogram of the preferred templates after 2, 11 and 21 observations, when the
initial naive guess collapse described in Equation 4.5 is used. On the left (right) panel,
the results correspond to the situation in which the input is represented by the real ZTF
“SN” (respectively “Others”) type transients.

P(SN) =P(SNIa-norm) + P(SNIbc) + P(SNII) + P(SNIa-91bg) + P(SNIa-x)+

+ P(point-Ta) + P(SLSN-I) + P(PISN)
P(Others) =P(ILOT) + P(CART) + P(TDE) + P(AGN) (4.5)
P(KN) =P (Kilonova)

P(Pre-explosion) =P (Pre-explosion)

I also consider the preferred event to be the class assigned with the highest probability,
ie. X € {“SN”, “Others”, “KN”, “Pre-explosion”} such that P(X) = max(P(SN),
P(Others), P(KN), P(Pre-explosion)). Now, I show that this initial guess is not the
most optimal one. To this end, I use some of the public real ZTF lightcurves. These
objects have already been labelled, and thus belong to the “SN” (2,049 events among
which 1450 “SNIa”, 110 “SNIbc”, 447 “SNII”, 42 “SLSN”) and “Others” (174 events
among which 152 “AGN”, 4 “CART”, 6 “ILOT”, 12 “TDE”) classes. I take into con-
sideration only the observations done on the r and g photometric bands. In Figure 4.4
there are reported the results of the classifier on these input set of real lightcurves.
From Figure 4.4, one can easily remark two inconvenient behaviours: (i) the “Others”
type objects are too often misclassified as “SN” type (e.g., after 11 observations more
“Others” type objects are classified “SN” than “Others”); (ii) at early observations,
when there is not enough information for any pertinent conclusion, the “Pre-explosion”
template is too rarely selected (e.g., after two observations almost as many “Others”
type objects are classified “SN” as “Pre-explosion”). Both features might be consid-
ered predictable given that “Others” and especially “SN” account for numerous initial

astrorapid templates. These undesired features led me to make a few adjustments.
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Fig. 4.5 Histogram of the percentage probabilities of the preferred template after two
observations, assuming the naive guess collapse described in Equation 4.5. The input
data is represented by those real ZTF “Others” lightcurves misclassified as “SN” or
GSKN”'

Thus at the (kops + 1) observation, I penalize the “SN” class by a factor (1 — e~ Fevs/5),
where [ is a parameter to be determined. Moreover I replace the main class “Pre-
explosion” by a new main class “Indistinguishable”. Then for a given object, the pre-
ferred event is “Indistinguishable” if at least one of the following two scenarios holds:
(1) the astrorapid template “Pre-explosion” is assigned with a probability higher
than each of the main classes “SN”, “Others” and “KN”; (ii) each class in between
{*“SN”, “Others”,“KN”} has a probability lower than pip,esn. The threshold probabil-
1ty Pthresh Needs to be determined. In order to derive pipesh, the real ZTF lightcurves
labelled as “Others” and misclassified, after two observations, as “SN” or “KN” have
been used. In Figure 4.5, the histogram of the preferred event probabilities is plot-
ted. One can see that a reasonable choice for the “Indistinguishable” class threshold is
Pthresh = 0.4. Before the determination of a value for (3, the impact of the parameter
might be briefly discussed. Indeed for small 3, the penalty factor approaches 1 (because
limg_, e~ kobs/B = (). This situation is equivalent to the initial guess. On the other hand,
for high values of 3, the penalty factor goes to zero (because limg ., e Fevs/8 = 1),
which implies a situation in which the “SN” class is very disfavoured. As both extreme
cases are undesirable, one might easily anticipate that a likeable situation represents a
tradeoff between these two extreme behaviors. I use the same set of real ZTF “SN” (re-
spectively “Others”) type lightcurves, and I define the success and failure probabilities
as the percentage of the objects classified as “SN” (respectively “Others”), and “Oth-
ers” or “KN” (respectively “SN” or “KN”). Figure 4.6 shows the S dependence of these
probabilities at the end of different number of observations. From Figure 4.6, one can
conclude that 5 = 4 is a convenient choice. Indeed from the top (bottom) panels of
Figure 4.6, one can easily remark that the higher (smaller) values of 5 correspond to a

regime where the ”SN” (”Others”) class is too much disfavored. A flowchart summa-
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Fig. 4.7 Flowchart showing the different steps of the analysis. The photometric multi
filter input data is initially analyzed by ast rorapid which offers, after each new ob-
servation, a probability distribution over fourteen templates. The ast rorapid output
is manipulated as described in this section in order to report, at each new observation, a
preferred template from {“SN”, “Others”, “KN”, “Indistinguishable”}.

rizing the passage methodology from the input multi-passband photometric data to the

report of a preferred event is proposed in Figure 4.7.

4.2.2 Performance on real events

Here I present the efficiency of the method on the same set of 2,291 public real ZTF
lightcurves. As expected, all objects do not possess the same number of observation
points. The top left panel of Figure 4.8 presents the histogram of the observation num-
ber for these events. While the average number of observations is 29, one can easily re-
mark that there are events for which extensive follow-up (more than 60 measurements)
was realized, as well as transients with scarce information (less than 5 observations).
This non-uniformity is due to either the ZTF observation strategy, or the timescale on
which a particular event is visible. For illustration purposes, on the bottom left panel
of Figure 4.8 is shown the histogram of the cosmological redshifts of those real ZTF
objects labelled as “SN”. One can easily remark the coexistence for both objects with
redshift lower than 0.03 (corresponding to ~ 135Mpc) and higher than 1 (correspond-
ing to ~ 475Mpc). Equally, on the top right panel of Figure 4.8, the cadence of ZTF
is illustrated. While most of the time, two consecutive observations, executed with the
same filter, are separated by around 3 days, there is a non insignificant number of situ-
ations when the same event is either followed up in the same wavelength range, in two
consecutive nights, or has no information related for around one week. While the num-
ber of observations is important to assess the effort needed in order to correctly classify
astrophysical objects, the cadence is a parameter which impacts the performance of
the method. Indeed, a higher cadence allows to better constrain the temporal shape of
the lightcurve. On the other hand, a higher rate of photometric measurements means
a higher observational effort, which might be done at the expense of other follow-up

opportunities. For example, one can devote the follow-up effort to either do as many
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Fig. 4.8 On top left, the observations number histogram for the ZTF public data stream
objects. On top right, the histogram of the time separation between two consecutive
photon flux measurements realized by using the same r (on top) or g (on bottom) pho-
tometric filter. On bottom left (right), the histogram of “SN” type objects cosmological
redshift (time difference between the first detection and measured global maximum).
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single passband observations as possible or to detect the same astrophysical event in
as many photometric filters as possible. In the former case the time evolution is better
constrained, while the latter case has the advantage of investigating the color evolution.
In general, the lightcurve of an optical transient has a rising and a decaying part, some-
times perturbed by fluctuations. And both portions of the lightcurve have, depending
on the transient class, their characteristic timescales. However, of much importance,
for the followed-up of a transient object, is the time of the first detection. Indeed, for
reasons such as the observation strategy, the proximity of the EM source and/or the in-
trinsic luminosity, the rising side might be completely missed. In the bottom right panel
of Figure 4.8, for the case of “SN” type objects, the histogram of the passband time
separations, between the first detection and the observed lightcurve global maximum,
is pictured. It is worth noting that there is no way to check if the measured global maxi-
mum coincides with the global maximum of the intrinsic lightcurve. So that means that
even if some portion of the measured photon flux is increasing over some timescale,
it might belong to the main fading regime. Nevertheless, for more than 10% of the
events, the first detection is also the brightest observation, indicating thus that in a non-
negligible proportion of situations, the supernovae are seen after the luminosity peak.
The classification results are illustrated in Figure 4.9. The top left (right) panel cor-
responds to the classification results when the “SN” (respectively “Others”) labelled
lightcurves, with observations in both r and g filters, are used as input data. In both
cases, after only 11 observations the template preferred most of the time corresponds
to the correct class. However, one can remark the better efficiency of the pipeline in
the case of “SN” type objects. Indeed, in the case of “SN” input, 16 observations are
enough to have a detection fraction higher than 50%, while for the “Others” input, the
same percentage is not reached even at the end of 26 observations. The bottom panel
of Figure 4.9 shows the classifications when I consider “SN” type objects seen in only
one photometric filter. The much worse detection fraction, obtained in this case, high-
lights the importance of the color evolution information. In this subsection, the results
are presented up to 26 observations, while some events joined of less measurements, as
mentioned above. In order to remediate this inconsistency, the following rule has been
adopted: if an object has only N observations, the preferred template after m fictitious
observations, with m > N, is the same as the preferred template after the only real N
measurements. It is worth noting that in all cases presented here, almost no transient is

misclassified as “KN”, emphasizing the utility of such a tool for the kilonova follow-up.

4.2.3 Injections recovery efficiency

While in the previous section I discussed the case of real “SN” and “Others” type

transients, here I consider simulated “SN” and “KN” lightcurves. The “KN” injec-
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Fig. 4.10 On left, the g passband absolute magnitude for simulated kilonovae possessing
M.; = 0.005 Mg, ve; = 0.15¢ and different lanthanide fractions. On right, g passband
apparent magnitude for simulated supernovae with color index ¢ = 0, redshift z =
0.022 and possessing different shape parameters x;.

tions are clearly motivated by the scarcity of already observed kilonovae. Concerning
the “SN” injections, I want to partially address the question related to how well the
performances might be improved, by increasing the observational cadence. “Others”
type injected objects are not considered for both technical (it needs a significant effort
to collect all different simulation tools) and real EM follow-up conditions (the back-
ground transient sky is largely dominated by supernovae) reasons. The “KN” photo-
metric lightcurve generator used here is described in Coughlin et al. [2019a, 2018a],
while for the “SN” injections, “sncosmo” [Barbary et al., 2016; Guy et al., 2007] is
utilized. For the “KN” simulations, the following parameter space is considered: log-
uniformly distributed mass ejecta M.; € [0.01 M, 0.1 M| and lanthanide fraction
Xian € [107°,1071], and uniformly-sampled ejecta velocity v.; € [0.01¢, 0.3¢]. Con-
cerning the “SN” type injections, they are parameterized by the stretch z; € [—0.5,0.5]
and the color ¢ € [—0.05,0.05], both distributions being uniform. Equally, one should
note that only Type Ia supernova injections are considered in this study. A few ex-
amples of “SN” and “KN” simulated lightcurves are offered in Figure 4.10. One can
easily note that a heavier element kilonova ejecta renders the low wavelength photon
flux dimmer, while the stretch parameter impacts on the rising and decreasing slope of
the supernova lightcurve. Moreover the simulated observations are assigned with ZTF-
like uncertainties, which are photometric filter dependent. In order to be consistent with
the distribution of real ZTF cosmological redshifts (see Figure 4.8), the injections have
distances uniformly sampled in [40 Mpc, 300 Mpc|. Regarding the kilonova simulations,
the 300 Mpc boundary is almost equivalent with the ZTF apparent magnitude limit. In-
deed, at such high distances, a kilonova is in general no visible in the g band, while in
the r band is detectable only for a few hours. In contrast, real supernovae are detectable

at much higher redshifts. Therefore, this choice for the distances might appear problem-
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Fig. 4.11 Top left: preferred event histogram when the input is a set of 1000 injected
“SN”; top right: preferred event histogram when the input is the a of 1000 injected
“KN”; bottom left: classification fraction at the end of two nights, for both redshift
assigned and unassigned “KN” injections; bottom-right: histogram of durations during
which the simulated “KN” are visible for a ZTF-like telescope.

atic, because, in this way, the very faint objects are not considered, even if present in the
real ZTF database. In the current simulation set, some supernovae might be extremely
bright, remaining visible in the sky, for the telescopes, for months. On the other hand,
in this section, I am interested in approximating the minimum number of observations
needed for a good enough recovery efficiency of the pipeline. Therefore, the positions
in time of the observations, compared to the location of the supernova peak, become
relevant. Based on the bottom right panel of Figure 4.8, I choose a population of super-
novae whose first detection is [-7 days, +30 days] uniformly distributed with respect to
the brightness peak. Unless specified, everywhere in the rest of this section, I assume
that the injections are not assigned with distance/redshift information.

Initially, well-sampled “SN” and “KN” injections are considered. More specifically,
each day, there are four measurements, two for each photometric filter in {r, g}. The
results classifications are presented in Figure 4.11. The top left panel shows that the
pipeline needs less than 2 days to perfectly recover “SN” injections. Moreover, even

for the very early observations, the well-sampled “SN” objects are not misclassified

105




as “KN” or “Others”, the pipeline outputting “Indistinguishable”. The main reason for
which the supernovae are easily distinguishable from the other transients is that they are
the brightest. The top right panel indicates that well-sampled kilonovae are recovered
with an efficiency better than 50% after less than 3 days. Apart from “Indistinguish-
able”, the pipeline sometimes misidentifies the kilonovae as “SN”. It is worth noting
that all the injected “KN” are not detectable by a ZTF-like telescope for at least 3 days
as one might naively believe when looking at the top right panel of Figure 4.11. Indeed,
even if the intrinsic parameters M., vej, Xiqn also have an impact on the brightness, the
key quantity impacting the apparent magnitude is the luminosity distance. The bottom
right panel of Figure 4.11 presents the timescale over which the KN is observable in
at least one of the photometric filters  and g. This is why, as in the case of the real
ZTF “Others” objects treated in the previous section, I consider here that, if the dura-
tion visibility of a simulated “KN” allows only /N observations, the preferred template
at the end of m fictitious photometric measurement, with m > N, is the same as the
preferred template after the real N observations. Finally, in Figure 4.11, the bottom
left panel displays the improvement one might obtain if, in addition of the photometric
data, the cosmological redshift information is available. One can observe that more than
10% of the initially “SN” or “Indistinguishable” misclassified objects, become “KN” if
luminosity distance related data is added. Additionally, for the “KN” injections, the de-
pendence of the classifier performance on both the intrinsic parameters M, vej, Xian
and cosmological reshift is provided in Figure 4.12. One can clearly remark a few be-
haviors. As emphasized in the top left panel, a higher (lower) lanthanide fraction favors
the “Indistinguishable” (respectively “SN”) class. This is due to the fact that the heavier
the ejecta, the higher the optical opacity, and then more photons are observed rather in
the infrared range instead of the optical and ultra-violet bands. Therefore, given that the
input data consists in r and g observations, bigger (smaller) values of X, are associ-
ated to dimmer (brighter) events. Similar behavior happens when the redshift is varied
(top right panel). Indeed a higher (smaller) value of the redshift corresponds to a longer
(shorter) luminosity distance, which has, as a consequence, a higher (smaller) appar-
ent magnitude. Simultaneously, the bolometric luminosity increases with the amount
of expelled matter. This is clearly emphasized by the bottom left panel, showing that
the “SN” class is favored at large mass ejecta. Finally, one can see that smaller values
of the ejecta velocity support the “Indistinguishable” pipeline choice. An important
parameter of a photometric classifier destined to real time EM observation scheduling
strategy is the event luminosity at the moment of its first correct classification. In Fig-
ure 4.13 there is the probability density of the r and g apparent magnitude at the first
correct classification of a well-sampled “KN” injection. One can see that an important

part of the simulated events have a magnitude smaller than 21 at the moment of their
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and ejecta velocity v,; (bottom right). In each panel, the histogram of the number of
times each template, in between {“SN”, “KN”, “Indistinguishable”}, is selected by the
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Fig. 4.13 The r (on top) and g (on bottom) apparent magnitude probability density at
the moment of the first correct classification. The set of 1000 well-sampled simulated

“KN” are used as input data.
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Fig. 4.14 Histogram of preferred templates when the I use the 100 realistically sampled
“KN” injections.

first correct identification. Therefore for a ZTF-like instrument, as well as for the next
generation telescopes, at the condition of a competitive cadence, the kilonovae would
be detected early enough in order to advise the EM observing community to realize
intensive follow-up too.

In the previous paragraph I considered the ideal case of a very powerful telescope
cadence. However, the top right panel of Figure 4.8 suggests that this is quite unre-
alistic today. This is why I also choose to test the pipeline efficiency in the case of
realistically-sampled kilonovae. Figure 4.14 illustrates the classification results when
“KN” injections, with sampling rate of 1/(3 days) in the r and g filters, are considered.
The performance of the pipeline is much worse. This is an expected behavior, given
that for time evolution constraints one needs at least two observations per filter, while
color information is unavailable without at least one observation per filter. The non
fulfillment of these requirements favors the “Indistinguishable” class, as emphasized by
Figure 4.14.

4.2.4 The case of AT2019wxt

This subsection summarizes the study, appearing in Antier et al. [2020b], of a kilonova
candidate, situated at 144 Mpc. It is about AT2019wxt, an EM counterpart candidate
to the GW alert S191213g [LIGO Scientific Collaboration and Virgo Collaboration,
2019c], reported by Pan-STARRS [McBrien et al., 2019]. Inside GRANDMA collab-
oration, several instruments (see Figure 4.15), among which the Lisnyky/AZT-8, the
Tingshua-NAOC Telescope [Wang et al., 2008; Huang et al., 2012], the Xinglong-2.16,
the Thai National Telescope and some citizen astronomers, observed this transient. The
present code was tried on around 20 observational points, and the output classification
still indicated “Indistinguishable”. This result might be the consequence of different

things. Firstly, the heterogeneity of the GRANDMA observations might cause the in-
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Fig. 4.15 The locations distribution of the GRANDMA network observatories. The
picture is taken from Antier et al. [2020b].

conclusive output. Indeed, not only ZTF observations have not been used (as it was
the case for the training of the machine learning algorithm), but measurements from
different instruments, with different characteristics, were used. Secondly, the indefi-
nite output might be an indication of the peculiarity of the EM transient. Indeed, if
AT2019wxt is much different from the objects on which the classifier was trained on, it
is not surprising that the present method did not recognize it. It is worth mentioning that,
AT2019wxt was finally classified as Type IIb supernova by LBT [Vallely, 2019]. One
should note that there was need of spectroscopic information (helium lines) in order to

solve this issue.
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CHAPTER 5

Kilonova photometric lightcurve prediction based on low-latency
GW data

This Chapter contains the study published in Stachie et al. [2021].

5.1 Supra-nuclear density matter equation of state and kilonova lightcurve
models

As explained in the previous chapter, detecting kilonovae is not an easy task. Indeed,
for BNS/NSBH mergers occuring at a few hundreds Mpc away, the EM counterpart
should be detectable in the sky, for the actual and near future spatial and terrestrial tele-
scopes, only for a few nights. If in addition, the sky localization, provided by the GW
signal and/or the eventual high energy photons of the corresponding GRB ~-ray prompt
emission, is not very informative, the EM astronomers need to look for a needle in a
haystack: indeed, in such a case, the kilonova is buried in a large set of optical transient
candidates, most of them being supernovae. One might envisage several ways to tackle
this issue: while in Chapter 4, the solution was to create a photometric classifier able
to discriminate between kilonovae and the other type of transients, here I aim to predict
the EM lightcurve, based on the GW measured data. Despite of the GW data based in-
formation, such as the masses and the spins of the binary compact objects components,
there are important uncertainties regarding some binary features. Given that the equa-
tion of state of matter at supra-nuclear densities is not known with enough precision,
the scenario of the binary last life moments is uncertain. For example, in a NSBH, the
gravitational field of the black hole exerts tidal forces on the neutron star companion.
In such a situation, two scenarios should be envisaged: either the neutron star is dis-
rupted by the tidal forces forming a debris disc around the black hole or the neutron star
plunges inside the black hole event horizon without being torn apart. A softer (stiffer)
equation of state would favor the former (latter) scenario. Moreover, the properties of
the matter at such high densities influence the maximum mass a object, of a given size,
can support without undergoing a gravitational collapse. Indeed, the stronger the in-

teraction between particles (accounting for the equation of state stiffness), the smaller

110



the maximum mass a neutron star might possess. Whereof, for instance, if the GW data
indicates a compact object with mass in between two and three M, it is almost impossi-
ble to decide if the astrophysical object is a black hole or a neutron star. This is the case
for GW 190814 (where the lighter object weighs 2.6 M), a binary merger whose nature
is unknown [Abbott et al., 2020b]. Therefore, some assumption is needed concerning
the equation of state of neutron stars. By equation of state, I mean the pressure-energy
density relation at a given temperature. Attempts to derive this relation exist in the lit-
erature. A famous example is the one proposed in Douchin and Haensel [2001]. In
this example, the neutron star possesses a sub-nuclear density crust formed of ordinary
matter (electrons, neutrons, protons) and a supra-nuclear density liquid core which, in
addition to the crust particle components, also contains muons. The main interaction
between particles, at such high densities, is the strong force. Unfortunately, the many-
body problem (with more than two objects) is still unsolvable, even in today’s era of
high performance computers. Therefore, one traditional technique is to consider mean
field approximation of an effective nucleon-nucleon interaction. Nonetheless some con-
ditions are required: these approximations should verify experimental data in the regime
of less dense matter [Pethick et al., 1995]. In Douchin and Haensel [2001], the Skyrme
Lyon (SLy) type interaction is considered [Chabanat et al., 1997, 1998]. More specifi-

cally, the neutron star crust total energy is written
DOU DOU DOU DOU DOU
E - EN,bulk + EN,surf + ECoul + Ee ) (51)

where EPOU is the energy of the Fermi gas electrons (sum of the rest and kinetic ener-

gies), EQ{u is the nucleon bulk energy, EQ{1; is the surface energy due to the shapes

of the denser nuclear structure immersed in the less denser neutron gas, and finally

EROY is the Coulomb energy, under the Wigner-Seitz approximation. For the liquid

core, Coulomb contributions are negligible, and there is no more surface energy term.

Indeed, given that the particle number densities are higher than nQ ) = 0.073 fm ™2,

one expects to have a homogeneous plasma of nucleons, electrons and muons. There-

fore the energy density of the core plasma can be written as

EDOU (nBOU nDOU

,ny, DOU nDOU) — DOU(”BOU7TZ;]?OU> + E?OU(nDOU>+

y The o N e

(5.2)

DOU (, DOU DOU, 2,  DOU__ 2
+E7 (n,00) g mae” 4 ny  myet

where m,, and m,, are the neutron and proton rest masses, while n and

nPOU are the electron, muon, neutron and proton number densities. Moreover, in the

p
previous formula, EPOUY EEOU

pou ,,DOU ,,DOU
e ’ nu > Ny

and are the electron and muon Fermi gas energy densi-
ties, while FRCU is the SLy based interacting nucleons energy density. If one considers

the baryon number density, noted ny’°Y = 1%V + nDY, one gets the following n,’°Y
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parameterized equation of state:

EDOU(,,DOU d EDOU (,,DOU
pPOY (nPOVy = C(an )’ PPOY(,,DOVy (nl]))OU)2anOU ( nD(gg )> ’
b b
(5.3)

where pPOY and PPOV are the targeted energy density and pressure. While in Douchin
and Haensel [2001] the equation of state is constructed based on nuclear physics the-
oretical modeling, one might try to constrain the matter properties at such high den-
sities based on observational measurements. Examples of such endeavors exist in the
literature. Miller et al. [2019a] determine the mass and radius of the millisecond pul-
sar PSR J0030+0451, by analyzing the rotating surface hot spot soft X-ray emission,
detected by the Neutron Star Interior Composition Explorer (NICER), aboard the In-
ternational Space Station. Then the neutron star mass and radius, together with the
Tolman-Oppenheimer-Volkoff [Tolman, 1939; Oppenheimer and Volkoff, 1939] (TOV)
equations, are used to constrain the parameterized equation of state from Lindblom
[2010, 2018] and some piecewise polytropes. Equally, multimessenger observations
have been used to constrain the neutron star equation of state [Dietrich et al., 2020;
Landry et al., 2020; Capano et al., 2020; Essick et al., 2020].

After all, despite a good knowledge about the binary parameters, in order to predict
spectra and photometric lightcurves, one needs a model for the kilonova. During the
last years, several proposals have been made. For example, Barnes et al. [2016] sug-
gest a time-dependent, multi-wavelength radiation transport simulation parameterized
by the mass and the velocity of the ejecta. The chemical composition of the ejecta
is derived in the following way: at first, the r-process nucleosynthesis neutron rich
elements are determined by means of simulated smoothed-particle hydrodynamics tra-
jectories [Goriely et al., 2011a]. Then, radioactive reactions such as beta decay, alpha
decay and nuclear fission are considered. Therefore, the chemical elements forming the
ejecta are y-rays, [-particles, a-particles and fission fragments. The numerical simu-
lations also take into account the influence of the residual magnetic field (created by
the merger turbulence [Kiuchi et al., 2015, 2014] or inherited from the binary neutron
star(s) component(s)) on the trajectories of charged particles. It is shown that the tra-
jectories are confined inside flux tubes, because the corresponding Larmor radii are
smaller than the ejecta radius. Finally the thermalized emission is computed by ac-
counting for the energy losses of the radioactive decay products as follows: ~y-rays
through Compton scattering and photoionization; S-particles through Coulomb interac-
tion based excitation and ionization of atomic electrons; a-particles and nuclear fission
fragments through interactions with free and bound electrons. Korobkin et al. [2021]
study the ejecta morphological shape dependence of the kilonova lightcurve. By means

of a radiative transfer Monte Carlo code [Wollaeger and Van Rossum, 2014], one and
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two ejecta components are considered. While in the former case, uniform chemical
composition prior is adopted, in the latter case, the components ejecta are assumed to
have a low- and a high-electron-fraction (Y XOR) abundance pattern. The geometrical
shapes, chosen for this study, are Cassini ovals, noted HKOR PKOR BKOR TKOR 554
SKOR " corresponding, in a velocity space axisymmetric coordinates {vKOR 9KOR1 o

the following time dependent density profiles

-3
t
pKOR(UFORveKOva ::p§OR‘<tKOR) X
0

3
KOR \ 4 KOR \ 2 .
— (%) —2 <ZIT<W) cos 20KOR if HKOR
0

2 3
—2 (%o ) cos 29K0R> if PKOR
0
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where pf; tKOR

and are the characteristic scale density, velocity and time. One

should note that SKOR corresponds to the spherical shape. For the two components
model, the two shapes are (X,Y) € {HKOR pKOR BKOR TKOR GKOR2 The simu-
lation output indicates large deviations from the default spherical case of the peak time
and luminosity, as well as behaviors such as lanthanide curtaining, photon reprocessing
and photon redirection. In the following of this chapter I present a method, also de-
scribed in [Stachie et al., 2021], to convert low-latency GW data into EM photometric

lightcurves.

5.2 Compact objects masses and spins conversion into photometric lightcurves

5.2.1 GW input data and neutron star matter properties prior

The binary parameters information used in this study is provided by the Multi-Band
Template Analysis (MBTA) [Aubin et al., 2021; Adams et al., 2016] pipeline. MBTA
is a matched filter analysis searching for modelled CBC signals in the GW data. A big
difference between this pipeline and others, such as PyCBC presented in Section 2.2.1,

113



is that the data is not directly matched against a waveform spread over the entire in-
terferometer frequency band, but uses multiple bands. Indeed, the whole frequency
range, to which the GW detectors is sensitive, is split into two or more bands (hereafter
two). The splitting is realized in such a way that the corresponding signal-to-noise ra-
tio (hereafter SNRADA) is similar between different bands. For each detector, before
looking for coincidences, single interferometer triggers are generated in the following
way: a whole frequency range of mass and aligned spin template bank [Brown et al.,
2012], whose waveforms, noted VT*PA and named “virtual” templates, with a minimal
match of 97%, is considered. This set of waveforms is used to generate real templates,
noted RTAPA, for each of the frequency bands. Matched filtering between virtual and
real templates allows the derivation of the time and phase differences, noted At*P* and
A¢ P2 between the real templates, in the two frequency bands, and the virtual tem-

plates. Then, the calibrated experimental strain data, noted hADA

, 1s matched against
each single band real waveforms. The templates for which the single band SNRAPA
is higher than 5/ /2 are considered for further combinations with the other frequency
band templates. Finally, for each such combination, the virtual template SNRAPA s

computed as follows

SNRADA _ <hADA, VTADA><t) _ <hADA7 RTé?A)(t)_‘_eiA(bADA <hADA, RTS?A>(t+AtADA>7

(5.5)
where (hAPA, T)(t) = 4R [, japa %e‘zi”ﬂéﬁ AfAPA and SAPA(f) are the
frequency range of the band and the noise power spectral density. In Equation 5.5,
the corresponding real templates are noted RTyr and RTyr. A new cut consists in
considering only those triggers having | SNRAP#|> 5, then a chi-squared consistency

test is done by checking the partition of the entire SNR*P* over the different frequency
AUB

rw

bands [Allen, 2005]. Then, a reweighted signal-to-noise ratio, noted p. is calculated
based on a autocorrelation least-squares test. More specifically, this new statistical

quantity is defined as follows

AUB 02
p if(pg < 1
AUB __ _1/BAUB
rwo AUB [ ATVPHCE od? /P . (5.6)
A v otherwise
2
1 tAUB +AtA2UB

pIADUB (t) _ pAUB,RAUB AIADUB (t - tOAUB)
2A¢AUB tOAUB_ﬁ ngB(t) AéUB(t _ tOAUB)
pAUB and ¢AUP are the absolute value and the complex phase of the complex number
SNRAPA, pAUB and p”P are the phase and the quadrature components of the matched
filter output, Ap"® and A}VP are the autocorrelations between the virtual combined

template and its phase and quadrature components, t5VB and At*YB are the trigger
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time and the band frequency range, R*VB is the rotation matrix associated to ¢*UB,
Finally, in Equation 5.6, A2V = 10, oVB = 5 and BAVB = 8 are chosen coefficients.
The signal-to-noise ratio is reweighted one more time in order to account for time in-
tervals of poor data quality. The increase in the rate of statistical significant triggers is

measured with the quantity

AUB ~_ RAUB
AUB (pAUB>pAUB) (PAYB>pAUB)
IR™V2(t) = TPAUB , 5.7)
(pAUB>pAUB)

where RAVE is the rate of triggers. Then, for a GW event, triggered at time t4YE and

assigned with p*UP, a new statistical significance, noted p;., 3, is defined as
pAUB Pro” if Bp(ty"") < 0.3 (5.8)
rEn pAUB[] — AAUB(E,(tAUB) — 0.3)2""] otherwise ’

where Ep(t5VB) = 6RAUB(median[t0AUB LAUB _1gsgauBpaun ). ARUP =1, apUP = 2
and t2B = 7s are real coefficients. Coincident triggers are obtained by considering
those single interferometer triggers satisfying template parameter matching and being
separated in time by an interval smaller than the duration that a photon needs to go from
one interferometer to the other, plus some duration accounting for the measurement un-

RMBTA

certainty. Hereafter I note by SN , the signal-to-noise ratio of the interferometer

network, defined as the square root of the sum of squares of individual interferometer
pfg%R. In the present study, for a GW event, I consider not only the most significant
trigger, i.e. having the highest SNRMBTA (noted SNRMET)  but all the triggers with

max

SNRMBTA ~ SNRMBTA _ 3 Moreover, the statistical ranking used in this study, the
weight, noted w, is defined as follows: firstly, for each trigger assigned with SNR?ABTA,
the quantity dASNRMPTA — SNRMBTA _ SNRMBTA g computed; secondly the weight
w; = erf(dSNRME™) — erf(dSNR}™™), smoothed by taking the average of it and
the two dSNR; adjacent templates, is assigned. One should note that the weight allows
in some sense the clustering of the templates, which are close in the parameter space.
Indeed, for two near templates, one should expect similar SNRMETA hence the weight
of one of them approaches zero. It is worth mentioning that the indices ¢ are attributed
in such a way that i = 0 corresponds to the template with the highest SNRMB™ j = 1
to the template with the second highest SNRMB™ and so on. One should remark that
the sum of the weights is 1. At the end, the low-latency GW input data consists in a
list of 5-tuples (mq,ms, $1, So, w), where my and s; (respectively ms and s9) are the
mass and spin of the heavier (lighter) binary compact object. I want to make clear that
I did not generate by myself this list of 5-tuples. Instead, Benoit Mours, member of the
MBTA team, provided it to me.
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As stated in the previous subsection, the equation of state at supra-nuclear densities
determines some of the characteristics of the binary. Based on the hydrostatic equilib-
rium, the structure of a spherically symmetric body, of isotropic matter, is governed by

the TOV equations, as follows:

IP0) __GHmt) (1, P ) (HM> (1- 2 )) (59)

dr r2 p(r)c? m(r)c
dm(r) _ 2
o = Amrep(r), (5.10)
da(r)  _ 42, (1—2G—m(r)) B (5.11)
dr rc?

where r, G, ¢ and n,, are the radial coordinate, the gravitational constant, the light speed
and the baryon number density. P(r) and p(r) are the pressure and gravitational mass
density evaluated at r, while m(r) and a(r) are the mass and the number of baryons
inside the sphere of radius . The quantum chromodynamics based equation of state,
together with Equations 5.9 and 5.10, provides m(r), and in particular the radius rng of
the neutron star of mass myg, satisfying m(r = rys) = mns. Also the Equation 5.11
provides a(r), and in particular the baryon mass of the neutron star which depends on
a(r = rys) and the neutron star matter components. Finally, depending on the equation
of state, the TOV limit indicates the maximum mass a neutron star can have without
undergoing gravitational collapse. This is equivalent to the Chandrasekhar limit for
the white dwarfs. For the present study, I use the equations of state proposed in Ab-
bott et al. [2018a], based on the GW 170817 measurements. I briefly present here the
method to constrain the parameters of the high density matter, inspired from the works
presented in Lindblom [2010]; Lindblom and Indik [2012, 2014]. As stated above, the
equation of state indicates the dependence of the energy density ¢“ on the pressure
pMN, ie. the relation €N (ptilN)

dence of the adiabatic index I'“IN(ptN) = %j@ﬁﬁ . Indeed, if one has access
to TMN(pMN) “then the variation of the energy density with the pressure is obtained by

i deVIN (pLIN) LIN (pLINY | LIN . . .
means of the equation LN = JUINTLIN (LIN) - If one introduces the dimensionless

. This is equivalent to knowing the pressure depen-

variable 2N = log (p“N/pg™), where pg™ is a scale factor, then the adiabatic index

admits the following spectral representation
PUN(LINY — o, (Z LN LIN)k>7 (5.12)
k=0

where 1N are spectral coefficients. Even if the Equation 5.12 indicates that one needs
to compute an infinity of spectral coefficients, given that the adiabatic index is a slowly

varying quantity, a truncated expression represents a good approximation. Hereafter
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of interest are only the first coefficients v\, YN, vMN and 42N, Moreover, Equa-

tion 5.12 is a local relation, while in the field of high energy astrophysics, scientists
try to determine the equation of state based on macroscopic observables, such as the
neutron star mass and radius, and/or the tidal deformability exerced by a companion
compact object in a binary. Macroscopic quantities are obtained from the integration
of equations valid at the microscopic scale, therefore in addition to the spectral coeffi-
cients, one needs to constrain the value of an internal energy related quantity at the cen-
ter of the neutron star, in our case the central enthalpy, noted hZ™N. If BNS and NSBH
are detected, the masses MY and the dimensionless tidal deformabilities AN of the
neutron stars components can be measured. The index 7 stands for the i*" detection.
These macroscopic quantities need to be compared to the ones predicted by some cen-
tral enthalpies and spectral coefficients, say M (AN, v™) and AF™ (hZN, ™).

The spectral parameters as well as the central enthalpies of the stars are obtained by

AL A\

(5.13)

Based on only GW170817, the neutron star masses and tidal deformabilities allow the

derivation of 2396 parameterized (by Vo™, vFIN, 42N and 42N equations of state that T

minimizing the following quantity

MO )
O 1) = 3 llog( SR |

)

use in the rest of this chapter. It is noteworthy that I had not produce the 2396 equations
of state. Philippe Landry and Reed Essick offered me access to them. For each mass and
spin MBTA template, a marginalization over the entire set of 2396 equations of state is
realized as follows: given a GW low-latency template and a equation of state, the radii
R, and R; of the binary compact objects are calculated (the radius of a black hole is
assumed to be 0), before converting them to compactnesses by means of the formula
Cijp = gqué 5 (the compactness upper limit for neutron stars as well as the compactness
for black holes is considered to be 4/9 according to Buchdahl’s theorem); the baryonic

bar

mass ms" of the lighter object is computed (if the secondary object is a black hole,
the corresponding baryonic mass is 0); based on the TOV limit, the type of the compact
objects and so the type of the binary is determined. At the end of this process, I get a list

(m1m2)3/5

(m1+m2)1/5
and yoq = 22X=1M2X22 e the binary mass ratio, chirp mass and effective spin, while
€ mi+msz

f €{0,1,2} indicates the type of the binary as follows: BNS (f = 0), NSBH (f = 1),
BBH (f = 2). In the following of this chapter, I show how I convert each such tuple

of 7-tuples (q, Menirp, Xetrs C1, Co, m™, f,w), where ¢ = ma/my, Menirp =

into a kilonova lightcurve.
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5.2.2 Mass ejecta and EM lightcurve computations

In order to convert binary parameters into kilonova lightcurves, a key quantity that
needs to be computed is the amount of unbound mass ejecta. Traditionally, the expelled
matter generating the EM signal is divided into two contributions: the dynamical ejecta,
formed of heavier chemical elements, which becomes unbound during the merger of the
two binary compact object components, generally due to tidal torques and dynamical
shocks; the disc winds ejecta, formed of higher electron fraction atoms, that consists of
matter, initially bound on the accretion disc formed around the binary merger remnant
and which is subsequently driven away by the magnetic, neutrino and viscous powered
winds. In order to accurately compute the amount of mass ejecta, numerical simulations
must be used. Such simulations need to take into account many physical mechanisms at
play in these extreme environments, such as: strong field gravity, quantum chromody-
namics, general relativistic magnetohydrodynamics, neutrino transport. Several sets of
simulations have been proposed in the last years by different research groups. Such an
example, for the BNS mergers, is offered in Radice et al. [2018a]. For these simulations
temperature-dependent nuclear equations of state have been used. Moreover, neutrino
effects and viscosity have been considered, but the magnetic based physical mecha-
nisms are omitted. More precisely, the evolution of the binary is calculated starting at
the moment where the separation between the compact objects is 40km (accounting
for 2-3 orbits prior to the merger). The evolution takes into account matter composi-
tion and energy changes via reactions involving neutrinos [Bruenn, 1985; Ruffert et al.,
1996; Burrows et al., 2006; Shapiro and Teukolsky, 2008]. The absorption and emis-
sion of neutrinos is responsible for the net energy and lepton number deposition rates,

QRAD, R}}AD and READ. For the last two quantities, the indices p and n stand

RAD RAD _ yvRAD _ RAD , RAD
}/e > ''p - Y; n » Ty

noted

for protons and neutrons. Therefore, if one notes by
RAD _ _RAD | R
=N, +n,

n
and n AD the electron fraction, the proton number density, the neutron

number density and the baryon number density, the following relation holds
Viu(nyn thiap) = Byn®. (5.14)

RAD

where uf; ,, is the fluid four-velocity. Also, if one notes by e®AP and pR4P the energy

density and the pressure, then the stress energy tensor might be expressed as

(GRAD +pRAD) AD uv

TﬁZD = ulﬁADuﬁAD + PR 9RAD> (5.15)

where gk’ is the Riemannian metric. Finally, the Euler equations write

V, T = QR*Pub . (5.16)
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The simulations’ output predicts a few 1072 M, dynamical ejecta and accretion discs
weighing up to ~ 0.2 M. Concerning the dynamical ejecta, the tidal torques compo-
nent is concentrated within an angle of ~ 60° from the orbital plane, while the shocked
heated component extends to lower latitudes. Equally, more (less) mass asymmetric bi-
naries favor tidal (shock) outflows. Regarding the disc viscous- and neutrino-winds, the
presence of unbound matter is conditioned by the survival of the rotational accretion
disc for more than about one millisecond. Additionally, the amount of the remnant disc
mass is correlated to its lifetime. In the case of NSBH, the kilonova signal is condi-
tioned by the disruption of the neutron star by the black hole tidal forces. In order for
the photons to escape the black hole gravity and be able to propagate towards the Earth,
this phenomenon needs to occur before the neutron star reaches the black hole event
horizon. Examples of NSBH merger simulations are proposed in Foucart et al. [2014].
In this study, binaries with black hole masses in [7 M, 10 M|, neutron star masses
in [1.2 M, 1.4 M) and black hole dimensionless spins in [0.7,0.9] are considered.
The properties of the high density neutron star matter are assumed to be determined
by the finite temperature nuclear-theory based equation of state (with incompressibil-
ity parameter KAT = 220MeV and symmetry energy SYAT = 29.3MeV) introduced
in Lattimer and Douglas Swesty [1991]. Finally, neutrino cooling is treated through
a neutrino leakage scheme, while magnetic (such as angular momentum transport and
energy dissipation caused by the magneto-rotational instability induced turbulence) and
viscous (such as viscous heating) effects are omitted. The simulations attempt to solve
the binary evolution starting with an initial separation of 5 — 8 orbits before the merger,
and considering slightly eccentric orbits (with 0.03 — 0.04 eccentricity). The simu-
lations show that when the neutron star is disrupted, unbound matter accounting for
0.05 My — 0.20 My, is expelled in the form of dynamical ejecta. Given that the merger
timescale is 1 ms, while the neutrino radiation is spread over 10 ms, the dynamical ejecta
has a low electron fraction. Moreover, there is also bound material, in the form of a hot
accretion disc (0.04 M, — 0.14 M) and a cooler tidal tail. After the merger, the accre-
tion disc cools down through the following physical mechanisms: neutrino emission,
fall-back of the tail cold material into the disc; accretion of the disc hot material by the
remnant black hole. Unbound matter, with higher electron fraction, might be produced
subsequently from the disc by magnetic-, viscous- and/or neutrino-driven winds.
Despite that correct computations of the expelled matter require numerical simula-
tions, such an approach is not available when aiming to make low-latency predictions.
Indeed, the compact binary merger numerical simulations are computationally expen-
sive. This is why, for our study I use fitting formulae based on numerical simulation
results. Hereafter in this chapter, noted by M gy " and My are the dynamical ejecta and

the mass of the accretion disc. I also consider that the total amount of unbound matter is
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Mej = M ;yn + ( Myise, with ¢ = 0.15 [Dietrich et al., 2020]. Now I attempt to compute,
for each tuple from the list described at the end of the previous subsection, the value of
m.;. If the tuple is classified as BBH, I assume m.; = 0. Concerning the BNS case,
for the dynamical ejecta, I use the formula proposed by Coughlin et al. [2019a], based

among others on the numerical relativity simulations of Radice et al. [2018a]:

(]_ - 201)77’11

log, ngn<M®> = |a c;

+mm(@§ +q+ﬂeﬂh (5.17)

mo 2

with a = —0.0719, b = 0.2116, ¢ = 0.2116, d = —2.42 and n = —2.905 fitting coeffi-
cients. In the previous expression, C (respectively C5) represents the compactness of
the heavier (respectively lighter) neutron star. For the mass of the disc surrounding the

BNS merger compact object remnant, I make use of the formula:

¢— (mi+ m2)/Mthresh)>) 7

log,y Maisc(Mg) = max (—3, a (1 + btanh ( y

(5.18)
where ¢ = 0.953 and d = 0.0417, while a and b are mass ratio parameterized coef-
ficients. Mipesn 1S computed as in Bauswein et al. [2013a] and represents the binary
total mass value beyond which prompt collapse takes place. The expression from Equa-
tion 5.18 is the same as in Dietrich et al. [2020] and is based on the numerical relativity
datasets from Kiuchi et al. [2019]; Radice et al. [2018a]; Dietrich et al. [2017]; Ho-
tokezaka et al. [2011]. The dependence of m,.; on the binary compact object component
masses is illustrated in Figure 5.1. Equally, the two panels show the mass ejecta relative
difference between our choice for the fitting formulae and the one proposed in Nedora
et al. [2020], where M ;. and M;yn are functions of the mass ratio ¢ and the tidal de-
formability ANED While the two models present similar behaviors (more mass ejecta
for lighter and less compact neutron stars), differences of ~ 100% in the amount of
predicted mass ejecta are common. Regarding the NSBH mergers, the computation of
the disc mass is done in the same way as in Foucart et al. [2018] (based on the binary
evolution codes from Kyutoku et al. [2015]; Foucart et al. [2014]; Brege et al. [2018];
Lovelace et al. [2013]; Foucart et al. [2012, 2011]; Kyutoku et al. [2011]; Etienne et al.
[2009]; Foucart et al. [2013]), i.e.

1—2C C: °
Mdisc<M@) = mgar max (0, Oénl—/?)2 — BTISCO?Q + ’Y) y (519)
where 1 = % and rgco are the binary reduced mass and the innermost stable

circular orbit, while @ = 0.4064, § = 0.1388, v = 0.2551 and § = 1.7612 are the
fitting coefficients. Furthermore, the fitting formula for the dynamical ejecta of NSBH

mergers is taken from Kriiger and Foucart [2020] (who in their turn used the numerical
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Fig. 5.1 mej(my,my) is plotted in color, while the level lines designate the quantity
2(mej — mYFA) /(meg + miF*), where mJF* is the predicted mass ejecta according
to Nedora et al. [2020]. For the left (right) panel, the equation of state parameterized
by 7o = 0.5485, 4N = 0.3767, v2™N = —0.0690 and 71N = 0.0035 (respectively
VN = 14777, 4PN = —0.3225, N = 0.0694 and ;™Y = —0.0046), predicting
11.3km (13.0km) radius and 232 (663) tidal deformability for a 1.4 M neutron star, as

well as a 2.00 Mg (2.43 M) TOV limit, has been used.

data from Kawaguchi et al. [2015]; Foucart et al. [2019]):

" o0 2
M (M) = mb™ (al <@> 2 _ ay (@) 1180 a4> . (5.20)

ma Cy ma my

where a; = 0.007116, ay = 0.001436, ay = —0.02762, n; = 0.8636 and ny, = 1.6840.
Figure 5.2 presents the dependence of me; With g, 1/g and ms, as well as the relative
difference in the predicted dynamical mass ejecta with respect to the fitting formula
from Kawaguchi et al. [2016]. One can easily remark that the amount of unbound matter
is favored by higher effective spins, smaller neutron star masses and less asymmetric
binaries. Also, based on Figure 5.2, on can conclude that distinct models might provide
predictions being different at ~ 100% — 200%.

I also compute, based on the binary parameters, the velocity of the ejecta. Thus, for
the BNS case, I use the fitting formula from Coughlin et al. [2019a], i.e.

b
Ve = a(1+ccl%+§) e 2, (5.21)
2

where the coefficients are ¢« = —0.3090, b = 0.657 and ¢ = —1.879, while for the
NSBH case, I use the formula from Kawaguchi et al. [2016], i.e.

Ve = a—L + B, (5.22)
mo
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Xeff

Fig. 5.2 In color: m.;(xer, m2) at constant 1/q = 2 (top left); me;(1/g, m2) at constant

Xefi = 0.6 (top right); mej(1/q, Xesr) at constant my = 1.6 M, (bottom). The level

lines designate the quantity 2(M&" — MP%) /(MW" + MER ), where M, is the

dynamical ejecta predicted by the fitting formula from Kawaguchi et al. [2016]. For

the generation of the three panels, I used the equation of state parameterized by ;N =

0.3268, 77N = 0.4456, v3™ = —0.0586 and ™ = 0.0016, predicting a 12.4km
radius and 458 tidal deformability, as well as a 2.37 M TOV limit.

122



with a = 0.01533 and = 0.1907. At the end of this process, the 8-tuples (g, Mcpirp,
Xeft; C1, Co, mb? | f w) are converted into 3-tuples (mej, vej, w). More precisely, the
number of (1., vej, w) 3-tuples is equal to the size of the initial MBTA triggers set times
2396 (the number of GW170817-like equations of state used for marginalization). For
computational reasons, this set is downsampled to 1000. It has been checked that such
a downsampling preserves more than 80% of the mass ejecta probability distribution in
the case of GW170817 and GW190425.

Now I attempt to convert the 3-tuples (mej, vej, w) into kilonova lightcurves. To
this end, I make use of two kilonova models, heareafter named Model I and Model 11,
based on radiative transfer simulations. Model I is proposed in Kasen et al. [2017],
where multi-wavelength radiation transport equation is solved by a Monte Carlo code,
assuming a relativistically expanding medium. According to this model, the dynamical
ejecta has two components: one caused by the tidal torques situated at lower latitudes
and composed of heavy elements, and eventually (if the binary is a BNS) another one
caused by shocks situated closer to the poles, composed of lighter atoms. Additionally,
the color of the disc winds is determined by the early fate of the binary merger remnant.
Thus in the case of long lived neutron star remnant, the disc wind is optically blue,
while for prompt collapse, the EM signal is predicted to be at higher wavelengths. This
kilonova model is parameterized by the mass ejecta ms;, the velocity of ejecta ve; and
the lanthanide fraction X,,. While the amount of expelled neutron rich material is pri-
mordial for the existence and the brightness of the subsequent EM signal, the chemical
composition of the ejecta has a relevant impact on the color and the duration. Indeed, the
heavier elements have denser atomic transition bands, reducing the optical path length
of photons, which undergo atomic absorption and emission transitions in addition to
scattering, that happens in very dense media. Therefore, the heavier ejecta is associated
to higher opacities, determining a longer-lasting flaring and photons of smaller energies.
Model 11, introduced in Bulla [2019], is also based on a Monte Carlo radiative transfer
code [Bulla et al., 2016]. The ejecta chemical composition is set in a different way:
the expelled material is assumed to have two components, one lanthanide-rich, situated
near the plane of the initial binary and whose opening angle is ®, and one lanthanide-
free, situated at higher latitudes. Therefore, the chemical heaviness of the ejecta is fixed
by ®. On the other hand, this structure of the kilonova imposes a position dependency
of the observables. This is why, in addition to m,; and ®, these lightcurves are also pa-
rameterized by the binary inclination angle 6;,.. Therefore, both Model I and Model 11
take as input parameters ejecta properties and offer as output photometric lightcurves.
In order to have a quick response, and not wait for the radiative transfer codes to run
every time one needs an answer, a surrogate technique has been created [Coughlin et al.,

2018c] as follows: the u, g, 1, i, 2, y, J, H, and K photometric lightcurves output has
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Fig. 5.3 Absolute magnitude versus time; top left: Model II lightcurves for me; =
0.05 Mg, 0y = 45° and different values of ®; top right: Model II lightcurves for
mej = 0.95 Mg, ® = 45° and different values of 8;,.; bottom: Model I lightcurves for
mej = 0.05 Mg, ve; = 0.15 ¢ and different values of Xj,,.

been computed by evaluating the radiative transfer codes on a set of input parameters,
forming a grid. Then Gaussian Process Regression [Quadrianto et al., 2010] is used
to evaluate the time dependent photometric magnitude for any input parameters in the
vicinity of grid points. It is worth mentioning that, concerning the Model II grid, the
update presented in Coughlin et al. [2020a], where the mass is varied from 1076 M,
to 1 Mg, is used. One should also remark that, because the only binary ejecta related
information I have concerns the mass m.; and the velocity v, of the gravitationally
unbound matter, I need to make some assumptions for the other requested parameters:
Xjan in the case of Model I; ® and 6, in the case Model II. In Figure 5.3, it is shown
the variation of the g and K lightcurve output with the unknown parameters. Thus, the
increase of X, and ® implies redder lightcurves. Concerning the inclination angle,
both reddening and luminosity reduction accompany higher values of 6;,,.. It is worth
mentioning that from an observational point of view, at small inclination angles, the rel-
ativistic jet (GRB afterglow) will be superimposed to the kilonova radiation. Therefore,
the observed lightcurve will be a combination of the two emissions, and it is possible

that the relativistic jet to be the dominating part. 1 do not consider in this study this
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situation. After some assumption concerning the ejecta chemical composition and the
binary orientation with respect to an Earth observer, that I will present in the next sec-
tion, the input used to generate Model I (respectively Model II) photometric lightcurve
is represented by a list of 4-tuples (1mcj, Vej, Xian, w) (respectively (mej, D, Oine, w)).

In the rest of this subsection, I focus on the sources of uncertainty affecting the
predicted lightcurves, in the case of Model I. Just before doing that, I also define
HasEjecta, as being the weighted percentage of tuples (m.;, w) having mass ejecta
higher than 3 x 10~ M. This threshold is twice the minimum disc winds mass of a
BNS (according to Equation 5.18). The predicted errors of HasEjecta are also stud-
ied here. Therefore, the sources of uncertainty are: the GW data error measurements
imprinted on the MBTA triggers; the imperfect constraint of the neutron star equa-
tion of state; the mass and the velocity ejecta fitting errors; the prior on the chem-
ical compostion of the ejecta. On the contrary, a perfect GW strain measurement

(providing unique binary parameters m?ﬁ‘ﬁ%, ¢4 and X[xed) a complete knowledge

Sﬁxed

about the properties of matter at very high densities (providing EO ) and assum-

ing that our fitting formulae are perfect would provide unique values of m; and v,;,
unaffected by uncertainties. If in addition, one would know exactly the chemical con-
stituents of the ejecta (providing a unique value of X,,), then the predicted lightcurves
would be without any errors. One should note that I willingly omit the uncertainty
affecting the radiative transfer codes resulting in Model I surrogate. In order to quan-
tify the errors due to each source of uncertainty I proceed in the following way: for
the MBTA templates inaccuracy, I consider the uniform grid points (Mcpirp, ¢, Xeff) €

0.99med, L0LmE] x (g, min (2g9, 1)] x [, min (3¢5, 1)] (moti

vated by the MBTA results for O2 and O3 real events, presented in the next section),

and I assume EOS™°d, xfixed and no fitting ejecta uncertainty; for the neutron star

lan
equation of state uncertainty, I marginalize (mcd. g™, xied) over the 2396 equa-

tions of state and I assume X fixed

lan

and no uncertainty for the fitting formulae; for the

fixed
ej

and velocity vfx°d of the

€j

uncertainty of the ejecta fits, I first compute the mass m

ejecta based on (mg’fﬁ%, gxed yfixed FOSHed) then I consider the uniform grid points

(Mej, Vej) € [3mxed, 3mfxed] x [Fvfixed, 2vixd] (motivated by Figures 5.1 and 5.2) and

€] 27€]
fixed, for the missing knowledge concerning the chemical composition, I as-

fixed ,,fixed
ej Uej

[ assume X
sume (m ) and I vary uniformly log,, Xjan € [—9, —1]. Table 5.1 illustrates
the uncertainties on the photometric lightcurves and HasEjecta for five binaries. The
principal sources of uncertainty turn to be the ignorance about the chemical compo-
sition and the inaccuracy of the GW strain measurement. While the variation of the
lanthanide fraction primarily influences the color evolution, the imprecise MBTA tem-
plates introduce doubts about the type of the binary and thus about the existence and

the subsequent brightness of an eventual EM signal. Moreover the errors assigned to
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Binary Absolute magnitude
mixed [ plixed 1 fixed HasEjecta 1 day 2 days 3 days
(Mg) | (Mg) Error (%) g band K band g band K band g band K band
(i) -13.5 127 -11.9 -13.0 -10.3 126
(ii) 100 —13.7707 | —12.970) | 122783 | —13.4707 | —10.7.5% | —13.197)
16 | 14 | 001 | (i 100 | =119 | —121706 | —10.0749 | —11.6705 | —8.2727 | —11.27)4
(iv) —13.5.0% | —12.90% | —11.83%5 | —12.8,¢¢ | —10.3757 | —12.1.0%
™) —14.0793 | —12.37573 | —13.0095 | —12.2050 | —12.20)9 | —11.373
(vi) 100 | —12.9,2% | —13.0,07% | —11.9750 | 12,921 | —11.1737 | —12.3,28
(i) -13.7 -13.0 -12.1 -132 -10.5 -12.7
(ii) 100 | —13.7755 | —12.979% | 121722 | 133752 | —10.6,25 | —13.0731
2.0 1.4 | 0.10 | (i) 96 —13.8.9% | —13.1.93 | —12.2.50 | —13.5.9% | —10.7,9% | —13.05°
(iv) —13.6,75 | —13.2705 | —12.1.97 | —13.00;% | —10.7 59 | —12.370%
v) —14.2305% | —12.6355 | —13.2300 | 123730 | —12400% | —11.55%
(vi) 98 | —12.7.%0 | 12800 | —11.6050 | —12.607, | 1070 | —11.800%
(i) -11.5 -11.8 9.2 -11.4 -6.9 -11.0
(ii) 53 —10.3744 | —11.2723 | —9.2701 | —10.3739 | —8.1719 | —9.0751
4.0 14 | 0.10 | (i) 40 —10.3710 | —11.207 | —9.2412 10.3708 | —8.149 8.9718
(iv) —11.6375 | —11.950% | —9.7550 | —11.2505 | —7.9557 | ~10.7393
) —12.2043 | —11.037¢ | —1L0555 | —9.835% | —9.8705 | —9.1520
(vi) 27 —104723 | —11.2707 | —9.3729 | —10.3;27 | —8.2,2% | —8.9730
(i) -15.6 -13.7 -14.4 -14.6 -13.4 -15.2
(ii) 54 ~10.7752 | —11.2730 | —9.27%5 | 10,5743 | —8.175% | ~10.17})
4.0 14 | 070 | (i) 100 —14.9707 | —13.570% | —13.5.9% | —14.2.0° | —12.311 | —14.3.97
(iv) —15.10> | —13.8.00 | —13.9705 | —14.6,07 | —13.3.)q | —14.3.4%
V) —16.170% | —13.3707 | —15.009 | —14.200 | —14.4.90 | —14.3.7
(vi) 44 | —104707 | —11.2,5% | 93705 | —103,57 | —8.3100 | —9.003
(i) -11.7 -11.9 9.4 117 7.1 113
(ii) 16 —-10.3732 | —11.2715 | —92727 | —10.3728 | —8.17%2 | —9.0737
4.0 20 | 070 | (iii) 46 —10.3727 | —11.2712 | —9.2727 | —10.372% | —8.1773 9.0733
(iv) —11.87)7 | —12.050% | —9.9515 | —11.4305 | —8.035 | —10.9507
) —12.3,7 | —11.330 | —1L157 | —10.2355 | —10.0060 | —94.3%
(vi) 14 | 104757 | —1127Y | —93 T | —10.3737 | —8.2330 | —8.9757

Table 5.1 The true values of the binary parameters appear in the first three

columns, as follows: mfixd = mfbed (] 4 gixed)1/5 /(glixed)3/5 ypfixed — ypfixed (7 4
qxed)1/5(gfixed)2/5) and yfixed Tt is assumed that the exact lanthanide fraction is
Xfixed — 104 while the exact supra-nuclear equation of state EOS ™ js parame-

terized by 7o = 1.4777, 47N = —0.3225, 74N = 0.0694 and N = —0.0046,

which associates to a 1.4 M, neutron star, a 13km radius and a tidal deformability of
663, and predicts a TOV limit of 2.43 M. In column four, the different sources of
uncertainty taken into account: (i) no uncertainty; (ii) MBTA imprecise measurement
only; (iii) neutron star equation of state marginalization only; (iv) ejecta fitting errors
only; (v) ejecta chemical composition ignorance only; (vi) all the previous sources of
uncertainty together. In the fifth column, the value of HasEjecta. The last sixth columns
show the absolute magnitude at the end of 1, 2 and 3 days, for the g and K photometric
filters. The upper and lower absolute magnitude limits are defined by the 10th and 90th
percentiles.
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Xeft have an important impact on the NSBH mass ejecta, as highlighted by Figure 5.2.
The equation of state uncertainty translates in errors regarding the type of compact ob-
jects having masses ~ 2 M. For illustration purposes, Figure 5.4 provides the time
dependence of the absolute magnitude in the » photometric passband, when the differ-
ent sources of uncertainty are considered. As previously shown in Table 5.1, the most
negligible source of uncertainty turns to be the ejecta fitting imprecision.

The actual tool is aimed to be a useful low-latency product, destined to guide the
EM observer community, in their track to catch the kilonova counterpart. Wherefore,
the time needed to run this code is an important parameter. One should note that the
main compilation time (more than 98%) is used for the equation of state marginaliza-
tion and lightcurve generation by the surrogates. As a matter of example, a E5-2698 v4
processor spends 6.204 s to marginalize an MBTA template over the 2396 equations
of state, and 0.198s (respectively 0.417s) to convert a (mej,vej,Xlan) (respectively
(Mej, Oine, P)) tuple into Model I (respectively Model II) time evolution lightcurves.
Thus, the total necessary amount of time to execute these two processes is obtained
by multiplying the equation of state marginalization cost duration by 7empiates (the
number of input MBTA templates; O(10) order of magnitude) and the lightcurve cal-
culation cost duration by 1000. Nevertheless, this issue can be easily bypassed, if one
has enough computational resources. Indeed, both equation of state marginalization
and lightcurve computation are easily parallelizable (over the MBTA templates for the
former and over the (1), Vej, Xian) OF (Mej, Oine, ) tuples for the latter), so the com-
putational cost might be divided by a huge factor. For instance, if one wants to convert
input low-latency GW templates into Model I (respectively Model II) lightcurves, then
needs 598 + 0.9755 X Nyemplates (respectively 249s 4 0.9758 X Nyemplates), 1f the same

processor is used with 8 cores.

5.2.3 Method performance testing and outcome for some real events

In this section, I discuss the output of the present tool for some 02/03 LIGO-Virgo
confident detections. More specifically, I investigate those binary mergers, for which
there is a non-negligible probability to contain at least a neutron star. Therefore, the bi-
nary systems are: the BNS merger GW 170817 [Abbott et al., 2017e]; the BNS merger
GW190425 [Abbott et al., 2020a]; the binary compact object GW190814 which is ei-
ther a NSBH or a BBH according to Abbott et al. [2020b]; Essick and Landry [2020];
Most et al. [2020]; Tews et al. [2021]; Tan et al. [2020]; the NSBH merger GW200105
[LIGO Scientific Collaboration and Virgo Collaboration, 2020a]; the NSBH merger
GW200115 [LIGO Scientific Collaboration and Virgo Collaboration, 2020b]. The pre-
ferred templates according to the MBTA offline analysis are presented in Table 5.2. But

as mentioned in Section 5.2.1, for a given GW event, this tool takes as input not only
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Fig. 5.4 Time evolution of the absolute magnitude. @ The binary parameters
are (mixed mfixed 'y o) = (1.6 My, 1.4 M,0.001), the ejecta is characterized by
Xfixed " — 104 while the neutron star equation of state is parameterized by
(Y§IN AN AMIN ALINY = (1.4777,—0.3225,0.0694, —0.0046). From the top to the
bottom panel, the considered sources of uncertainty are: the low-latency inaccurate
measurement only; the equation of state marginalization only; the errors assigned to
the fitting formulae only; the ejecta chemical composition uncertainty only; all the er-
ror sources put together. For each panel, the black curve represents the case of perfect
predictions, while the blue shades contour plots designate the 1o, 20 and 30 prediction
errors.
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Event my M2 Mehirp q S1 So Xeft
(M)  (Mo) (M)

GW170817 1.674 1.139 1.198 0.680 0.040 0.000 0.024

GW190425 2269 1305 1.487 0.575 0.080 -0.010 0.047

GW190814 36.881 2.093 6.522 0.057 0.340 0.960 0.373

GW200105 27.169 1.004 3.728 0.037 0.67 -0.05 0.644

GW200115 4.011 2211 257 0.551 -066 -0.28 -0.525

Table 5.2 The parameters of the MBTA offline analysis preferred templates in the case
of GW170817, GW190425, GW190814, GW200105 and GW200115. There are four
independent parameters: the masses and the aligned/anti-aligned spins of the heavier
(m, and s1) and the lighter (m5 and s,) binary compact objects. The chirp mass m.chirp,
the mass ratio ¢ and the effective spin y.g might be expressed as functions of the pre-
vious parameters, as follows: M, = (M1m2)%°/(my + ma)'/?, ¢ = my/m; and
Xeff = (m151 + m282)/(m1 + mg).

the preferred template, but all the templates for which the SNRMB™ difference with
respect to the preferred template is lower than 3. The weighted (by the statistical signif-
icance quantity w) binary parameters obtained from all these templates are illustrated
in Table 5.3. Equally, for comparison purposes, the same quantities obtained from the
long run PE posteriors are provided. At least two remarks should be made regarding
the Table 5.3: (i) the low-latency output constrains well the chirp masses (~ 1% uncer-
tainty) and the reported values are similar to those obtained from the much more time
expensively PE runs; (ii) both the mass ratio and the effective spin are assigned with
large uncertainties (> 100%) and, in general, are quite different from the PE reported
values.

The HasEjecta values for both the low-latency and the offline PE input data are
reported in Table 5.4. Equally, HasRemnant, a LIGO-Virgo low-latency data product
provided during O3, is reported in Table 5.4. The similarity between low-latency and
PE HasEjecta is valid for all the five events. On the other hand a discrepancy betweeen
HasRemnant and HasEjecta appears in the case of GW200105. This is probably due to
the fact that GW200105 was a sub-threshold event, being triggered only by the LIGO-
Livingston interferometer, as mentioned in LIGO Scientific Collaboration and Virgo
Collaboration [2020a]; Abbott et al. [2021b]. One step further, for a fair comparison of
these three quantities, would be the study of a injected signals set. This investigation,
although extremely motivating, would require much more work, thus it was not realized
during my thesis. According to Table 5.4, the only events with non-negligible predicted
mass ejecta are GW170817 and GW190425. The cumulative probability densities of
m.; for both events and for both MBTA and PE input data are provided in Figure 5.5.
One should note both the resemblance of the low-latency data versus PE data based
results distributions, and the fact that the GW 190425 mass ejecta is predicted to be
smaller that the m.; of GW170817.
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MBTA PE

Event Michirp q Xeff Mchirp q Xeff
(Mo) (Mo)

GW170817 | 1.198_g00; 0.756139%  0.029%39T | 1.186 0.864+3197  0.003+0L.
GW190425 | 1.487+0001  0.784+012L  0.02610:92¢ | 1.437+0018  0.657+0266  (.05810:07
GW190814 | 6.4747012%  0.058*34%  0.3217099 | 6.0970048  0.11173%%5  —0.003+5:947
GW200105 | 3.653739% 0.081702%  0.3827020¢ | 3.61975:007  0.2370%:  —0.027701%
GW200115 | 257679018 0.3367923%  —0.264+032, | 2.582+0001  ().195+00%9 ) 03570106

Table 5.3 Median (50th percentile), upper limits (90th percentile) and lower limits (10th
percentile) of the binary parameters Mmchirp, ¢ and xeq, for GW170817, GW190425,
GW190814, GW200105 and GW200115. While the columns 2-3-4 present the MBTA
output templates results weighted by w, the columns 5-6-7 illustrate the binary param-
eters obtained by sampling unweighted items from the parameter estimation (hereafter
PE) posteriors [Veitch et al., 2015]. More precisely, the PE samples used here are the
same as in [Abbott et al., 2019a, 2021a].

Event HasRemnant MBTA HasEjecta PE HasEjecta
GW170817 100% 100% 100%
GW190425 > 99% 98% > 99%
GW190814 < 1% 0% 0%
GW200105 12% 0% 0%
GW200115 9% < 1% 0%

Table 5.4 HasRemnant, MBTA HasEjecta and PE HasEjecta. While the HasRemnant
values appearing here are the same as the ones reported in LIGO Scientific Collabora-
tion and Virgo Collaboration [2019a] (for GW190425), LIGO Scientific Collaboration
and Virgo Collaboration [2019b] (for GW190814), LIGO Scientific Collaboration and
Virgo Collaboration [2020a] (for GW200105), LIGO Scientific Collaboration and Virgo
Collaboration [2020b] (for GW200115) and Abbott et al. [2019b] (for GW170817; ac-
tually in this case I use the value reported for EM-Bright), the PE samples used here are
identical to those reported in Abbott et al. [2019a] (for GW170817) and Abbott et al.
[2021a] (for GW 190425 and GW190814).

130



10°
GW170817, MBTA

GW190425, MBTA
GW170817, PE
GW190425, PE -

10°1

1072

Cumulative Distribution Function

-3
1025 -4 -3 2 -1

|0910(mej)

Fig. 5.5 log;, me cumulative distribution function for GW170817 and GW190425.
One should note that this plot is slightly different than the one appearing in Figure
6 of Stachie et al. [2021]. The reason for this is the fact that here I use the PE
samples from Abbott et al. [2019a] (for GW170817) and Abbott et al. [2021a] (for
GW190425), while in the published paper, I used, by mistake, the PE samples cor-
responding to the GW waveforms priors IMRPhenomPv2_NRTidalv2 [Dietrich et al.,
2019], for GW170817, and Taylor F2 [Damour et al., 2001], for GW190425.
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The time evolution of the absolute magnitude for GW170817 and GW 190425 are
illustrated in Figure 5.6. One should note that the contours error bars do not contain
the uncertainty of the fitting formulae and, even more important, of the chemical ejecta
composition, because I use the prior X},, = 10~ (respectively ® = 45°) for in the case
of Model I (respectively Model II) lightcurves. In addition, for the Model 11 lightcurves,
cos Oy is chosen to be uniform in [0, 1]. These assumptions are consistent with the re-
sults from Coughlin et al. [2018a]; Dietrich et al. [2020]. One should note the different
behaviors of the Model I and Model II absolute magnitude in the first half day of flaring:
while the Model I brightness decreases, the Model Il luminosity increases. While for
GW170817, one should remark the agreement between the predicted lightcurves and
the observational points, for GW 190425, it is worth mentioning that the EM signal is
predicted to be dimmer, which, in addition to the broad sky localization and the high
location distance, is indicative of the non-detection. The absolute magnitude might be
converted into apparent magnitude by making use of the distance information contained
in the Bayestar skymaps [Singer and Price, 2016]. The distance details might be ma-
nipulated in different ways. In this case I calculate a mean luminosity distance d;, from
the Bayestar skymap and I convert the absolute magnitude M into apparent magnitude
m by means of the formula m — M = 5log,,d; — 5, where dj, is in units of pc. One
might have envisaged to derive a sky direction dependent luminosity distance, which
is actually the information contained in a Bayestar skymap, but I decided to be as sim-
ple as possible for the actual study. In Figure 5.7, there are two examples of apparent
magnitude for GW190425. One set of contours represents the lightcurve for log;y Xian
uniform in [—9, —1], while the other set designates the prior Xj,, = 10~*. One should
note that I do not include here the uncertainty, due to the distance luminosity measure-
ment error, which I estimate to account for ~ 0.7 magnitudes.

The method used for the computation of HasEjecta has been used in the work re-
lated to the detection of the NSBH mergers GW200105 and GW200115 [Abbott et al.,
2021b]. The input data is represented by the output posteriors of the offline MCMC
runs [Ashton et al., 2019; Romero-Shaw et al., 2020; Smith et al., 2020; Speagle, 2020;
Lange et al., 2018; Veitch et al., 2015]. More precisely, the GW waveform priors
used in these MCMC runs are IMRPhenomNSBH [Thompson et al., 2020], SEOB-
NRv4ROMNRTidalv2NSBH [Matas et al., 2020]. Equally the combined parameter es-
timation samples obtained by using the GW waveforms, IMRPhenomXPHM [Pratten
et al., 2021] and SEOBNRv4PHM [Ossokine et al., 2020], is considered like in other
studies [Abbott et al., 2016a; Ashton and Khan, 2020; Abbott et al., 2020b]. The result
of the method indicates that, with a probability higher than 99%, the ejected mass is

below 10~6M, for the two binary systems.
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Fig. 5.6 Absolute magnitude versus time for GW170817 (on top) and GW 190425 (on
pear in blue, while the Model II lightcurves are in red. For each lightcurve, the two
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dashed line corresponds to the median. Finally, regarding GW170817,
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Fig. 5.7 Time evolution of the GW 190425 apparent magnitude, based on the PE input
data. The chemical composition ejecta priors are: Xj,, = 10~ for the red lightcurve
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CHAPTER 6

Conclusion

During my PhD research, I participated in projects (see Figure 6.1) destined for the
multimessenger detection of compact binary mergers. Except for the study presented in
Chapter 4, all the other activities are assumed to require both GW and EM data. By GW
data in this thesis, I always meant data from the ground based interferometers LIGO and
Virgo. On the other hand, I was interested into two types of EM counterparts: the -
rays, detected by the high energy detectors aboard space observatories (in this thesis
it is always about Fermi-GBM), and interpreted as a short GRB prompt emission (in
Chapter 2), or a short GRB precursor (in Chapter 3); the ultra-violet/optical/infrared
emission, detectable by terrestrial telescopes (in this thesis it is always about ZTF), and
representing the kilonova signal. All these studies (will) appear in published articles,
as follows: Stachie et al. [2020a]; Hamburg et al. [2020] for Chapter 2, Stachie et al.
(2021) in prep. for Chapter 3, Stachie et al. [2020b]; Antier et al. [2020b] for Chapter 4
and Stachie et al. [2021]; Abbott et al. [2021b] for Chapter 5.

Presented in Chapter 2 is a method to search for associations formed of an EM
Fermi-GBM trigger and a GW LIGO single interferometer candidate, and generated by
the merger of a compact object binary in the Universe. The EM and the GW trig-
gers are found independently by two all-sky all-time pipelines: the offline PyCBC
GW [Dal Canton et al., 2014] analysis matching the observational strain data against
the modelled compact binary merger waveforms from a template bank; the rargeted-
search [Blackburn et al., 2015] aiming to coherently identify an excess of high energy
photons characterized by broken power law energetics. Each trigger has assigned a
ranking statistic (LLR for EM triggers and p,,, for GW triggers), a sky localization
probability distribution and an arrival time (EM trigger center time measured at Fermi
and GW coalescence time measured at the interferometer). The pairs of triggers are
formed in the following way: for each GW candidate, the most significant (with the
highest LLR) EM trigger in between [—30s, 30| is considered. A statistical analysis,
based on Bayesian inference, is proposed. Thus, for each pair of triggers, a joint ranking
statistic is derived based on the significances of the two triggers, their skymap overlap

and the time separation between the arrival times of the two eventual messengers. By
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Stachie et al. 2020, Stachie et al. 2021 in prep.

Class. Quant. Grav., 37, 17

work during PhD

Stachie et al. 2020,
Mon. Not. Roy. Astron. Soc., 497, 2

Stachie et al. 2021,
Mon. Not. Roy. Astron. Soc., 505, 3

Fig. 6.1 An overview of the main projects I worked on during my PhD.

artificially creating background associations (by time slides; in a similar way the GW
pipelines create artificial coincident triggers between two distinct GW interferometers),
the ranking statistic distribution for noises is derived. This distribution is converted into
a FAR function, which is used for the evaluation of the foreground triggers’ signifi-
cance. The highest ranked associations are also manually analyzed by means of Omega
scans [Chatterji et al., 2004] of the GW data and EM lightcurve eye investigations. At
the end of the analysis, despite the survival of an interesting pair for which there is no
clear evidence for rejection, I conclude the non-existence of unambiguous astrophysical
association. This method might be improved, and new solutions for the analysis of the
data from the next observing runs are envisaged. For the derivation of the joint ranking
statistic, unrealistic assumptions have been made. For example, it was considered that
the probabilities of the different hypothesis (to have two background triggers; to have
a GW noise candidate and a EM real event; to have a GW real event and a EM noise
candidate; to have two non-related real events; to have two real signals generated by the
same astrophysical event) are equal. This prior might be corrected easily because now,
after O3, there is a good knowledge about the rate of binary mergers in the Universe
as well as about the rate of GW pipeline triggering. Another aspect that needs to be
treated with care is the restriction of the input data sets to those candidates which are
really presumed to be in coincidence with another messenger. For example, one might
restrict the list of compact object binary candidates to only those triggers for which the
best template contains at least a neutron star, the existence of baryon matter being a
mandatory (but not sufficient) condition for the generation of EM radiation, and the list
of EM triggers to those events being shorter than 2s and possessing a hard or normal
spectrum, as the majority of short GRBs do. One should note that, if one wants to

still search for less probable coincidences, such as those of BBH like signals with EM
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signals, one might use trial factors. A reason motivating this restriction for the present
method is to avoid the pollution of the joint ranking background distribution with un-
necessary noise associations. The effect of this will be the lowering of the FAR values
for the higher joint rankings.

Chapter 3 proposes a tool to search for EM signals modulated by the orbital phase
of a binary prior to the merger. The only assumption I make about the structure of the
signals is that for distinct orbits there are the same orbital phase windows responsible
for the maximum of intensity. Therefore, the idea of the statistical analysis appears intu-
itively: by summing the number of photons histograms in the orbital phase, for several
orbits, the maxima will add to the other maxima and the minima to the other minima. At
the end of this summation process, in the orbital phase space (going from 0 to 27), the
lightcurve will present a peak, more accentuated than the peaks of the different orbits,
when taken separately. Finally the technique, used in this study, to search for an excess
of photons in this artificial (because it is the sum over several orbits) orbital phase is
almost identical to the targeted-search [Blackburn et al., 2015] method used to identify
a energy excess in the initial time space. An objective of this study is to prove that, in
the case of orbital phase modulated signals, this new search (the chirp-search) is more
suitable than a pipeline (in this case the targeted-search) aiming to simply identify an
excess of power, whatever the structure of the signal. Initially both searches are tried at
random times, obtaining the LLR background distributions. Then the searches are used
to recover injected modulated signals, named exotic-waveforms. The injections repre-
sent peculiar signals, for which the flaring happens with equal intensity during the same
10° orbital phase windows, while the radiation emission is forbidden outside these win-
dows. It is proved that the FAP distribution for the injected signals is situated at lower
values in the case of the chirp-search than in the case of the targeted-search. Also in-
vestigated is the dependence of the pipeline sensitivity loss with the uncertainty of the
coalescence time and the chirp mass of the binary. Finally, the two searches are used for
GW170817 [Abbott et al., 2017e], GW 190425 [Abbott et al., 2020a], GW 190814 [Ab-
bott et al., 2020b], GW200105 and GW200115 [Abbott et al., 2021b], and it is con-
cluded that there is no unambiguous GRB precursor candidate for any of these events.
Ways to improve the chirp-search might be envisaged. One important limitation of the
pipeline is the high LLR of the background triggers. Some kinds of events, such as
solar flaring, might not be avoided (unless one uses specific filtering for the events lo-
calized nearby the Sun) because a high intensity non-modulated signal is also identified
by the chirp-search (as also by the targeted-search). However, some statistical signifi-
cant spurious events are particular in the case of the chirp-search. Indeed, as the search
is done over fixed timescales, these search durations do not necessarily cover an integer

number of orbits. Therefore, the summation of the photon counts over several orbits
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is biased and artificial fluctuations appear in the orbital phase lightcurve. A correction
would consist in slightly changing the search duration in order to have an integer num-
ber of orbits. Other features of the search, which might impact the sensitivity of the
pipeline, are related to the energetics. The chirp-search uses the same hard, normal and
soft templates for the recovery of the signals. These Band functions are characteristic of
the main GRB prompt emission (due to synchrotron radiation and Compton scattering),
but there is less information about the flaring mechanism at play for a GRB precursor.
Therefore, one might try to use other templates such as the black body distribution.

A machine learning based method for the discrimination of optical transients, based
on photometric observations, is proposed in Chapter 4. The heart of the method consists
of a multi-wavelength classifier, named astrorapid [Muthukrishna et al., 2019],
which is supposed to discriminate between 13 classes of astrophysical objects plus a
class accounting for the moments preceding the flaring episode. Initially, the work con-
sisted in manipulating the time dependent distribution probability output of ast rorapid
in such a way that only four classes remain: the initial kilonova template is kept as
“KN”; the different supernovae classes are collapsed in one superclass named “SN”;
the other (than kilonovae and supernovae) astrophysical classes are collapsed in a su-
perclass named “Others”; a class named “Indistinguishable” is introduced to partially
account for the initial “Pre-explosion” astrorapid class. Then the code is tried on
both ZTF real objects (“SN”” and “Others” types) and injected signals (“SN” and “KN”
types). Everywhere in this project, I make use of r and/or g photometric filter obser-
vations. Concerning the real ZTF events, the method needs ~ 10 observations, in both
r and g filters, to have more than 40% correct identification. Regarding the injected
signals, when the sampling is ideal (two observations per night in each filter), almost all
supernovae are correctly identified at the end of the first day, while the kilonovae neces-
sitate ~ 2.5days to be identified with ~ 50% fairness. The situation is more worrying
when the kilonovae are observed with a cadence similar to the one of ZTF. Finally, the
color related information turn out to be primordial, as the performance of the classifier
is much worse when only one photometric passband information is available. Although
during my thesis, the work related to this study stopped here, this investigation is part
of a larger project concerning the best observing strategy a telescope (network) should
adopt. Indeed one might ask what is the compromise to be considered between the case
of many observations with a same photometric filter and the case of many filters but few
observations per filter. This addresses several questions: given a number of filters, how
many observations an astrophysical transient needs in order to be identified with good
confidence?; given a number of filters, what is the optimal observation rate?; etc. Once
all these questions are answered, the EM observing community might maximize their

resources in order to identify the so-rare kilonovae events.
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Chapter 5 presents a method to convert GW low-latency data into kilonova lightcurves.
The low-latency data contain information related to the masses and the spins of the bi-
nary compact object components. An intermediate major step, before the derivation
of the photometric lightcurves, is the computation of the gravitationally unbound mass
ejecta, which is assumed to be the sum of two components: the dynamical ejecta ex-
pelled during the merger by the tidal torques and the shocks, and the disc winds ejecta
which consists in matter initially bound on the accretion disc surrounding the merger
remnant black hole, and which subsequently becomes unbound due to, among others,
neutrino radiation, magnetic and/or viscous effects. The amount of mass ejecta (as well
as the velocity of the ejecta) is calculated by means of fitting formulae [Coughlin et al.,
2019a; Dietrich et al., 2020; Foucart et al., 2018; Kriiger and Foucart, 2020; Kawaguchi
et al., 2016], derived previously based on numerical relativity simulations. Neverthe-
less, in order to use these fitting formulae, one needs information related to the prop-
erties of the matter inside neutron star. Given that, to date, the supra-nuclear equation
of state is not completely known, the assumption used here consists in marginalizing
over GW170817-like equations of state [Abbott et al., 2018a]. Then two numerical sur-
rogates, based on two kilonovae models [Kasen et al., 2017; Bulla, 2019], are used to
convert mass and velocity of ejecta into photometric lightcurve. One should note that a
prior about the chemical composition of the ejecta (and for one of the kilonova model,
a prior about the binary inclination angle) is also needed. The predictions match well
the AT 2017gfo observational data and are consistent with the non-detection of an EM
counterpart for GW190425. However the predicted error bars are significant, rendering
the utility of such a tool questionable for the moment. An investigation of the sources of
uncertainty has been done, and it has been concluded that the ignorance about the ejecta
chemical composition, as well as the inaccuracy of the GW strain measurement, are the
most prejudicial. Probably, the only way the question related to the chemical heaviness
of the ejecta might be answered is by the detection, in the near future, of several other
such transients. Indeed, the higher the number of detections the better the lanthanide
fraction constraint. On the other hand, some improvements can be made concerning the
impact of the low-latency data inaccuracy. While the low-latency chirp mass is a well
measured quantity, and so does not need any modification, the information related to
the mass ratio and the effective spin can be replaced with priors based on binary popu-
lation. Indeed, the size of the catalog of real GW events [Abbott et al., 2021a] increased
significantly during the last years and will increase even more in the next years, and so
the binary parameter distributions will be more and more precise. Moreover, the im-
provement of the ground based GW interferometers will reduce the uncertainties on the
low-latency data, while future detections of BNS/NSBH events, allowing the measure-

ment of the tidal deformability, will represent a step further in the computation of the
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neutron star equation of state. Thus, there are hopes that this tool, which is able to pro-
vide predictions with a (few) minute(s) latency, will represent a useful implementation
for reporting to EM observers.

The neutron stars and black holes are astrophysical objects about which the scien-
tific community learned a lot in the last decades. Simultaneously, the number of both
short GRB and GW events has increased considerably. On the other hand, we are at
the beginning of the era of multimessenger astronomy. For the next years, with the im-
provement of the GW detectors’ sensitivity and the construction of the next generation
wide field of view telescopes, there are hopes that coincident detections of EM and GW
signals, generated by a same astrophysical system, to become a common thing. How-
ever, the construction of more sensitive detectors is not the only challenge that awaits
scientists. Indeed, the amount of data to analyze will also be huge. Therefore not only
the independent search pipelines will probably necessitate modifications, but need of
strengthened coordination between GW and EM communities will be required. The
research activities, I participated to during my PhD, are part of this effort. While the
studies presented in Chapters 2 and 3 might be helpful for the identification of new GW,
short GRB precursor and main prompt emission events, the projects from Chapters 4
and 5 are dedicated to the guidance of the EM observing community in the case of a
GW detection. One should be aware that the ideas behind these projects can be slightly
modified in order to address other issues. For example, the search for coincident EM
and GW signals, from Chapter 2, might be easily modified in a search for coincident
EM/GW and neutrino signals. Likewise, instead of searching for an EM signal mod-
ulated by the orbital phase evolution of a binary, as described in Chapter 3, one might
check for modulation into a short GRB event possessing a precursor, and then correlate
with the GW data, if available. Also, the studies from Chapters 4 and 5 might be up-
dated in order to offer more ingenious ways to find the targeted kilonova event, buried
in the list of identified transient objects. In the next years, low-latency tidal deforma-
bility information, as well as binary inclination angle, might be available, improving
thus the precision of the kilonova lightcurve prediction. By combining early photomet-
ric/spectroscopic observations with lightcurve predictions, the discrimination between

transient objects will probably be more efficient and more accurate.
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