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Courbes de densité locale du taux différentiel en fonction du logarithme de la luminosité. La courbe que nous avons trouvée dans notre travail est représentée par la ligne continue bleue, les zones ombrées représentant ses intervalles crédibles de 50% et 90%. D'autres courbes analogues provenant de [START_REF] Salafia | Gamma-ray burst jet propagation, development of angular structure, and the luminosity function[END_REF], en orange, [START_REF] Tan | The jet structure and the intrinsic luminosity function of short gamma-ray bursts[END_REF], en jaune, et [START_REF] Ghirlanda | Short gamma-ray bursts at the dawn of the gravitational wave era[END_REF], en vert, sont affichées pour une comparaison directe. La valeur de L iso mesurée pour le GRB 170817A avec son incertitude est représentée en magenta comme valeur de référence.
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1.1 Representation of a ring deformation when a gravitational wave passes through it either having an h + or a h × polarization. The wave propagates with a period T = 2π/ω. Credits: [START_REF] Tiec | Theory of Gravitational Waves[END_REF]. . . . . . 1.2 Time evolution of the gravitational wave waveform from a coalescing compact binary system. Credits: M. Favata/SXS/K. Thorne. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Schematic representation of the sky position angles θ and ϕ and of the polarization angle ψ, relatively to the two reference frames of the interferometer (x, y, z) and of the plane wave (x ′ , y ′ ). Credits: [START_REF] Abadie | Calibration of the LIGO Gravitational Wave Detectors in the Fifth Science Run[END_REF] of activity of the Fermi/GBM detector. The continuous line represents the curve fitted to the histogram and the dashed and dashdotted line correspond, respectvely, to the fitted T 90 distributions for the sGRB and LGRB population. Credits: [START_REF] Von Kienlin | The Fourth Fermi-GBM Gamma-Ray Burst Catalog: A Decade of Data[END_REF] . . . 2.3 Schematic drawing of the theoretical lifespan of a GRB jet. Both the long and short GRB scenarios are represented, respectively on the left and on the right side of the picture [START_REF] Salafia | The structure of gamma ray burst jets[END_REF]. . . . . . . . . 2.4 Fermi spacecraft under construction. On the top of it is located the Large Area Telescope, while some of the NaI(Tl) detectors of the Gamma-Ray Burst Monitor are visible on its side with different orientations. Credits: https://gammaray.nsstc.nasa.gov/.
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Plots from the GW unmodeled followup analysis of GRB 200101861.

Upper panel: representation in the circnullinc vs circnullenergy plane of the onsource events, indicated by crosses, and of the injections, indicated by squares. The pink dashed line indicates where the coherent cut applies. The loudest on-source event is marked by a star. Lower panel: GW BNS detection efficiency curve as function of the GW strain amplitude. The black curve and blue curve differ for applying and not applying, respectively, data quality vetoes. The 50% and 90% upper limits on the amplitude of a possible BNS GW signal are marked by a yellow and a red square. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 3.5 Distributions of the loudest background events as functions of the statistical significance for the X-pipeline analysis of GRB 200101861. Each curve represents the events after a different cut is applied.
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The measured isotropic peak luminosity of GRB 170817A (yellow dashed line with shaded area) is reported as a reference value. . .

6.1 Differential local rate density curves as functions of the logarithm of the luminosity. The curve we find in our work is represented by the blue solid line, with the shaded areas representing its 50% and 90% credible intervals. Other analogous curves from [START_REF] Salafia | Gamma-ray burst jet propagation, development of angular structure, and the luminosity function[END_REF], in orange, [START_REF] Tan | The jet structure and the intrinsic luminosity function of short gamma-ray bursts[END_REF], in yellow, and [START_REF] Ghirlanda | Short gamma-ray bursts at the dawn of the gravitational wave era[END_REF], in green, are displayed for a direct comparison. The value of L iso measured for GRB 170817A with its uncertainty is represented in magenta as a reference value. 6.2 Inverse cumulative local rate density a function of luminosity.
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Synthèse en français

Ondes gravitationnelles

Les ondes gravitationnelles (en anglais "gravitational waves", GW) sont des contractions et des dilatations de l'espace-temps générées par le mouvement d'objets massifs qui peuvent être décrites par la relativité générale, c'est-à-dire la théorie qui décrit géométriquement la gravité comme une interaction entre la courbure de l'espace-temps et la masse et l'énergie d'un système. Leur existence a été théorisée au début du 20e siècle, mais en raison de la faiblesse de la gravité par rapport aux autres forces fondamentales, leur découverte expérimentale a constitué un défi de taille. Une première détection indirecte de ce phénomène a été réalisée grâce à l'observation des déplacements du périastre dans un système binaire de pulsars, mais la détection directe d'un événement GW n'a été réalisée qu'en 2015, lorsque la coalescence d'un système binaire de trous noirs a produit un signal dans les deux interféromètres LIGO.

Sursauts gamma

Les sursauts gamma (en anglais "gamma-ray bursts", GRB) sont des éclairs lumineux de haute énergie très variables d'origine astrophysique, observés de nos jours à un rythme d'environ un par jour depuis n'importe quelle direction du ciel. Les premières preuves de ces phénomènes ont été observées par hasard entre la fin des années 60 et le début des années 70 par les satellites Vela, un groupe de satellites visant à détecter les essais d'armes nucléaires non autorisés après le "Traité d'interdiction partielle des essais nucléaires".

L'observation à l'aide de satellites spécialisés a progressivement permis d'obtenir davantage d'informations sur ces phénomènes au cours des décennies suivantes. Les GRBs ont été mesurés comme étant distribués de manière isotrope dans le ciel et leur distribution de flux suggère qu'ils proviennent de distances cosmologiques, ce qui a été confirmé plus tard par les premières mesures de redshift associées à ces événements. Les observations des différentes distributions de durée des GRBs ont permis de les diviser en deux classes, à savoir les GRBs courts (sGRBs) et longs (LGRBs), dont les émissions sont observées, respectivement, pendant moins et plus de 2 s. Les spectres observés dans les GRB sont non thermiques et on a observé qu'ils sont plus durs, c'est-à-dire que les énergies spectrales maximales sont plus élevées, pour les sGRB que pour les LGRB. Les différences entre les GRB courts et longs suggèrent qu'ils ont des progéniteurs différents, en fait les sGRB sont principalement associés à des événements de coalescence binaire compacte (en anglais "compact binary coalescences", CBC) et les LGRB à des supernovae d'effondrement du noyau de type Ic (en anglais "core collapse supernovae", CCSNe).

Des mesures précises de la position des GRB dans le ciel ont permis d'observer des émissions électromagnétiques dans plusieurs longueurs d'onde après les émissions de rayons gamma. Les ruptures observées dans ces émissions appelées "afterglow", en particulier dans les longueurs d'onde optiques et des rayons X, nous indiquent que l'émission électromagnétique dans les GRB est fortement diffusée dans des jets relativistes. L'observation exceptionnelle du GRB 170817A a en outre renforcé les hypothèses selon lesquelles les jets de GRB ont une structure et que l'émission dépend de l'angle par rapport à l'axe du jet.

Compte tenu des observations dont nous disposons aujourd'hui, il existe encore de nombreuses hypothèses et de nombreux modèles qui tentent d'expliquer l'émission électromagnétique particulière de ces phénomènes complexes. La plupart d'entre eux s'accordent sur la présence d'un moteur central alimentant le jet, qui perce la matière environnante en produisant les rayons gamma observés via des chocs relativistes.

Observation d'événements de coalescence binaire compacte

Les trois premiers cycles d'observation du IGWN (International Gravitational Wave observatory Network) ont permis de détecter une grande variété d'événements de CBC. Virgo a rejoint LIGO dans les observations à la fin de O2, tandis que KAGRA a rejoint le réseau au cours du dernier mois de O3.

Au cours des campagnes d'observation O1, O2 et O3, un total de 90 signaux candidats CBC ont été estimés comme ayant une origine astrophysique. Alors que la grande majorité des événements ont des système binaire de trous noirs (en anglais "binary black hole systems", BBH) comme progéniteurs, quelques-uns d'entre eux ont été trouvés compatibles avec des systèmes binaires d'étoiles à neutrons (en anglais "binary neutron star systems", BNS) et systèmes binaires d'une étoile à neutrons et un trou noir (en anglais "neutron star-black hole systems", NSBH).

La mesure des paramètres des systèmes binaires à partir des ondes gravitationnelles nous permet d'étudier la population d'objets compacts qui peuvent les générer. La distribution de quantités telles que la masse et le spin peut aider à comprendre les processus de formation des objets compacts et des systèmes binaires en orbite.

On pense que les systèmes binaires se forment principalement soit par évolution binaire isolée, où les binaires compacts évoluent ensemble en tant que système binaire d'étoiles qui finissent leur vie en trous noirs ou étoiles à neutrons, soit par formation dynamique, où les objets compacts se couplent dans des environnements denses tels que les amas d'étoiles. L'orientation des spins des composants d'une binaire, par exemple, peut donner un indice sur son canal de formation, que les spins soient alignés, auquel cas il est plus probable qu'elle se soit formée par évolution binaire isolée, ou qu'ils soient désalignés, ce qui est un indice d'une possible formation dynamique.

La distribution de masse des composantes binaires devrait couvrir la gamme de masse de 1 à ∼ 100M ⊙ , avec quelques intervalles vides liés aux mécanismes de formation et de mort d'étoiles massives. Il est probable, par exemple, que l'intervalle de masse entre les étoiles à neutrons les plus massives et les trous noirs les moins massifs soit étroit, c'est-à-dire de l'ordre de ∼ 3 -5 M ⊙ , compte tenu des observations d'objets compacts en rayons X et des explosions de supernovae par effondrement du noyau, mais cette hypothèse est remise en question par les observations des ondes gravitationnelles et de la Galaxie. Un intervalle vide de masse entre ∼50 et ∼120 M ⊙ est également attendu en raison de l'instabilité de la production de paires dans les modèles d'évolution stellaire, mais cet intervalle vide a également été remis en question par les observations d'ondes gravitationnelles.

Les signaux d'ondes gravitationnelles peuvent également être recherchés en relation avec les sursauts gamma. Les mêmes événements cataclysmiques qui génèrent les sursauts gamma sont considérés comme des sources d'ondes gravitationnelles et l'association entre ces deux classes d'événements, à savoir un signal GW de binaire d'étoiles à neutrons et un sGRB, a été confirmée par une détection conjointe. Etant donné la possibilité de détecter des signaux d'ondes gravitationnelles associés à des événements GRB, des pipelines dédiés effectuent une recherche de transitoires d'ondes gravitationnelles en coïncidence avec les GRB qui sont détectés pendant les cycles d'observation de l'IGWN.

L'observation de GW170817 et GRB 170817A et ses conséquences

Le 17 août 2017, un signal d'ondes gravitationnelles BNS a été observé par les détecteurs LIGO et Virgo. C'était la première fois qu'une coalescence d'un système binaire d'étoiles à neutrons était observée par le biais d'ondes gravitationnelles et il a été possible de déterminer avec précision la portion du ciel d'où provenait l'événement grâce au réseau de trois interféromètres observant en même temps.

Environ deux secondes après la fusion du système d'étoiles binaires à neutrons, un GRB court a été observé indépendamment par Fermi/GBM et l'instrument SPI-ACS du satellite INTEGRAL, provenant de la même région du ciel que le signal d'ondes gravitationnelles BNS. Les caractéristiques particulières de ce sGRB, telles que sa luminosité incroyablement faible, ont commencé à dissiper le brouillard autour de certains modèles d'émission de GRB et de la structure du jet. Le suivi ultérieur de cet événement et les observations de l'afterglow du GRB et d'une kilonova ont confirmé que les étoiles binaires à neutrons peuvent être à l'origine de GRB courts.

Cette observation conjointe GW-GRB a été la pierre angulaire de l'astronomie multi-messagers, c'est-à-dire l'étude des sources astronomiques par l'observation de différents porteurs de signaux, dans notre cas le rayonnement électromagnétique et les ondes gravitationnelles.

Étude de la population des GRBs courts

La luminosité anormalement faible mesurée pour GRB 170817A a soulevé de nombreuses questions. Des tentatives ont été faites pour l'expliquer par l'émission d'un jet structuré vu hors axe ou par d'autres mécanismes d'émission alternatifs. Quel que soit le scénario atypique de cette observation non conventionnelle, une autre question est de savoir s'il existe une population sous-lumineuse de GRBs courts, non détectés aux distances de luminosité habituelles mesurées pour la population de sursauts connus. En fait, le GRB 170817A n'aurait pu déclencher le logiciel embarqué de Fermi/GBM que jusqu'à une distance de luminosité de ∼ 50 Mpc. Dans des conditions optimales, c'est-à-dire avec un faible bruit de fond et une bonne géométrie du détecteur, il aurait pu être détecté jusqu'à ∼ 80 Mpc. L'absence d'autres GRBs observés à ces ordres de grandeur a incité à trouver des méthodes alternatives pour la caractérisation de la population des sGRBs à faible luminosité.

Le modèle de la population de GRB courts que nous utilisons comme point de départ a été dérivé dans un travail de D.Wanderman et T.Piran publié en 2015 [START_REF] Wanderman | The rate, luminosity function and time delay of non-Collapsar short GRBs[END_REF], ci-après désigné par l'acronyme WP15. Ici, la fonction de luminosité et le taux de GRBs courts non collapsaires ont été estimés à partir d'un échantillon de GRBs courts issus des catalogues de BATSE, Fermi/GBM et Swift/BAT, en utilisant les flux de crête et les décalages vers le rouge mesurés.

Mon travail étend à des luminosités plus faibles la distribution de probabilité de luminosité estimée dans WP15

ϕ 0 (L iso , γ L , L 0 ) ≡ dP d ln(L iso ) ∝            Liso L * * -γ L L * * L * -α L , L 0 ≤ L iso ≤ L * * Liso L * -α L , L * * < L iso ≤ L * , Liso L * -β L , L iso > L *
où L iso est l'équivalent isotrope du pic de luminosité des GRB courts, α L , β L , L * et L * * sont les paramètres estimés dans WP15 et γ L et L 0 sont les paramètres à estimer. L'estimation de ces paramètres est realisée en effectuant une analyse bayésienne reposant sur la probabilité de voir ce qui a été observé pendant l'activité du réseau d'ondes gravitationnelles dans le cadre d'une analyse multi-messagers GW-GRB. En d'autres termes, ce travail de modélisation de la population des sGRB exploite les résultats de l'analyse de suivi des GRBs modélisés par GW, réalisée au cours des trois premières campagnes d'observation de l'IGWN, afin de caractériser la distribution de probabilité de luminosité de ces sursauts à faible luminosité.

Résultats de l'étude de population

Les résultats de l'analyse bayésienne de la distribution de probabilité de la luminosité ϕ 0 (L iso , γ L , L 0 ) peuvent être présentés en termes de relation entre la densité du taux local de sGRB et l'équivalent isotrope du pic de luminosité. Sur la Fig. 1 est représentée la distribution de la densité locale du taux différentiel en fonction du logarithme de la luminosité, en bleu, qui s'avère compatible avec d'autres distributions trouvées dans la littérature: [START_REF] Salafia | Gamma-ray burst jet propagation, development of angular structure, and the luminosity function[END_REF] en orange, [START_REF] Tan | The jet structure and the intrinsic luminosity function of short gamma-ray bursts[END_REF] en jaune, et [START_REF] Ghirlanda | Short gamma-ray bursts at the dawn of the gravitational wave era[END_REF] en vert. La distribution trouvée nous permet d'estimer le taux astrophysique d'evenement sGRB, R tot 0 = 124 +433 -101 Gpc -3 yr -1 . La majeure partie de ces événements semble avoir une luminosité inferieure à celles prevues par la distribution de WP15 (voir Fig. 2).

La même population modélisée nous permet également de donner une estimation du taux de détection conjoint GW-GRB pour les prochaines campagnes d'observation de l'IGWN, à savoir O4 et O5. Cette estimation met en évidence le rôle de la partie peu lumineuse de la population de sGRB sur la probabilité d'avoir des détections conjointes de GW-GRB. Nous estimons un taux de détection conjoint R O4 GW-GRB (z max ) = 1.02 +0.26 -0.28 yr -1 pour O4 et R O5 GW-GRB (z max ) = 2.31 +0.36 -0.82 yr -1 pour O5. Nous étudions également la dépendance de notre analyse vis-à-vis des différentes distributions de masse des CBC, qui amènent à des densités locales de taux BNS différentes. Ces distributions ont un fort impact sur la densité du taux local de sGRB mais un faible impact sur le taux de détection conjoint GW-GRB.

Enfin, nous étudions la dépendance de notre analyse vis-à-vis des paramètres de moyenne et haute luminosité qui ont été contraints dans WP15. En faisant varier ces paramètres, déduits à l'origine par les observations de sGRB à moyenne et haute luminosité, on constate que ces paramètres n'ont pas un fort impact sur l'estimation du taux astrophysique d'evenement de sGRB, alors que le taux de détection conjoint GW-GRB change beaucoup en variant les mêmes paramètres. Figure 1: Courbes de densité locale du taux différentiel en fonction du logarithme de la luminosité. La courbe que nous avons trouvée dans notre travail est représentée par la ligne continue bleue, les zones ombrées représentant ses intervalles crédibles de 50% et 90%. D'autres courbes analogues provenant de [START_REF] Salafia | Gamma-ray burst jet propagation, development of angular structure, and the luminosity function[END_REF], en orange, [START_REF] Tan | The jet structure and the intrinsic luminosity function of short gamma-ray bursts[END_REF], en jaune, et [START_REF] Ghirlanda | Short gamma-ray bursts at the dawn of the gravitational wave era[END_REF], en vert, sont affichées pour une comparaison directe. La valeur de L iso mesurée pour le GRB 170817A avec son incertitude est représentée en magenta comme valeur de référence. Distribution cumulative inverse de la densité locale de taux en fonction de la luminosité. La courbe médiane est représentée par la ligne continue marron, tandis que les intervalles de crédibilité de 50% et 90% sont respectivement délimités par les lignes pointillées rouge et jaune. La ligne continue noire représente la médiane de la densité de taux locale de BNS issue de l'analyse de population du GWTC-2 [START_REF] Abbott | Population Properties of Compact Objects from the Second LIGO-Virgo Gravitational-Wave Transient Catalog[END_REF], les zones grisées représentant les intervalles de crédibilité de 90%.

Introduction

The direct observation of gravitational waves (GWs) has provided a powerful tool to probe the universe. These ripples in spacetime, described by the theory of general relativity, can be generated by a large variety of compact astrophysical sources, among which the only one observed so far are the coalescences of compact binary objects, i.e. binary black holes, binary neutron stars and neutron star-black hole systems. Gravitational waves have been detected since 2015 through the network of interferometers of the LIGO and Virgo collaborations. These instruments are necessary to measure the feeble space-time displacement caused by GWs travelling through Earth, as they can measure displacements down to ∼ 10 -18 m. Some of the extreme events that generate GWs can emit incredibly powerful flashes of high-energy light known as gamma-ray bursts (GRBs). These phenomena were first observed in the late 60's, by spy-satellites whose aim was to monitor banned tests of nuclear weapons, and were identified to have an astrophysical origin a few years later. During the following 50 years they have been intensively studied, finding that they have a cosmological origin, that the events are isotropically distributed on the sky map and that the gamma-ray emission is collimated in relativistic jets. The emission mechanisms of such extreme events, however, have always puzzled the scientific community and are still unclear nowadays. Despite the difficulties to observe such far events, they have been mainly associated with core-collapse supernova explosions or with binary neutron star mergers.

The association between binary neutron star coalescences and a class of gamma-ray burts named short GRBs, due to their relatively short emission duration, was confirmed on the 17th of August of 2017, when a gravitational wave signal generated by a binary neutron star merger, namely GW170817, was unambiguously associated with a short gamma-ray burst, namely GRB 170817A, coming from the same position in the sky and detected ∼ 2 s after. This gammaray burst was very different from the other GRBs detected, as it had a measured luminosity orders of magnitude smaller than that of the dimmest GRB until that time and it was located in a relatively nearby galaxy, at ∼ 40 Mpc, which made it also the closest one ever detected. This event suggested that there should be an underlying fraction of the short gamma-ray burst population, which is not detected at the usual distances measured because of those events being too faint.

This work aims at characterizing the low-luminosity part of the short GRB population, describing the short GRB population through a luminosity probability distribution. This distribution is modeled as a broken power law, extending at low luminosities another distribution whose parameters have been constrained through observations of short GRBs at mid-high luminosities. The parameters of the low-luminosity branch, namely the low-luminosity power index and the low-luminosity cutoff, are constrained through a Bayesian analysis which exploits the results from the GW followup analysis of short GRBs detected during the first three observing runs and assuming that those events are mainly generated in binary neutron stars coalescences.

Chapter 1 introduces the concept of gravitational waves, how they appear as a solution to the Einstein equations and how they are generated from compact binaries. This chapter provides also an overview on the basic detection principles of these spacetime perturbation and on the interferometer of the Virgo collaboration. Gamma-ray bursts are introduced in chapter 2. Here we discuss mostly the observable features of those events, we show some of the possible models that could describe the gamma-ray emission and we talk about some of the spacecrafts dedicated to the detection of GRBs.

In chapter 3 we describe the search for gravitational waves generated in compact binary coalescence events, highlighting the most significative ones detected so far and focusing also on their populations inferred from the first three observing runs of the LIGO/Virgo network. We also open a window on the GW followup search of GRBs, describing the methods for both the modeled and the unmodeled one and showing the results obtained for the third observing run. The spotlight moves on the multimessenger detection of a binary neutron star merger in chapter 4, where we describe the events GW170817 and GRB 170817A and other associated electromagnetic counterparts. We also give a few examples of measurements that have been possible only thanks to this joint detection.

The description the core of this thesis research starts in chapter 5, where after having introduced the model for the short GRB population at mid-high luminosities, we extend it to low-luminosity and we describe in detail the Bayesian analysis aimed at constraining the low-luminosity parameters. The results of the analysis are finally displayed in chapter 6, where the luminosity probability distribution allows to determine the short GRB distribution on the local rate density. The same results also allow us to give an estimate for the joint GW-GRB detection rate we expect for the next two observing runs of the GW interferometer network. We then study the dependence of the analysis on the neutron star mass distribution and on the mid-high luminosity parameters.

Chapter 1

Gravitational waves

Gravitational waves (GW) are contractions and dilations of the spacetime generated by the motion of massive objects that can be described through general relativity i.e. the theory which describes geometrically the gravity as an interaction between the curvature of the spacetime and the mass and energy of a system. Their existence had been theorized at the beginning of 20th century [START_REF] Einstein | Approximative Integration of the Field Equations of Gravitation[END_REF][START_REF] Einstein | Über Gravitationswellen. Sitzungsber. Preuss. Akad. Wiss[END_REF], but due to the feebleness of gravity compared to the other fundamental forces their experimental discovery has been a tough challenge. A first indirect detection of this phenomenon has been achieved through the observation of the shifts of the periastron of a pulsar in a binary system [START_REF] Weisberg | GRAVITATIONAL WAVES FROM AN ORBITING PULSAR[END_REF], but the direct detection of a GW event was achieved only in 2015, when the coalescence of a binary black hole system produced a signal in the two LIGO interferometers [START_REF] Abbott | Observation of Gravitational Waves from a Binary Black Hole Merger[END_REF].

In this chapter we present a general overview on gravitational waves, starting from a brief description of the theory of general relativity in Sec. 1.1, following [START_REF] Ferrari | General Relativity and its Applications[END_REF] and [START_REF] Misner | Gravitation[END_REF] as main references. The theoretical derivation of GW from Einstein's equations and the GW emission from binary systems are described Sec. 1.2. We then give an outline of the gravitational wave detection principles and of the Virgo detector in Sec. 1.3.

General relativity

General relativity is the theory which describes gravity using the formalism of differential geometry. This theory describes spacetime as a 4-dimensional manifold, whose curvature represents the gravitational field and depends on the distributions of masses and energies of the systems embedded in it. In this chapter we adopt the same conventions as in [START_REF] Ferrari | General Relativity and its Applications[END_REF]. We use Greek letters as indices for the components of 4-vectors, V µ with µ = 0, ..., 3 and Latin letters for the components of Euclidean 3-vectors, V i with i = 1, 2, 3. The partial derivative of a quantity is indicated with a comma

∂ ∂x ν V µ ≡ V µ ,ν . (1.1) 
We adopt Einstein's convention for the sum: the product of two quantities having the same index, one as upper and the other one as lower case, has to be intended as a sum over the index itself, i.e.

A µ B µ = 3 µ=0 A µ B µ . (1.2)

General relativity principles

To introduce general relativity it is necessary to describe the principles upon which this theory is founded. The Equivalence Principle states that in an arbitrary gravitational field, it is always possible to choose at any given point a locally inertial frame (LIF) where all the laws of physics take the same form as in absence of gravity. This principle comes directly from the assumption that the inertial mass and the gravitational mass are equivalent. Another important element is the Principle of General Covariance, which asserts that a physical law is true if it is preserved in its form under an arbitrary coordinate transformation and if in absence of gravity is ruled by the laws of Special Relativity. This is the reason why General Relativity is described through the language of differential geometry, since if a tensorial equation is true in a reference frame it holds in any reference frame. Given now a coordinate system x µ , the quantity which represents the infinitesimal distance between two coordinate points is

ds 2 = g µν (x α )dx µ dx ν , (1.3) 
where g µν is called the metric tensor and is a symmetric tensor. We adopt the East coast convention for the metric signature of the Minkowski space, which then reads η µν = diag(-1, 1, 1, 1). A consequence of the equivalence principle is that if we consider the motion of a free particle in a LIF with coordinates ξ µ , and proper time τ

d 2 ξ µ dτ 2 = 0 , (1.4) 
it can be demonstrated that with a coordinate transformation to an arbitrary frame x µ the equation becomes

d 2 x µ dτ 2 = Γ µ αβ dx α dτ dx β dτ , (1.5) 
where the quantities Γ µ αβ are called Christoffel's symbols and they can be expressed in terms of the metric tensor by the so called Levi-Civita connection

Γ µ αβ = 1 2 g µν (g να,β + g νβ,α -g αβ,ν ) . (1.6) 
Eq. (1.5) is called the geodesics equation and it describes the equation of motion of a free falling particle in an arbitrary coordinate frame. The Christoffel's symbols represent the gravitational potential plus the apparent accelerations acting on the particle. It has to be stressed, though, that Christoffel's symbols are not tensors but pseudo-tensors, i.e. objects that transform like tensors only through a subset of coordinate transformations, which in this context are only linear transformations. It can be shown, in fact, that in a LIF they become 01 . They are however a fundamental ingredient to build the Riemann tensor, which can be written as

R α βµν = Γ α βν,µ -Γ α βµ,ν + Γ α γµ Γ γ βν -Γ α γν Γ γ βµ (1.7)
and it can be shown that it is zero when the spacetime is flat and it is nonzero when the spacetime is curved in any coordinate frame. For this property the Riemann tensor is also called the curvature tensor. The Riemann tensor is antisymmetric in µ and ν, is linear in the second derivatives of the metric tensor and non-linear in its first derivatives, and the non-linear part becomes zero in a LIF since it is a sum of products of Christoffel symbols. We can now define the Ricci tensor

R µν = R γ µγν (1.8)
and the Ricci scalar

R = g µν R µν , (1.9) 
which as the Riemann tensor are linear in the second derivative of g µν and non linear in its first derivatives.

Einstein's equations

The quantities introduced so far allow us to find a relation between the gravitational field, expressed as spacetime curvature, and the stress-energy tensor T µν , i.e. the tensor which describes the distribution of matter and energy in a system. This tensorial equation can be found starting from some assumptions:

-In the weak-field, stationary limit it has to reduce to Poisson's equation

∇ 2 Φ = 4πGρ
where Φ is the Newtonian potential, ρ is the matter density and

∇ 2 = ∂ 2 /∂x 2 + ∂ 2 /∂y 2 + ∂ 2 /∂z 2 is the Laplacian in Cartesian coordinates.
-The tensors which describe the gravitational field must be symmetric, as T µν is a symmetric tensor and must not depend on any dimensionful quantity other than the metric tensor terms linear in second derivatives and quadratic in first derivatives of the metric tensor g µν and its derivatives. This implies that those tensors must contain only terms linear in second derivatives and quadratic in first derivatives of g µν .

-The equation must respect the energy-mass conservation principle.

Given the aforementioned assumptions, it can be shown that the equations which relate the curvature of the spacetime to the energy-mass of a system are

R µν - 1 2 g µν R = 8πG c 4 T µν , (1.10) 
known as the Einstein's equations 2 . By relaxing one of the assumptions and building the left-hand side of the equation through g µν and its derivatives up to second differential order, a theorem by formulated by Lovelock in 1972 states that the expression of the left hand side of Eq. (1.10) is unique up to a term proportional to g µν . In this way the Einstein's equations would become

R µν - 1 2 g µν R + Λg µν = 8πG c 4 T µν , (1.11) 
where Λ is a constant which has to be sufficiently small to make Eq. (1.11) reduce to Poisson's equation in the weak-field, stationary limit. This constant, called cosmological constant, could explain the accelerated expansion of the universe and in this context its value has been measured to be Λ ≃ 1.11 × 10 -56 cm -2 . This value is sufficiently small to have considerable effects only at cosmological scales while it can be safely neglected for our purposes.

Gravitational waves 1.2.1 Gravitational waves by perturbing flat spacetime

Gravitational waves are one of the predictions of the Einstein's equations. One possible way to study them is to use a perturbative approach, in which Einstein's equations are studied in an approximate weak-field limit to have them in a linearized form. In this weak-field limit the metric tensor is defined as

g µν = η µν + h µν , (1.12) 
where the norm of h µν must be negligible compared to the norm of the Minkowski space, i.e. |h µν | ≪ |η µν |. To have a linearized treatment of the general relativity, we therefore omit O(h 2 ) terms. In this metric the Christoffel's symbols read

Γ µ αβ = 1 2 η µν (h αν,β + h βν,α -h αβ,ν ) , (1.13) 
the Ricci tensor becomes

R µν = Γ α µν,α -Γ α µα,ν (1.14) 
and the Ricci scalar is obtained as R = η µν R µν . By taking the Einstein's equations and writing them in the form

R µν = 8πG c 4 T µν - 1 2 g µν T , (1.15) 
in the weak-field metric they reduce to

2 F h µν + h α α ,µν -h α µ ,να -h α ν ,µα = - 16πG c 4 T µν - 1 2 η µν T α α , (1.16) 
where h ν µ = g να h µα ≃ η να h µα and 2 F is the d'Alambertian operator in flat spacetime 3 .

The gauge freedom of Einstein's equations (see [START_REF] Misner | Gravitation[END_REF]) allows us to choose a reference frame where the Eq. (1.16) simplifies, as long as in the new reference frame |h µν | ≪ |η µν | still holds. It can be shown [START_REF] Ferrari | General Relativity and its Applications[END_REF] that there always exist a reference frame where the so called harmonic gauge condition holds

Γ λ = g µν Γ λ µν = 0 , (1.17) 
which in the weak-field metric leads to the relation

h α µ ,α - 1 2 h α α ,µ = 0 . (1.18) 
If we define the tensor hµν = h µν -1 2 η µν h α α , we obtain that Eq. (1.16) reduces to a wave equation under the condition imposed by Eq. (1.18)

   2 F hµν = - 16πG c 4 T µν h α µ ,α = 0 , (1.19) 
whose solution can be written in terms of retarded potentials [START_REF] Jackson | Classical Electrodynamics[END_REF] hµν (t,

⃗ x) = 4G c 4 V T µν t -|⃗ x-⃗ x ′ | c , ⃗ x ′ |⃗ x -⃗ x ′ | d 3 x ′ , (1.20) 
where V is the volume of the source, ⃗ x is the distance of the observer from the source and ⃗ x ′ is the distance of an element of the source from the origin of the reference frame centered in the source.

If we consider Eq. (1.19) outside the source

2 F hµν = 0 h α µ ,α = 0 , (1.21) 
its general solutions are linear combinations of monochromatic plane waves

hµν = Re A µν e ikαx α , (1.22) 
where A µν is a symmetric tensor representing the wave amplitude, k α is the wave 4-vector and Re means we are taking the real part of a complex quantity. It is straightforward from Eq. (1.21) that k α satisfies

k α k α = 0 k α A α µ = 0 , (1.23) 
which imply that the wave has a frequency given by

ω ≡ ck 0 = c k i k i (1.24)
and propagates at the speed of light and it's transverse to the direction of propagation.

The orthogonality constraints k α A α µ = 0 reduce the independent components of A µν from ten to six, but it can be shown [START_REF] Misner | Gravitation[END_REF] that there is a residual gauge freedom when the harmonic gauge is fixed. We can therefore choose an additional specific gauge and 4 more constraints on A µν , so that its degrees of freedom, and therefore those of the gravitational perturbation, are actually two 4 . We choose to take an observer with 4-velocity u µ orthogonal to the plane waves

A µν u ν = 0 (1.25)
and this gives us 3 constraints since the one k µ A µν u ν = 0 is automatically satisfied from Eq. (1.23). The last gauge constraint we impose is A µ µ = 0, i.e. the amplitude tensor is traceless. In this gauge choice, called the transverse-traceless (TT) gauge, hµν ≡ h µν := h TT µν . For example, if we choose u µ = (c, 0, 0, 0) and a plane wave propagating along the x-axis with k α = (ω/c, 0, 0, ω/c), we have that h yy = -h xx and therefore the perturbation has the form

h TT µν = Re     0 0 0 0 0 A xx A xy 0 0 A xy -A xx 0 0 0 0 0     e ikαx α . (1.26) 
If we now consider a single particle at rest, i.e. having a 4-velocity u α = (c, 0, 0, 0) at a proper time τ = 0, from Eq. (1.5) it is straightforward to show that the perturbation h TT µν does not accelerate the particle, which remains at a fixed particle position

du α dτ (τ =0) = 0 . (1.27)
To see the effect of the passage of a gravitational wave, we need to study the variation of the proper distance between two particles A and B. If we choose a coordinate frame centered in A with t = τ /c, it can be shown [START_REF] Ferrari | General Relativity and its Applications[END_REF] that the relative acceleration between the two particles is

d 2 δξ µ dt 2 = 1 2 η µi ∂ 2 h TT ik ∂t 2 δξ k (1.28)
4 More generally, gravitational field in general relativity has two degrees of freedom.

where δξ µ = ξ µ Bξ µ A is the coordinate separation between the two particles. To solve this equation we set as initial conditions δξ µ = δξ µ 0 , d dt δξ µ = 0 for t ≤ 0 and we consider a wave propagating along ξ3 . Under those condtions, the solutions for Eq.1.28 are

δξ 1 = δξ 1 0 + 1 2 η 11 h TT 1k δξ k 0 = δξ 1 0 + 1 2 h TT 11 δξ 1 0 + h TT 12 δξ 2 0 δξ 2 = δξ 2 0 + 1 2 η 22 h TT 2k δξ k 0 = δξ 2 0 + 1 2 h TT 21 δξ 1 0 + h TT 22 δξ 2 0 δξ 3 = δξ 3 0 , (1.29) 
which means that the particles are accelerated in the plane orthogonal to the wave's propagation direction. If we consider (ξ 1 , ξ 2 , ξ 3 ) = (x, y, z), then we have that

h xx = -h yy := h + = 2Re A + e iω(t-z c ) h xy = h yx := h × = 2Re A × e iω(t-z c ) , (1.30) 
where h + and h × are called, respectively, plus and cross polarizations and A + and A × are complex constants. The effects of the two polarizations of a wave propagating with a period T = 2π/ω on a ring of particles are represented in Fig. 1.1. When a plus-polarized wave propagating along the x-axis travels through the ring plane perpendicularly, it stretches the ring on the y-axis and squeezes it on the z-axis after T /4 and viceversa after 3T /4. Conversely, a cross-polarized wave has the same effect on the ring, but the deformation is rotated by 45 • .

Gravitational waves in the quadrupole approximation

We now want to solve Eq. (1.19) in a more general case, i.e. given a source confined in a region of size ϵ where

T µν ̸ = 0, |⃗ x| < ϵ = 0, otherwise . (1.31)
We assume that the source region is much smaller than the wavelength of the emitted radiation λ GW = 2πc ω , which implies that the typical velocities of the system are much smaller than the speed of light. Given that ϵ ≪ λ GW and that for an element of the source |⃗ x ′ | < ϵ, we have that for an observer far from the source

e iω |⃗ x-⃗ x ′ | c |⃗ x -⃗ x ′ | ≃ e iω |⃗ x| c |⃗ x| = e iω r c r , (1.32) 
where we define r := |⃗ x|. This assumption is called the slow-motion approximation and it allows us to approximate Eq. (1.20) inside the source volume Figure 1.1: Representation of a ring deformation when a gravitational wave passes through it either having an h + or a h × polarization. The wave propagates with a period T = 2π/ω. Credits: [START_REF] Tiec | Theory of Gravitational Waves[END_REF].

to hµν (t, r) = 4G rc 4 V T µν t - r c , ⃗ x ′ d 3 x ′ . (1.33)
It can be shown that in the weak-field approximation, the conservation law of the stress-energy tensor T µν ,ν = 0 leads to hµ0 = 0 .

(1.34)

In the same approximation we find that

2 V T kn d 3 x = 1 c 2 ∂ 2 ∂t 2 V T 00 x k x n d 3 x (1.35)
and this last result is known as tensor-virial theorem. Since h µν is a perturbation living in the Minkowski's spacetime, when we deal with spacial indices in Cartesian coordinates they are raised and lowered by the three-dimensional Euclidean metric and therefore in this case there is no distinction between upper and lower spatial indices. We can now write this last equation in terms of the quadrupole momentum tensor of the dynamical system

q kn (t) = 1 c 2 V T 00 (t, ⃗ x)x k x n d 3 x , (1.36) 
which depends only on time and therefore Eq. (1.33) becomes

hkn (t, r) = 2G c 4 r d 2 dt 2 q kn t - r c . (1.37) 
Eq. (1.37), also known as quadrupole formula, describes the gravitational waves emitted by a gravitating system formed by any form of mass and energy. We can see from the term G/c 4 ∼ 8×10 -50 s 2 g -1 cm -1 that the spacetime deformations induced by gravitational waves are extremely weak. It has to be stressed, though, that Eq. (1.34) and Eq. (1.37) are not a solution to Einstein's equations in the case of strong gravitational field or when the sources move with relativistic velocities. In the first case in fact, the stressenergy tensor would not be divergenceless due to terms arising from the gravitational field and in the second case we could not approximate Eq. (1.20) to Eq. (1.33).

Eq. (1.37) still has to be expressed in the TT gauge. Locally it expresses a plane wave propagating orthogonally to the wavefront in the direction n µ = (0, n i ), where n i = x i /r. We can therefore define an operator which projects a three-dimensional vector onto the plane orthogonal to the direction of propagation of the wave

P jk = δ jk -n j n k , (1.38) 
where δ jk is the three-dimensional Kronecker delta. The operator of projection P jk is represented this way an idempotent and symmetric matrix and it is easy to see that n j P jk = 0. We can now define the transverse-traceless projector as

P jkmn = P jm P kn - 1 2 P jk P mn , (1.39) 
which can be easily shown that extracts the transverse-traceless part of a tensor [START_REF] Ferrari | General Relativity and its Applications[END_REF]. We define then reduced quadrupole moment

Q jk = q jk - 1 3 δ jk q m m , (1.40) 
so that the transverse-traceless part of the quadrupole moment is

Q TT jk = P jkmn q mn = P jkmn Q mn . (1.41)
Finally, given that h mn and hmn differ only by their trace we apply P jkmn to equations Eq. (1.34) and Eq. (1.37) to obtain their transformation to the TT gauge

h TT µ0 = 0 h TT jk (t, r) = 2G c 4 r d 2 dt 2 Q TT jk t - r c .
(1.42)

Gravitational waves from binary systems

Let's define our binary system as two point-like masses m 1 and m 2 orbiting circularly around their common center of mass which we put as the center of our coordinate system. The orbital separation of the two bodies is therefore equal to the sum of their two radial coordinates l 0 = r 1 + r 2 , the total mass of the system is M = m 1 + m 2 , its reduced mass µ = m 1 m 2 /M and the Keplerian angular frequency

ω K = GM l 3 0 (1.43)
can be easilly found by equating the gravitational and centrifugal forces. We set the orbital plane to be the xy-plane, so that the coordinates of the two bodies on this plane are

x 1 = m 2 M l 0 cos (ω K t) x 2 = - m 1 M l 0 cos (ω K t) y 1 = m 2 M l 0 sin (ω K t) y 2 = - m 1 M l 0 sin (ω K t) (1.44)
and we find the reduced quadrupole moment to be

Q jk (t) = µ 2 l 2 0 R jk (t) . (1.45) 
where

R jk (t) =   cos (2ω K t) sin (2ω K t) 0 sin (2ω K t) -cos (2ω K t) 0 0 0 0   (1.46)
Using Eq. (1.42) and the expression for the Keplerian angular frequency, we obtain the gravitational perturbation emitted by a binary system along a generic direction n i in the TT gauge

h TT jk (t, r) = - 2G rc 4 µ 2 l 2 0 (2ω K ) 2 P jkmn R mn t - r c = - 4µM G 2 rl 0 c 4 P jkmn R mn t - r c , (1.47 
) which tells us that in the weak-field and slow motion regime, gravitational waves are emitted from a binary system with a frequency which is twice the orbital Keplerian frequency.

Let's study the polarization of the emitted waves in the different directions of propagation. If we take a look at a wave propagating orthogonally to the orbital plane, in our case this translates into n i ≡ ẑ and the components of h TT jk are

h + ≡ h TT xx = -h TT yy = - 4µM G 2 rl 0 c 4 cos 2ω K t - r c h × ≡ h TT xy = h TT yx = - 4µM G 2 rl 0 c 4 sin 2ω K t - r c , (1.48) 
so waves seen along this axis, or like is commonly said seen face-on, have both the polarizations h + and h × and those are modulated respectively by a cosine and a sine with the same phase. Therefore gravitational waves from a binary system observed face-on are circularly polarized. On the other hand, a wave propagating on the xy plane, for example along the n i ≡ x axis will have the following h TT jk components

h + ≡ h TT yy = -h TT zz = - 1 2 4µM G 2 rl 0 c 4 cos 2ω K t - r c h × = 0 , (1.49) 
so waves seen along the orbital plane, or edge-on, are linearly polarized.

In order to study the evolution of the orbiting binary system we have to look at it under an energetic profile. The quantity which describes the energy and the momentum of a gravitational field is called the Landau-Lifshitz stress-energy pseudo-tensor t µν , and it is derived directly from the Einstein's equations [START_REF] Landau | The Classical Theory of Fields[END_REF]. Being t µν a pseudo-tensor, it has the same transformation properties of a tensor only when linear transformations are applied and this could lead to incongruences in the definition of gravitational energy of a system through this object. In our case of interest, however, the characteristic length-scale of the background Minkowski metric η µν is much bigger than the wavelengths of the gravitational waves (more in general of the characteristic length-scale of the perturbation), thus it can be defined a stress-energy pseudo-tensor averaged over several wavelengths ⟨t µν ⟩. In this case, it can be shown [START_REF] Isaacson | Gravitational radiation in the limit of high frequency. ii. nonlinear terms and the effective stress tensor[END_REF] that ⟨t µν ⟩ transforms as a tensor under the same kind of coordinate transformations used to gauge the theory as described in Sec. 1.2.1. Through some mechanical but simple computations, one can show that the flux of gravitational waves per unit of surface orthogonal to the direction of propagation is

dE GW dtdS = c 3 32πG j,k ḣTT jk (t, r) 2 , (1.50) 
where ḣTT jk ≡ d dt h TT jk . By the quadrupole formula in the TT-gauge (1.42) and by integrating over a spheric surface, we obtain the gravitational wave luminosity quadrupole formula

L GW (t) ≡ dE GW dt = G 5c 5 ... Q jk t - r c ... Q jk t - r c , (1.51) 
which in the case of an orbiting binary system becomes

L GW = 32G 4 5c 5 µ 2 M 3 l 5 0 . (1.52)
We have to stress that since we are averaging over several wavelengths, and therefore over several periods, Eq. 1.51 applies when the orbital parameters don't change significantly over a large number of periods. In this so called adiabatic approximation, we can use the equations found to describe the energy lost by the orbiting system in terms of gravitational waves

dE orb dt + L GW = 0 . (1.53)
Since we are describing our circularly orbiting system in the weak-field, slowmotion approximation, we can use the classic virial theorem to find that

dE orb dt = d dt - 1 2 GµM l 0 ≡ -E orb 1 l 0 dl 0 dt (1.54)
and by replacing Eq. (1.51) and Eq. (1.54) in Eq. (1.53) we find that

1 l 0 dl 0 dt = L GW E orb = - 64G 3 5c 5 µM 2 l 4 0 (1.55)
and by integrating Eq. (1.55) we obtain the time evolution of the orbital separation

l 0 (t) = l in 0 1 - t t c 1/4 , (1.56) 
where l in 0 is the orbital separation at t = 0 and

t c := 5c 5 256G 3 (l in 0 ) 4 µM 2 . (1.57) 
This last result shows that with the loss of orbital energy due to the emission of gravitational waves, the orbital separation between the two orbiting objects decreases with time and they inspiral around their common center of mass. Although in Eq. (1.56) l 0 would become zero at t = t c , we have to point out that in the final stages of the inspiraling the system is no more in the weak-field, slow-motion, adiabatic approximation and, moreover, we can no more treat the two orbiting bodies like two point-like particles but like finite size objects such as neutron stars or black holes. Anyway, given that those last periods of the inspiralling are resolved very fast compared to the rest of the life of the binary system, t c provides a trusty estimate of its coalescence time.

We can use Eq. (1.56) to study the time evolution of the gravitational waves frequency and amplitude. Starting from Eq (1.43) and considering that the wave is emitted at a frequency which is twice the Keplerian frequency, i.e. ν GW = 2ν K = ω K /π, we have that

ν GW (t) = 1 π GM (l in 0 ) 3 1 - t t c -3/8 ≡ ν in GW 1 - t t c -3/8 , (1.58) 
where we called ν in GW the gravitational wave frequency at t = 0. Taking Eq. (1.47) we can now have the time evolution of the wave amplitude

h 0 (t) := 4µM G 2 l 0 (t)c 4 r = 4π 2/3 G 5/3 M 5/3 rc 4 ν 2/3 GW (t) , (1.59) 
where we defined the so called chirp mass as

M = µ 3/5 M 2/5 . (1.60) 
Eq. (1.58) and Eq. (1.59) tell us that both the frequency and the amplitude of the gravitational wave increase during the inspiral. The gravitational wave signal observed during this phase is called chirp, since this last feature is typical of the cry of a singing bird.

The time evolution of the spacetime perturbation generated during the inspiral in the TT-gauge is summarized as

h TT jk (t, r) = -h 0 t - r c P jkmn R mn t - r c , (1.61) 
and from the observation of a chirp signal we can estimate the parameters of the binary system. From Eq. (1.58) one can easily find that

M = c 3 G 5 νGW 96π 8/3 ν 11/3 GW 3/5 , (1.62) 
which means that the chirp mass can be obtained by measuring the frequency of the gravitational wave and its time derivative. If the source is situated at cosmological distances, we have to take into account the difference between the measured and the intrinsic parameters of the system considering the expansion of the universe. Since the observed frequency is contracted from the emitted one

ν obs GW = ν GW (1 + z) (1.63)
as well as the time separation between two pulses

dt obs = (1 + z)dt (1.64)
the quantity which is actually observed is

M obs = M(1 + z) , (1.65) 
known as the redshifted chirp mass. Once we estimate the observed chirp mass from the measurement of the frequency and its variation, we can give an estimate of the luminosity distance of the source from the amplitude by expressing Eq. (1.59) in terms of the observed quantities and taking into account that the observed r is actually

D L h obs 0 = 4π 2/3 G 5/3 c 4 (M obs ) 5/3 D L (ν 2/3 GW ) obs . (1.66)
It has to be stressed though that there is a degeneracy between the amplitude of the gravitational wave and the orientation angle of the orbiting plane with respect to the line of sight, so we should actually need a measurement of this latter quantity to estimate the luminosity distance. Given the measured M obs In the latest phases of the inspiral, when the orbital distance of the two bodies is roughly the innermost stable circular orbit of a black hole with mass M , all the approximating assumptions we made so far, i.e. weak-field, slow-motion and adiabatic, can no longer be applied. The waveforms for this so called merger phase have to be found by solving numerically Einstein's equations, as the theory becomes strongly non-linear and an analytical study is no more possible.

The very last part of the signal after the two bodies of the binary merged into a single object is called the ringdown. During this phase, the remnant object resulting from the fusion is in an highly perturbed state and reaches a stable state by oscillating with decreasing amplitude. In case the final product is a black hole, the gravitational wave signal can be described as a superposition of damped sinusoids corresponding to the quasi-normal modes (QNM) of oscillations of the black hole.

Gravitational waves detectors

Modern gravitational wave detectors are Michelson-type based interferometers, whose detection principle relies on the space-time dilation and compression of the interferometer arms modulating the interference fringes of a split laser beam. A photodetector at the output of the interferometer detects then the interference fringe power.

The currently operating interferometers work as a network of detectors in order to optimize the probability of detecting and analyzing gravitational wave signals and to have better sky localization of the astrophysical events that generated them. The International Gravitational-Wave Observatory Network (IGWN) is composed nowadays of four detectors, two detectors from the Laser Interferometer Gravitational-Wave Observatory (LIGO) [START_REF] Aasi | Advanced LIGO[END_REF][START_REF] Abbott | LIGO: The Laser interferometer gravitational-wave observatory[END_REF] in the USA, the Virgo detector (see subsection 1.3.3) in Italy, and the Kamioka Gravitational wave detector (KAGRA) [START_REF] Aso | Interferometer design of the KAGRA gravitational wave detector[END_REF][START_REF] Somiya | Detector configuration of KAGRA: The Japanese cryogenic gravitational-wave detector[END_REF] in Japan.

Subsections 1.3.1 and 1.3.2 aim to introduce the basic concepts of gravitational waves detectors, focusing on basic detection principles and on the definitions of signal and noise. They are written following mainly [START_REF] Moore | Gravitational-wave sensitivity curves[END_REF][START_REF] Saulson | Fundamentals of Interferometric Gravitational Wave Detectors[END_REF][START_REF] Saulson | Gravitational wave detection: Principles and practice[END_REF][START_REF] Schutz | Networks of gravitational wave detectors and three figures of merit[END_REF][START_REF] Schutz | Antenna patterns of interferometric detectors of gravitational waves -I. Linearly polarized waves[END_REF]. As an example of Michelson interferometer gravitational wave detector, we present the Virgo interferometer in subsection 1.3.3. The description of the interferometer is made following mainly [START_REF] Accadia | Virgo: a laser interferometer to detect gravitational waves[END_REF][START_REF] Acernese | Advanced Virgo: a second-generation interferometric gravitational wave detector[END_REF][START_REF] Flaminio | Status and plans of the Virgo gravitational wave detector[END_REF].

Basic detection principles

Let's consider a Michelson interferometer, with arm length L 0 , in a reference frame where its arms lay on the x and the y axis and the beam splitter on the origin. Whenever a gravitational wave with angular frequency ω passes through the interferometer, a light beam travelling on the x-axis arm has a line element

0 = ds 2 = g µν dx µ dx ν = (η µν +h µν )dx µ dx ν = -c 2 dt 2 + 1+h xx (ωt-k i x i ) dx 2 .
(1.67) From this equation we obtain that the length of the optical path of the light beam across the arm is

L x = c tarm 0 dt ′ = L0 0 1 + h xx dx ≃ L0 0 1 + 1 2 h xx (ωt -k i x i ) dx , (1.68)
For a light beam travelling along the arm on the y-axis we obtain an analogous expression, but with h yy instead of h xx . For the sake of simplicity, let's consider a plus polarized gravitational wave propagating along the z-axis, so that h xx = -h yy = h + (t), and with ωL 0 /c ≪ 1. With this last low frequency condition we can consider the gravitational wave h + (t) constant all through the propagation of the light beam through the interferotmeter arms. The optical path difference between the light beams in the two interferometer arms is then

∆L(t) = L 0 h + (t) .
(1.69) If we consider a gravitational wave coming from an arbitrary position in the sky, characterized by the sky location angles (θ, ϕ), with a generic polarization, described by the polarization angle ψ (see Fig. 1.3), it can be shown [START_REF] Saulson | Fundamentals of Interferometric Gravitational Wave Detectors[END_REF][START_REF] Schutz | Networks of gravitational wave detectors and three figures of merit[END_REF] that the relative difference between the optical paths can be described through the following relation

h(t) := ∆L(t) L 0 = F + (θ, ϕ, ψ)h + (t) + F × (θ, ϕ, ψ)h × (t) (1.70)
where the so called antenna pattern functions are

F + (θ, ϕ, ψ) = 1 2 (1 + cos 2 θ) cos 2ϕ cos 2ψ -cos θ sin 2ϕ sin 2ψ F × (θ, ϕ, ψ) = 1 2
(1 + cos 2 θ) cos 2ϕ sin 2ψ + cos θ sin 2ϕ cos 2ψ .

(1.71)

The antenna pattern represents the gravitational wave detector response as a function of the direction of the incoming wave. In order to have a more clear idea of the detector response, it is often defined the antenna amplitude pattern as the root mean square of the antenna pattern average over the polarization angle

P (θ, ϕ) = F + (θ, ϕ, ψ) 2 + F × (θ, ϕ, ψ) 2 .
(1.72) A 3D representation of the antenna amplitude pattern, averaged over the polarizations, is represented in Fig. 1.4 and for its peculiar shape is also referred as peanut function. The root mean square average of the antenna pattern over the polarizations and the sky positions is ⟨P (θ, ϕ)⟩ = 1/ √ 5 ≃ 0.45. Gravitational wave detections in multiple gravitational wave detectors can provide the sky position of the source. If we consider for example the distance separation between two detectors and the difference in the time detection of the same event, a "position circle" can be traced on the sky map with the relative errors on the time separation. The detection of signals from more than two detectors allow to identify multiple position circles, whose intersections provide a sky area within which the source is likely to be located. The width of this area depends mainly on the uncertainties of the time differences between the detectors detections and on the relative antenna patterns. 

Signal, noise and sensitivity curves

Eq. (1.70) is also referred as the strain amplitude of a gravitational wave. The output of the detector is given then by the superposition of an eventual signal h(t) and the noise n(t) s(t) = h(t) + n(t) .

(1.73)

The analysis of the detector output is usually performed in the frequency (f ) domain and it is useful to estimate the noise power spectral density (PSD)

S n (f ) = 2|ñ(f )| 2 , (1.74) 
where ñ(f ) is the Fourier transform of n(t) and so S n (f ) has units of the inverse of a frequency. Eq. (1.74) assumes the noise to be Gaussian and the factor 2 comes from the fact that ñ(-f ) = n * (f ). This last property implies that S n (f ) = S n (-f ) and therefore S n (f ) is refered to also as one-sided PSD.

There are several noise sources that can challenge the detection of gravitational waves, such as shot noise, due to statistical photon fluctuations arriving at the photodetector, thermal noise, due to Brownian motion in mechanical and electronic parts of the detector, seismic noise, due to ground motion, and many more [START_REF] Saulson | Gravitational wave detection: Principles and practice[END_REF]. The total of the noise sources' effects can be visualized in Fig. 1.5, which represents the average noise strain as measured during the first three observing runs for the LIGO detectors and the respective noise strain curves estimated for O4 and O5. It has to be stressed though, that the shown noise strains don't include the effects of non-Gaussian short-duration noise transients, called glitches. Due to their randomness and brief duration in fact, they are evened out when considering the total time average on the noise PSD (Eq. (1.74)). The power signal-to-noise ratio (SNR) is defined as

ρ 2 = 4 ∞ 0 | h(f )| 2 S n (f ) df , (1.75) 
where h(f ) is the Fourier transform of h(t).

A commonly used quantity to picture the sensitivity of a detector is the BNS range, i.e. the average distance at which a binary system of two 1.4 solar masses bodies can be detected with an SNR of 8. Fig. 1.6 shows the BNS ranges of the IGWN interferometers measured during the first 3 observing runs and the estimates made for the next two ones.

The Virgo interferometer

Virgo is a Michelson-type laser interferometer with 3 km long arms, hosted by the European Gravitational Observatory (EGO) in Cascina, near Pisa, in Italy. The length of the laser's optical path is multiplied by introducing Fabry-Perot cavities in the arms. It has been observing since 2007, with some major upgrades, and its sensitivity ranges in frequency from around 10 Hz to a few kHz. The big majority of the parts and subsystems of the interferometer are immersed in vacuum. This prevents the interferometer to suffer from a lot of possible noise sources, such as pressure fluctuations on mirrors, temperature fluctuations, sound waves or air turbulence.

The laser beam is emitted in the infrared band and has a wavelength of 1064 nm when injected in the interferometer. A 50% reflecting beam splitter divides the beam into two orthogonal beams going in the two arms. The light reflected by the Michelson is sent back to the interferometer itself by a power recycling mirror, creating a power recycling cavity which multiplies the power of the laser beam. The two beams generated from the split of the original one injected enter the Fabry-Perot cavities, made up of an input and an end suspended mirror. Each of the mirrors is suspended through systems of pendulum chains and springs called superattenuators, whose role is to reduce the horizontal and vertical oscillations of the ground.

The two beams coming back from the Fabry-Perot cavities recombine in the beam splitter and are redirected towards a complex detection optical bench. The two beams are set to be in (almost) destructive interference among them, the so called dark fringe setting, in order to reduce the impact of the laser power noise and the laser frequency noise. To enhance the laser power, a power recycling mirror is installed between the laser source and the beam splitter. Raising, in general, the laser power increases the sensitivity and reduces the error on photon count statistics and is one of the main goals when major upgrades occur. The obtained signal needs, however, to be calibrated by considering the optical response of the interferometer and the mechanical response of the mirrors to the actuation used to maintain the interferometer on resonance. The characterization of these effects can be known in real time. The strain output, called h reconstructed, is computed from the dark fringe signal and the obtained calibration.

Chapter 2

Gamma-ray bursts

Gamma-ray bursts (GRBs) are highly variable high energy light flashes of astrophysical origin, nowadays observed at a rate of approximately one per day from any direction in the sky. The first evidences of these phenomena were serendipitously observed between the end of the 60's and the beginning of the 70's by the Vela satellites [START_REF] Klebesadel | Observations of Gamma-Ray Bursts of Cosmic Origin[END_REF], a group of spacecrafts aimed at detecting unallowed nuclear weapon tests after the Partial Test Ban Treaty.

Observation with dedicated spacecrafts progressively provided more information on these phenomena in the following decades. GRBs were measured to be isotropically distributed in the sky and their flux distribution suggests that they originate at cosmological distances [START_REF] Meegan | Spatial distribution of gamma-ray bursts observed by BATSE[END_REF], later confirmed with first redshift measurements associated to those events. The observations of different duration distributions of GRBs allowed to divide them in two classes, i.e. short (sGRBs) and long (LGRBs) GRBs, whose emissions are observed, respectively, for less and more than 2 s [START_REF] Kouveliotou | Identification of two classes of gamma-ray bursts[END_REF]. The GRB observed spectra are non-thermal and they have been observed to be harder, i.e. with higher spectral peak energies, for sGRBs than for LGRBs. The differences between short and long GRBs suggest that they have different progenitors, in fact sGRBs are mostly associated with compact binary coalescence (CBC) events and LGRBs with type Ic core-collapse supernovae (CCSNe).

Accurate measurements of GRB sky positions allowed to observe multiwavelength electromagnetic emisssions following the prompt gamma-ray ones. The observed breaks in those so called afterglow emission, especially in optical and X-ray wavelengths, tell us that the electromagnetic emission in GRBs is highly beamed in relativistic jets. The exceptional observation of GRB 170817A (see Ch. 4) has furthermore strenghtened the hypotheses that GRB jets have a structure and that the emission depends on the angle with regard to the jet axis (see Ch. 4 for a detailed discussion of this event).

Given the observations we have nowadays though, there are still many hypothesis and models that try to explain the peculiar electromagnetic emission of these complex phenomena. Most of them agree on the presence of a central engine powering up the jet, that pierces through the surrounding material produc- ing the observed gamma-rays via relativistic shocks. The goal of this chapter is to present the puzzling world of gamma-ray bursts, starting by describing their main observational features in Sec 2.1, following the reviews [START_REF] Berger | Short-Duration Gamma-Ray Bursts[END_REF][START_REF] Avanzo | Short gamma-ray bursts: A review[END_REF][START_REF] Kumar | The physics of gamma-ray bursts \& relativistic jets[END_REF]. We thereafter give in Sec. 2.2 an overview on general models of gamma-ray emission and jet launching based on the observations and on numerical simulations, following the reviews [START_REF] Bošnjak | The GRB Prompt Emission: An Unsolved Puzzle[END_REF][START_REF] Salafia | The structure of gamma ray burst jets[END_REF], and an overview on GRB detectors is finally given in Sec. 2.3.

GRB observational features

The observation of both the prompt emission and the afterglow give us most of the information we can retrieve from a GRB event. From the prompt emission, for example, the GRB duration and the energy spectrum could give us informations about the nature of its progenitor and the measured fluence allows us to estimate the energy radiated. We also generally observe a short time variability in the light curve, of the order of ∼ 10 ms (see Fig. 2.1), which indicate the central engine powering the burst could be a compact object, or can give a hint about the emission mechanisms through which the gamma-rays are radiated [START_REF] Bošnjak | The GRB Prompt Emission: An Unsolved Puzzle[END_REF]. The afterglow, on the other hand, can tell us something about the jet opening angle and the redshift of the source. Knowing the redshift of a GRB is fundamental to estimate the total energy emitted and the peak luminosity during the prompt emission. The measurement of this quantity is in general a challenging task for a GRB event, since it requires either the observation of spectral lines in the optical afterglow or the host galaxy through precise measurements of the sky position.

When talking about GRB energetics, since the emission is collimated into jets it is useful to define the isotropic equivalent of the measured energy E iso and the isotropic equivalent of the measured peak luminosity L iso , defined as the measured energy and luminosity, respectively, assuming the source is isotropically emitting. Typical values for the isotropic energy are E iso ∼ 10 48 -10 52 erg. The isotropic peak luminosity can be used to characterize both the long and short GRB populations, by describing them as probability ditributions on L iso (see chapter 5).

GRB spectrum

The photon energy spectrum of the prompt emission of GRBs spans over different orders of magnitude, going from a few keV to a few MeV. The photon spectrum is well described by the Band function, which is an empirical law found fitting the spectra of several GRBs [START_REF] Band | BATSE Observations of Gamma-Ray Burst Spectra. I. Spectral Diversity[END_REF] N

(E) =    A E 100 keV αB e -E E 0 , E < (α B -β B )E 0 A (αB-βB)E0 100 keV αB-βB e βB-αB E 100 keV βB , E ≥ (α B -β B )E 0 .
(2.1) A reference parameter for the spectrum which is often used to characterize the spectrum of a GRB is the peak energy E peak , which is the value at which there is the highest energy flux. In the case of the Band function, this value corresponds to

E peak = (2 + α B )E 0 . (2.
2)

The parameters α B , β B and E 0 are not unique and they vary from one GRB to another. There are however some typical values around which those values are distributed. For example, for the GRBs detected from Fermi/GBM, the typical values for the parameters of the Band function are α B = -0.5, β B = -2.25 and E peak = 800 keV [START_REF] Nava | Spectral properties of 438 GRBs detected by Fermi/GBM[END_REF][START_REF] Wanderman | The rate, luminosity function and time delay of non-Collapsar short GRBs[END_REF]. The photon spectrum described through the Band function is not compatible with a thermal spectrum.

Another model which is commonly used for the photon spectrum is the so called "Comptonized model", which fits the spectrum to an exponentially attenuated power law and it can be seen as a subset of the Band function in the β B → ∞ limit [START_REF] Poolakkil | The Fermi-GBM Gamma-Ray Burst Spectral Catalog: 10 yr of Data[END_REF].

GRB classification

The prompt emission of a GRB are observed in a range of durations that span from few milliseconds to thousands of seconds. As stated in the introduction to the chapter, the GRBs are divided into 2 classes, long and short, according to their duration and spectral hardness. A quantity which is commonly defined for this purpose is the T 90 , i.e. the time during which 90% of the photons are retrieved from a detector after the background signal subtraction. The value which conventionally separates the two populations of GRBs is T 90 ∼ 2 s in the observer frame. It has to be pointed out though that this choice of value is not an unambiguous choice, since different detectors measure the T 90 in different energy bands [START_REF] Bromberg | Short versus Long and Collapsars versus Noncollapsars: A Quantitative Classification of Gamma-Ray Bursts[END_REF]. Moreover, the cosmological time dilation would add another degree of complexity, though the measurement of the redshift is a challenging task for the majority of the GRBs. Finally, there is not actually a sharp division in terms of T 90 between the two classes, but there is an overlap between the two. The result is that of T 90 distribution being bimodal, as shown for example in Fig. 2.2, which represents the distribution of the T 90 detected during the first 10 years of data taking of the Fermi/GBM detector in the [START_REF] Farrell | Is GW190521 the merger of black holes from the first stellar generations?[END_REF]300] keV energy band (see Sec. 2.3). A complementary information to classify the GRBs is given by the spectral hardness or in other words the peak of the spectral energy density, which is generally found to be at higher energy in sGRBs than in LGRBs. Even this criterion, however, does not represent a sharp edge between the two populations.

Despite of their not fully accurate separation, the two classes have been well associated to distinct types of events. Long GRBs are mostly related to type Ic core-collapse supernovae events and there have been several associations of those two kinds of events [START_REF] Hjorth | The supernova/gamma-ray burst/jet connection[END_REF][START_REF] Woosley | The Supernova Gamma-Ray Burst Connection[END_REF]. Furthermore, follow-up analysis of LGRB events localized them mostly in star-forming and low metallicity galaxies [START_REF] Bloom | The Observed offset distribution of gamma-ray bursts from their host galaxies: A Robust clue to the nature of the progenitors[END_REF][START_REF] Savaglio | The Galaxy Population Hosting Gamma-Ray Bursts[END_REF]. Short GRBs on the other hand have been mostly associated to the merger of binary neutron star systems (BNS) or neutron star-black hole systems (NSBH). The sGRB-BNS association have been confirmed by the joint and unambiguous observation of a short GRB (GRB 170817A) and a gravitational waves signal from a BNS coalescence (GW170817) [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF]. Gravitational waves would indeed represent an ideal counterpart to a GRB event to identify its progenitor. We remind the detailed discussion of this peculiar joint detection to chapter 4.

A peculiar feature of a fraction of GRBs is to have an extended gamma-ray emission after the prompt spike, which can last tenths of seconds and sometimes starts with a delayed onset. This so called extended emission (EE) is found to have a softer spectrum than the one of the prompt emission of both long and short GRBs [START_REF] Lazzati | Possible detection of hard x-ray afterglows of short gamma-ray bursts[END_REF], but can have a much higher fluence [START_REF] Perley | GRB 080503: Implications of a Naked Short Gamma-Ray Burst Dominated by Extended Emission[END_REF]. There are not evidences anyway for considering the EE GRBs as a distinct population from Credits: [START_REF] Von Kienlin | The Fourth Fermi-GBM Gamma-Ray Burst Catalog: A Decade of Data[END_REF] the short ones.

A small fraction of the detected short GRBs could also originate from magnetars. These so called magnetar giant flares (MGFs) have some characteristic features, such as long periodic tails and quasi-periodic oscillations, that are however hard to identify at extragalactic distances. It has been estimated [START_REF] Burns | Identification of a Local Sample of Gamma-Ray Bursts Consistent with a Magnetar Giant Flare Origin[END_REF] that around the 2% of the detected short GRBs could have a magnetar origin.

Afterglow

As stated in the introduction to the chapter, with afterglow is meant the electromagnetic emission after GRB's prompt phase, with wavelengths that span all the electromagnetic spectrum from the X-rays to the radio band. This multiwavelength emission can be observed for months and in the case of the radio band even for years after the prompt emission.

The first detections of afterglows were made in 1997, when emissions in Xrays, optical and radio waves were observed after some LGRB events [START_REF] Costa | Discovery of an X-ray afterglow associated with the gammaray burst of 28 February 1997[END_REF][START_REF] Frail | The radio afterglow from the γ-ray burst of 8 May 1997[END_REF][START_REF] Van Paradijs | Transient optical emission from the error box of the γ-ray burst of 28 February 1997[END_REF]. The start of the follow-up analysis of those newly discovered kind events led to the measure of their redshift through the spectroscopic analysis of the optical absorption lines in the afterglow and of their localized host galaxies [START_REF] Kulkarni | The afterglow, redshift, and extreme energetics of the gamma-ray burst 990123: Evidence for beaming?[END_REF][START_REF] Metzger | Spectral constraints on the redshift of the optical counterpart to the γ-ray burst of 8 May 1997[END_REF].

The hunt for sGRB afterglows has been a tougher quest though, as the targeted follow-up search was not giving results at the beginning. The first observations then demonstrated the hypothesis that the sGRB afterglows have a significantly lower luminosity than the LGRB ones. This can be explained by the sGRB afterglows being less energetic than the LGRB ones and/or by a different density of the circumburst environment.

Observations of GRB afterglows in various wavelengths, i.e. X-ray, optical and radio, generally show that both the light curve in time and the spectra follow power-laws, respectively F ∝ ∼ t -1.0 and F ν ∝ ∼ ν -0.9±0.5 . After approximately one day after the burst, most of the times the X-ray light curve changes its slope to F ∝ ∼ t -2.2 and a similar behavior is observed also in the optical band in the following days. This achromatic steepening of the slopes of the light curves can be explained by considering the burst emission as collimated in relativistic jets and therefore interpreting the steepening as the jet-break, i.e. the sudden and rapid sideways expansion of the jet beamed into a larger cone due to its slowdown. Typical jet opening angles are of the order of 2 -10 • , but those estimates have to be carefully considered as they are based on assumptions on the interstellar medium density and as often the absence of multiwavelength observations at the time when the break is observed don't allow to tell if it is really achromatic [START_REF] Salafia | The structure of gamma ray burst jets[END_REF]. Jet-breaks, however, do not imply a sharp interruption of the jet, as recent observations have shown that jets could present a structure dependent from the angle from their central axis [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF]. Direct confirmations of the hypothesis that GRB outflows are highly relativistic comes from measurements of radio afterglow scintillations and from the observation of apparent superluminal motion of radio afterglows.

GRB emission models

The way high energy photons are produced in the prompt emission is still nowadays not clear and is a great matter of debate. There is a vast variety of models that try to explain what powers the jet or other observational features, like the observed spectrum, but there have not been found yet single models that precisely describe the observation, at least without some caveats.

An help from the understanding of this puzzle comes from numerical simulations: the jet launching and its evolution has been studied mainly through general-relativistic magnetohydrodynamics (GRMHD) simulations, while the jet propagation can be studied within the contexts of special-relativistic hydrodynamics (RHD) or magnetohydrodynamics (RMHD). However, the reliability of those simulations is challenged by the introduction of symmetries that could not take place in those events or by neglecting the effects of secondary energy and momentum carriers like neutrinos, which can contribute also to cooling.

The models for GRB physics need anyway to have common characteristics. The central engine, for example, has to power the jet up to the observed lumi-nosities and inject the observed amounts of energy and the erratic behavior of the prompt light curve suggest that radiation processes passes through irregular energy dissipation mechanisms.

Central engine and jet formation

There are several possible mechanisms through which the central engine could power up and launch the jet.

If the central object is a spinning black hole surrounded by an accretion disk, the most accounted mechanism of energy extraction is the Blandford-Znajek process [START_REF] Blandford | Electromagnetic extraction of energy from Kerr black holes[END_REF]. This mechanism, which is possible when a strong poloidal magnetic field created by the accretion disk crosses the event horizon, extracts rotational energy from the black hole through the interaction between the magnetic field and the ergoshpere. The luminosity radiated that powers the jet is

L BZ ∝ B 2 M 2 BH a 2 + O(a 4
), where B is the intensity of the radial component of the magnetic field at the horizon, M BH is the mass of the black hole and a is its spin.

Another mechanism that could power the jet is the energy dissipation from the disk through neutrino-antineutrino (ν ν) pair annihilations.

Other scenarios include magnetar engines, which could explain the extended emission in some short GRBs, or strange quark stars [START_REF] Dai | The Theory of Gamma-Ray Bursts[END_REF].

One possible behavior of the jet evolution can be described through hydrodynamical models. Once the jet is launched, it propagates through the dense surrounding progenitor vestige, i.e. the stellar envelope and/or the ejecta cloud. The top part of the jet starts colliding with the progenitor vestige forming a forward-reverse shock structure, the jet head. The jet head speed through the vestige is determined by the balance between the jet momentum flux and the pressure of the vestige material itself, forming a forward-reverse shock structure. When the jet head avancement speed is sufficiently low, both the jet and the vestige material start to flow laterally forming a cocoon surrounding the jet. As the pressure of the cocoon balances the lateral momentum flow of the jet, the jet collimates. The final outcome at the jet breakout depends on the central engine, the duration of energy injection into the jet, the properties of the surrounding material and on the game of equilibria between lateral momentum and cocoon pressure which determines the collimation of the jet at its breakout. Some recent BNS simulations [START_REF] Nativi | Are interactions with neutron star merger winds shaping the jets?[END_REF] suggest that the details of the jet structure could be erased by turbulence at the jet-cocoon interface, supporting the idea that jets from BNS mergers could have a quasi-universal structure, but those turbulences seem to be highly suppressed in strongly magnetized jets.

The jet formation could be also explained through the relativistic expansion of a fireball, composed mostly of photons, electron-positron pairs and neutrinos, where the magnetic field is energetically sub-dominant. The fireball expands adiabatically and as the energy of photons and pairs is transferred to protons, the jet accelerate linearly with the distance travelled until it reaches a saturation radius. The luminosity emitted at the photosphere, i.e. the radius at which the outflow becomes optically thin, depends on whether the saturation radius is 

Jet breakout and expansion: the prompt emission

In the frame of the hydrodynamical description of the jet, when the jet reaches the outer edge of the progenitor vestige it starts propagating through a considerably less dense medium. At this point, both the jet and the cocoon break out and start to accelerate, becoming gradually transparent to photons. Following the breakout, the flow of material from the central engine either stops or diminishes significantly and the jet and the cocoon rearrange into an inhomogeneous shell, i.e. the structured jet.

The prompt emission is supposed to happen mainly in this phase where the structured jet expands freely. The emission is generally thought to be generated through mechanisms that dissipate the kinetic and/or magnetic jet energy into internal energy. In most of the scenarios the energy dissipated accelerate the particles inside the jet, which emit non-thermal high-energy radiation through some radiative processes.

Dissipation mechanisms

The high variability of the light curves during the prompt emission suggests that each of the pulses corresponds to a dissipation event. This could imply internal shocks in the structured jet, due to radial inhomogeneities of the bulk Lorentz factor. In this scenario the interaction between a faster and a slower shell would result into a shock accelerating the electrons to relativistic velocities.

In the context of highly magnetized outflows, the magnetic field could convert part of its energy into kinetic energy through reconnection of field lines. This process, called magnetic reconnection, could provide efficient acceleration of particles and it has been recently considered as another possible dissipation process of outflow energy.

Other possible dissipation mechanisms involve sub-photospheric processes, which would result in an early Comptonized thermal emission, or stochastic turbulence acceleration of particles.

Radiative processes

The non-thermal nature of the observed spectrum opens the way to several possible emission mechanisms or combinations of them. The relativistic velocities involved suggest the synchrotron emission from shock accelerated electrons as one of the main radiative processes, assuming that it could explain also the peak energy emission. When immersed in strong magnetic fields, i.e. B ∼ 10 4 -10 6 G, the electrons are in a "fast-cooling regime", where the radiative time scales are shorter than the adiabatic cooling ones, and the emission spectrum follows a power law with a slope F ν ∝ ν -3/2 . The observed spectrum below the peak, however, is averagely harder than the fast-cooling synchrotron one penalising this hypotesis, but not excluding the synchrotron emission. The slope of the photon spectrum can be hardened if we consider the possibility of sub-dominant radiative processes, for example inverse Compton scattering, which would transfer ∼ 20 -40% of the synchrotron photons to higher energies. Another solution to the problem is to consider a "marginally fast-cooling regime", when the synchrotron frequency is closer to the cooling frequency so the electrons are in a "fast-cooling" regime, but in a shallower depth. In this cas, the observed spectrum could get closer to the single electron spectrum, i.e. F ν ∝ ν -2/3 , which is the hardest synchrotron spectral power law.

Jet propagation through the circumburst medium: the afterglow

The structured shell continues its expansion into the low-density circum-burst medium. In the case of long GRBs, the circum-burst medium is likely to be the relic stellar wind from the massive progenitor star or the interstellar medium (ISM). An homogeneous ISM provides good models for the afterglow emission, although is less likely to be the external medium of a long GRB. In the short GRBs scenario the external medium is supposed to be a thin ISM. Hydrodynamical models suggest that once the shells have travelled through sufficient material a front-reverse shock structure starts to form. As the shell expands, the pressure waves generated by the reversal shocks smooths over the radial structure of the shell, while the angular structure remains unchanged as most of the regions of the shocked shell are not in causal contact among them in the transverse direction. In this phase the shocks accelerate the electrons which radiate through synchrotron and possibly inverse Compton scattering. As the shell slows down, its region become more and more casually connected transversely and pressure waves start to even out the angular structure, and the jet starts to expand laterally. When this happens, the surface shocked increases considerably and so does the shock deceleration rate with a rapid tranistion to a non-relativistic expansion phase. As in the earlier phase of the afterglow, the most accounted mechanisms of radiation are synchrotron emission and inverse Compton scattering from shock-accelerated electrons. Effects of synchrotron self-absorption, however, may rise in this phase.

GRB detectors

Here are reported the characteristics of some of the instruments and spacecrafts built to detect GRBs. The detectors shown here will be useful during the next chapters.

BATSE

The Burst and Transient Source Experiment (BATSE) was one of the modules on the Compton Gamma-Ray Observatory (CGRO) spacecraft, which was launched in 1991 and ended its activity in 2000 [START_REF] Fishman | The First BATSE Gamma-Ray Burst Catalog[END_REF]. It was composed of eight detector modules, each one containing a Large Area Detector (LAD) and a Spectroscopy Detector (SD), which were placed at the corners of CGRO. The LADs were analyzing the detected photons into 128 energy channels in a region of the spectrum that went from 25 keV to 2 MeV. Four wide discriminator channels were considered: 25-50 keV, 50-100 keV, 100-300 keV and > 300 keV. The onbord triggers were generated if two or more detectors were registering significant increases in counts 64 ms, 256 ms or 1024 ms time intervals. The increase threshold was set to be 5.5 σ above the average background, which was computed every 17 seconds.

Swift

The Swift Gamma-Ray Burst Explorer, or more simply "Swift", is a functioning spacecraft that was sent in orbit on 2004 [START_REF] Gehrels | The Swift Gamma-Ray Burst Mission[END_REF]. It consists of 3 instruments: Burst Alert Telescope (BAT), X-Ray Telescope (XRT) and UltraViolet-Optical Telescope (UVOT). While XRT and UVOT operate, respectively, in the X-ray and ultraviolet-optical bands, BAT is the detector designed to monitor the sky in search for GRBs. It has a field of view of 1.4 sr and it operates in the spectrum energy band between 15 and 150 keV with a 7 keV resolution. It is sensible to fluxes down to ∼ 10 -8 erg cm -2 s and it can determine the source position within an accuracy of 1-4 arcmin. The detection precision allow the other two narrow field of view instruments of the spacecraft to perform a rapid afterglow follow-up observation.

Fermi

The Fermi Gamma-Ray Space Telescope [START_REF] Meegan | The Fermi Gamma-ray Burst Monitor[END_REF], also known simply as "Fermi", is a currently active spacecraft that has been launched in 2008. Upon the satellite have been installed two instruments, the Gamma-Ray Burst Monitor (GBM) and the Large Area Telescope (LAT).

GBM is composed of two kinds of scintillation detectors: 12 NaI(Tl) detectors, sensitive from 8 keV to 1 MeV, and two BGO detectors, sensitive from 200 keV to 40 MeV. The NaI(Tl) detectors are distributed on the spacecraft with different orientations to optimize the field of view (FoV) and for the same reason the BGO detectors are located on two opposite sides of the spacecraft. The FoV of Fermi/GBM is ∼ 9 sr, with a ∼ 4 deg systematic error on the sky localization of the GRB to which are added other statistical errors depending on the flux. The triggers are managed by 120 algorithms which can operate at the same time, with different combinations of energy range, timescale and flux threshold [START_REF] Von Kienlin | The Fourth Fermi-GBM Gamma-Ray Burst Catalog: A Decade of Data[END_REF]. LAT searches for higher energy parts of the spectrum and covers an energy 52 range from below 20 MeV to more than 300 GeV [START_REF] Atwood | The Large Area Telescope on the Fermi Gamma-Ray Space Telescope Mission[END_REF].

Chapter 3

Analysis of compact binary coalescence events

The first three observing runs of the IGWN have been succesful in detecting a vast variety of compact binary coalescence (CBC) events. Virgo joined LIGO in the observation by the end of O2 while KAGRA joined the network in the last month of O3. Unfortunately the O3 run had to abruptly end prematurely, due to the COVID-19 health crisis 1 .

During the O1, O2 and O3 observing runs, a total of 90 CBC candidate signal events have been estimated to have an astrophysical origin [START_REF] Abbott | GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of the Third Observing Run[END_REF]. While the vast majority of events have BBH systems as progenitors, a few of them have been found compatible with BNS and NSBH systems.

As expected, the detection rates grow with the sensitivity of the detectors, which can be quantified in terms of the effective BNS time-volume, defined as the observing time multiplied by the Euclidean sensitive volume for the detector network (see Fig. 3.1).

The measurement of binary systems' parameters from gravitational wave events allows us to study the population of compact objects which can generate them. The distribution of quantities like mass and spin can help to understand the formation processes of compact objects and of orbiting binary systems.

Binary systems are thought to form mainly either through isolated binary evolution, where the compact binaries evolve together as binary system of stars which end their lives as black holes and/or neutron stars, or through dynamical formation, where the compact objects couple up in dense environments like star clusters. Spin orientation of the components in a binary, for example, can leave a hint on its formation channel, whether the spins are aligned, in which case is more likely to have formed through isolated binary evolution, or misaligned, a clue for a possible dynamical formation.

The mass distribution of the binary components is expected to cover the mass range from 1 to ∼ 100M ⊙ , with some mass gaps related to massive star formation and death mechanisms [START_REF] Abbott | The population of merging compact binaries inferred using gravitational waves through[END_REF]. It is likely, for example, to have a narrow lower-mass gap between the most massive neutron stars and the least massive black holes, i.e. in the ∼ 3 -5 M ⊙ range, given observations of compact objects in X-rays and of core-collapse supernovae explosions, but this hypothesis is challenged by gravitational wave and Galactic observations. An upper-mass gap between ∼50 and ∼120 M ⊙ is also expected from pair production instability in stellar evolution models, but also this upper-mass gap has been challenged by GW observations. Gravitational wave signals can also be searched in connection with gammaray bursts. The same cataclysmic events that generate GRBs are thought to be source of gravitational waves and the association between two classes of these events, namely a binary neutron star GW signal and a sGRB, has been confirmed through a joint detection (see chapter 4). Given the possibility of detecting GW signals associated to GRB events, dedicated pipelines perform a search for subthreshold GW transients given the GRBs that are detected during the IGWN observing runs.

This chapter presents a summary of the search for gravitational wave signals originating from CBC events inside the LIGO/Virgo collaboration. An overview of the search methods and the detections during the first three observing runs of the LIGO/Virgo network is given in Sec. 3.1, using as reference the third Gravitational Wave Transient Catalog (GWTC-3) [START_REF] Abbott | GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of the Third Observing Run[END_REF]. In Sec. 3.2 we present relevant CBC events detected so far, included in the first three GWTCs [START_REF] Abbott | GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by LIGO and Virgo during the First and Second Observing Runs[END_REF][START_REF] Abbott | GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the First Half of the Third Observing Run[END_REF][START_REF] Abbott | GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of the Third Observing Run[END_REF]. GW170817 is not treated in this section as it will have a dedicate section in the next chapter (Ch. 4). The population properties inferred from the observations and analyzed in [START_REF] Abbott | The population of merging compact binaries inferred using gravitational waves through[END_REF] are presented in Sec. 3.3, while the search for GW events associated to GRBs is described in Sec. 3.4. In this chapter we consider a flat ΛCDM cosmology with H 0 = 67.9 km s -1 Mpc -1 , Ω m = 0.3065 [START_REF] Ade | Planck 2015 results. XIII. Cosmological parameters[END_REF].

The search for CBC events

The search for GW transients coming from CBC is divided into online and offline, differing in latency. The online analysis is run in low-latency as data are collected, aiming to release public alerts within minutes after an event in order to enable search for multi-messenger counterparts. The offline analysis on the other hand is performed through a more computationally expensive analysis, which allows to have better background statistics, extensive data calibration and better separation of signal from background, therefore being more sensitive than the online analysis.

The data is analyzed by pipelines after the calibration, noise subtraction of characterized and identified noise sources, and glitch removal. Glitches are very limiting background sources and they can be identified measuring the coherence among two or more detectors data, through dedicated algorithms, e.g. the software Omicron [START_REF] Florent | Omicron: A tool to characterize transient noise in gravitational-wave detectors[END_REF], or characterizing possible known glitch sources, such as Credits: [START_REF] Abbott | GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of the Third Observing Run[END_REF].

weather or scattered light, using auxiliary channels witnessing instrumental and environmental status of the detectors.

The pipelines use two different approaches: matching modeled waveforms from template banks or performing minimally-modeled search without assuming a waveform template. The modeled search is more effective in identifying CBC signals as it uses a matched filtering technique through waveforms sampled from template banks. The discrete sampling is generally performed over the binary component masses m 1 and m 2 , with m 1 ≥ m 2 , and the dimensionless component spins ⃗ χ 1 and ⃗ χ 2 , being ⃗ χ i = c ⃗ S i /(Gm 2 i ), where ⃗ S i is the angular momentum of one of the binary components and i = 1, 2. Other quantities used to described binary systems are the total mass M = m 1 + m 2 , the mass ratio q = m 2 /m 1 Figure 3.2: Secondary vs primary masses of the binary objects for mergers observed up to September 2019. The dashed lines represent the constant binary total mass curves and the dashdotted lines represent the constant binary mass ratio curves. Credits: T. Dent/IGFAE/LIGO-Virgo Collaboration [START_REF] Ehrenstein | Black Holes Studied as a Population[END_REF]. and the effective inspiral spin, defined as

χ eff = (m 1 ⃗ χ 1 + m 2 ⃗ χ 2 ) • L m 1 + m 2 , (3.1) 
where the "•" indicates a scalar product and L is the orbital angular momentum direction. The matched filtering for each template produces a time series of SNR values. The peaks in these time series are considered as triggers. If the triggers have a SNR over a certain threshold, which varies according to the pipeline and the position in the parameter space, they are further considered in the analysis and they are ranked according to their SNR combined with signal consistency checks. The parameter estimation of the source is then made through a statistical study of the possible waveforms which are compatible with the observable data and they are estimated within 90% credible intervals. The minimally-modeled approach, on the other hand, searches coherent data from the detector network operating without assuming a specific waveform model. The pipeline identifies coherent excess power among detectors in time-frequency maps of the detector strain data to define triggers, reconstructs the waveform and associates an SNR. The SNR values for each detector are then combined coherently to define a network SNR.

There are four pipelines used for the offline analysis, searching for CBC signals: PyCBC, GstLAL and MBTA (Multi-Band Template Analysis) perform a modeled analysis of the data, while cWB (coherent WaveBurst) performs a minimally-modeled analysis. The same pipelines are also used for the online analysis, along with the SPIIR (Summed Parallel Infinite Impulse Reponse) pipeline, which performs an online low-latency modeled search.

The statistical significance of candidate events is quantified mainly through the false alarm rate (FAR), which is defined as the rate at which fluctuations of the background could mimic an analogous signal. In order to estimate the FAR, the background surrounding a potential GW signal is analyzed and the candidate signal is compared to the extrapolated background distribution. The online analysis during O3, considered a public alert threshold of FAR < 1.2 yr -1 for each pipeline operating in low-latency and an overall public alert threshold of FAR < 6 yr -1 . Each public alert is cataloged in the Gravitational Candidate Event Database (GraceDB). For each event, the pipelines compute the probability for the event to have an astrophysical origin, named p astro , computed starting from the same ranking statistics used to compute the FAR and it depends on the parameters of the candidate event and on the assumed astrophysical population of the possible sources. Events with p astro > 0.5 are considered as gravitational wave event candidates, although it is expected that 10 -15% of them are still generated by noise fluctuations. Gravitational wave events are named according to the date and time (UTC) with the notation GWYYMMDD hhmmss2 .

Remarkable CBC events

We present here some of the most interesting CBC events detected so far. All the uncertainties are taken between 90% credible intervals.

GW150914

The first direct detection of a gravitational wave occured on the 14th of September 2015, when a signal was observed simultaneously by the two LIGO interferometers [START_REF] Abbott | Observation of Gravitational Waves from a Binary Black Hole Merger[END_REF]. The event was first detected by low-latency pipelines, then confirmed through a later matched-filter analysis which confirmed the detection in the two interferometers with a combined SNR of 24 and a FAR of 1 in 203000 years. The signal matched the waveform predicted by general relativity for a merger of two black holes of initial masses m 1 = 36 +5 -4 M ⊙ and m 2 = 29 +4 -4 M ⊙ , forming a black hole whose final mass is m merg = 62 +4 -4 M ⊙ having radiated E GW = 3.0 +0.5 -0.5 M ⊙ c 2 in gravitational waves. The source has been located at a luminosity distance D L = 410 +160 -180 Mpc, which corresponds to a redshift z = 0.09 +0.03 -0.04 , localized within an area of approximately 600 deg 2 .

GW170814

The first three-detector observation of gravitational waves from a black hole binary was observed at the LIGO Livingston detector, then at the LIGO Hanford and Virgo detectors with a delay of, respectively, ∼ 8 ms and ∼ 14 ms. This allowed to have an improved sky localization of the event, going from a 90% credible region of 1160 deg 2 using the two LIGO detectors, to an area of 60 deg 2 including also Virgo [START_REF] Abbott | GW170814: A Three-Detector Observation of Gravitational Waves from a Binary Black Hole Coalescence[END_REF]. The masses of the binary component were m 1 = 30. 

GW190521

This short-duration gravitational wave signal was observed by the two LIGO detectors and by Virgo, with a combined SNR of 14.7 [START_REF] Abbott | A Binary Black Hole Merger with a Total Mass of 150M ⊙[END_REF]. Using quasicircular BBH waveform models, the detected signal has been found consistent with the merger of two compact objects with masses m 1 = 85 +21 -14 M ⊙ and m 2 = 66 +17 -18 M ⊙ , merging into a black hole with m merg = 142 +28 -16 M ⊙ . The analysis of the ringdown phase of the signal provides consistency for the final mass and spin estimates with the full waveform analysis.

This has been so far the observed binary black hole merger with the highest total component mass and the first evidence of a black hole with a mass value consistent with a value in the expected upper mass gap between ∼ 50 and ∼ 120 M ⊙ from pair-instability supernova theory. The full analysis of the inspiral-merger-ringdown provided also a good strong-field test bench for general relativity.

Given the short duration of the signal and the few cycles observed, not providing a clear full inspiral-merger-ringdown morphology for the waveform, possible scenarios alternative to the unusual quasi-circular BBH merger have been considered [START_REF] Abbott | Properties and Astrophysical Implications of the 150 M ⊙ Binary Black Hole Merger GW190521[END_REF]. A recent study [START_REF] Gamba | as a dynamical capture of two nonspinning black holes[END_REF] has shown that one scenario likely to explain this signal is a dynamical capture of two non-spinning black holes that brought them to an highly hyperbolic orbit.

GW200115

This gravitational wave signal has been found compatible with the two binary component having masses m 1 = 5.7 +1.8 -2.1 M ⊙ and m 2 = 1.5 +0.7 -0.3 M ⊙ , there-fore compatible with a neutron star-black hole binary system. The detection occurred in the two LIGO detectors, while the signal in Virgo was not loud enough to further improve significance [START_REF] Abbott | Observation of Gravitational Waves from Two Neutron Star-Black Hole Coalescences[END_REF]. It has been so far the observed neutron star-black hole signal with the highest statistical significance, with the lowest FAR measured for this event being less than 1.0×10 -5 yr -1 and a p-astro greater than 0.99 [START_REF] Abbott | GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of the Third Observing Run[END_REF].

It has not been associated with any electromagnetic counterpart, given mainly the large uncertaninty on the sky localization, with a 90% credible region of 900 deg 2 , and the large luminosity distance of ∼ 300 Mpc. From theoretical considerations, however, the measured mass ratio and spins rendered a tidal disruption unlikely. Therefore an accretion disk that could have powered electromagnetic emission is unlikely to have formed.

Population properties of CBC sources

The population analyses based on the GWTC-3 consider a selection of events with FAR < 0.25 yr -1 , for a total of 63 binary black hole (BBH), 2 binary neutron star (BNS) and 2 neutron star-black hole (NSBH) events. For the analyses of BBH population only, though, the FAR threshold for the events has been set to be < 1 yr -1 , given the higher observed rate of binary black hole mergers, for a total of 69 BBH events. The various analyses take into account for each event the estimated parameters, along with their individual uncertainties. Different models are then applied for mass, spin and redshift distribution in order to find their best fits with the data.

There is a significant selection bias in the considered sample of gravitational wave events, given that the strength of a gravitational wave signal increases with the mass of the system while it decreases with the distance. Consequently, at larger distances only more massive mergers are observed. This bias is taken into account in the analyses by simulating signals with sampled parameters from the population of sources of interest, measuring which signals are easier to detect than others, allowing then to apply corrections to the bias.

Rates of CBC sources

The rates of compact object mergers have been estimated by jointly analyzing the masses of all the CBC events. This avoids problems of ambiguity in source classification for some of the events detected in O3 and makes easy self-consistent computations of merger rates in every range of masses, avoiding also systematics from disjoint models when considering overall rates.

For the rate estimates, the populations have been modeled through three different mass distributions: a power law + dip + break (PDB) model, which modulates a broken power law through a parametrized dip at low mass, a binned Gaussian process (BGP) model, which consists in a nonparametric flexible method weakly constrained by priors, and a multi-source (MS) model, considering subpopulations of BNS, NSBH and BBH treating mass, spin and rate of each subpopulation almost independently. Considering constraints on dense matter equations of state, the NS range of masses has been taken between 1 and 2.5 M ⊙ and the BH one between 2.5 and 100 M ⊙ . Table 3.1 reports the inferred rate densities within a 90% credible interval for BNS, NSBH and BBH for the different mass distribution models, along with the estimates for the full CBC population. By merging the 90% credible intervals for the different models, the overall merger rates inferred have been found to be 10 -1700 Gpc -3 yr -1 for BNS, 7.8 -140 Gpc -3 yr -1 for NSBH and 16 -61 Gpc -3 yr -1 for BBH, with an overall CBC rate of 72 -1800 Gpc -3 yr -1 [START_REF] Abbott | The population of merging compact binaries inferred using gravitational waves through[END_REF]. Among the rates found, the ones for binary neutron star merger populations are the ones with the strongest dependence from the assumed mass distribution. In fact, the low number of events observed for low mass gravitational wave sources results in a larger uncertainty on the rate density, with over an order of magnitude variation depending on the mass distribution model used. Moreover, the results show that although BBH mergers are the most frequently observed events, they are likely to occur less frequently than NSBH and BNS mergers.

Rate density [Gpc

Another estimate of the BNS rate has been performed based on the GWTC-2, considering a population of nonspinning neutron stars in binaries with a uniform mass distribution between 1 and 2.5 M ⊙ . The BNS local rate density estimated this way is R GWTC-2 BNS = 320 +490 -240 Gpc -3 yr -1 [START_REF] Abbott | Population Properties of Compact Objects from the Second LIGO-Virgo Gravitational-Wave Transient Catalog[END_REF].

Neutron stars and black holes mass distributions

The independent mass distributions of neutron stars and black holes have been inferred disjointly from the analysis done for the astrophysical rates. The NS mass distribution has been modeled either as a power law or as a Gaussian with sharp minimum and maximum cutoffs, called respectively Power and Peak model, and the analysis has been performed combining the results from the observations of both BNS and NSBH events. As shown in Fig. 3.3, the Power distribution has been found consistent with a uniform mass distribution, although the median is a decreasing function of the mass and the 90% credible intervals present two bumps. The Peak distribution, on the other hand, has been found to be relatively flat. Other distributions inferred from electromagnetic observations of either the Galactic neutron star population [START_REF] Farr | A Population-Informed Mass Estimate for Pulsar J0740+6620[END_REF] or the Galactic subpopulation of neutron star binaries [START_REF] Özel | Masses, Radii, and the Equation of State of Neutron Stars[END_REF], have a strong peak around ∼ 1.35 M ⊙ . Both the Power and the Peak mass distributions inferred from the GW analysis, however, do not support the hypothesis of neutron star mass distributions with a single sharp peak. Furthermore, when compared with the galactic NS mass distribution, they are broader and supporting a higher-mass population.

From the same analysis it has been found that the maximum mass in the neutron star population is 2.0 +0. For what concerns the isolated BBH analysis, the sample of events for the analysis has been selected using a FAR threshold of 1 yr -1 , given the large amount of events detected. The analysis of the BBH mass spectrum, through multiple independent models, highlights overdensities around ∼ 8 -10 M ⊙ and ∼ 30 -35 M ⊙ and this substructure reflects in the clustering of detected events with BH components around those masses. While the clumping of sources in the ∼ 8 -10 M ⊙ can be explained through isolated binary evolution, there is not a clear origin for the peak around ∼ 30 -35 M ⊙ .

The mass distribution is furthermore found continuously and monotonically decreasing at masses > 50 M ⊙ , not showing evidence for an upper mass gap [START_REF] Belczynski | The Effect of Pair-Instability Mass Loss on Black Hole Mergers[END_REF]. The lack of this gap suggests different possible formation scenarios, like hierarchical mergers, where at least one of the BH merger components is expected to originate from another merger [START_REF] Doctor | Black Hole Coagulation: Modeling Hierarchical Mergers in Black Hole Populations[END_REF], high-mass BH forming through mechanisms which avoid pair instability [START_REF] Farrell | Is GW190521 the merger of black holes from the first stellar generations?[END_REF], BH accretion from a stellar companion or binary systems accreting in gaseous environments [START_REF] Bavera | The impact of mass-transfer physics on the observable properties of field binary black hole populations[END_REF][START_REF] Roupas | Generation of massive stellar black holes by rapid gas accretion in primordial dense clusters[END_REF].

GW followup search of GRBs

The gravitational wave followup analysis of gamma-ray bursts hunts for subtreshold GW signals associated to the GRBs detected during the IGWN observing runs. For the purposes of this analysis, those GRBs are classified according to their T 90 into 3 classes: short GRBs, having T 90 < 2 s, long GRBs, with T 90 > 4 s, and ambiguous GRBs, characterized by 2 s < T 90 < 4 s.

Two kinds of searches are performed, a modeled and an unmodeled analysis. The modeled analysis is based on a matched filtering technique and aims to find GW signals from compact binary mergers, corresponding to short and ambiguous GRBs with data from at least one detector. The coherent unmodeled analysis searches for generic GW transients associated to all the detected GRBs during the observing runs with data from at least two detectors. The description of those pipelines in this section is taken from [START_REF] Abbott | Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and Swift During the LIGO-Virgo Run O3a[END_REF][START_REF] Abbott | Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and Swift during the LIGO-Virgo Run O3b[END_REF].

Below we report the results of the analysis performed during the third observing run of the IGWN. I took part in the unmodeled GW followup search of the GRBs detected during O3b, running the analysis for 5 of the GRBs analyzed3 .

Modeled search for binary mergers

The search for GW signals associated to short and ambiguous GRBs is carried out through a coherent matched filtering pipeline named PyGRB, which is contained within the open-source software PyCBC.

Given a detected GRB, PyGRB searches for gravitational wave signals compatible with BNS or NSBH inspirals in a data window of [-5, + 1] s around the GRB trigger time. This time is called the on-source window. The ∼ 90 minutes around the trigger are also split into 6 s off-source windows in order to characterize the background. The estimate of the power spectral density of the available detectors around that time allows to assign a statistical significance to candidate events in the on-source window ranking them by comparison with the background. The sky localization of the event is constrained through the best localization estimate from either Fermi/GBM or Swift/BAT.

The on-source window is scanned in the 30 -1000 Hz frequency band and the pipeline performs the matched filtering using predefined banks of BNS and NSBH waveform templates, searching for circularly polarized GW signals from binaries with an orbital inclination of 0 • and 180 • 4 . Potential signals are ranked through their coherent matched-filter SNR value, re-weighted according on how well the template fits the identified signal, according to a χ 2 test. The re-weighted SNR of the loudest on-source trigger is then compared to the loudest triggers in the off-source trials and the statistical significance of the onsource potential signal is quantified as the probability of the background alone to produce an analogous event.

The sensitivity of the searches is determined by injecting signals into the off-source data and counting which percentage of injections are recovered with a greater ranking statistic than the loudest on-source event. For this purpose, NS masses in BNS and NSBH injected waveforms are randomly sampled from a normal distribution with a mean of 1.4 M ⊙ and a variance of, respectively, 0.2 M ⊙ and 0.4 M ⊙ and are constrained to be between 1 and 3 M ⊙ , while BH masses are sampled from a normal distribution with µ = 10.0 M ⊙ , σ = 6.0 M ⊙ and are taken between 3 and 15 M ⊙ . The larger uncertainty of the NS mass distribution for the NSBH systems is due to a lack of related electromagnetic observation, leaving large uncertainties on the NS mass distribution in those systems. The NS dimensionless spins are also sampled, up to a value of 0.4, i.e. the maximum spin observed for a pulsar, and the BH ones up to a value of 0.98. The values of spins and masses are used also to check whether the randomly generated systems could produce GRBs [START_REF] Pannarale | Prospects for joint gravitational-wave and electromagnetic observations of neutron-star-black-hole coalescing binaries[END_REF]. Moreover, the waveforms are injected with a range of inclinations between 0 • and 30 • and between 150 • and 180 • .

The quantity which generally quantifies the sensitivity of the search for each GRB analyzed is the 90% exclusion distance (D 90 ), which is defined as the distance within which 90% of the injected simulated signals are recovered with a greater ranking statistic than the loudest on-source event.

Unmodeled search for generic transients

The unmodeled coherent followup GW analysis of GRBs detected during the IGWN observing runs is performed through a pipeline named X-Pipeline, which looks for coherent excess power over multiple detectors consistent with the sky position and the time of a given GRB. The sky localization is given on a grid based on the best localization either from Fermi/GBM or Swift/BAT.

The on-source window is taken in the [-600, + max{60, T 90 }] s time range around the GRB trigger and the search is restricted to the 20-500 Hz frequency range, which is the most sensitive band of the GW detectors. This latter choice is taken to reduce considerably the computational cost of the analysis and given that GW signals outside this frequency range would require extremely high GW energies to be detected.

X-Pipeline coherently combines the data from the on-source windows of all the detectors and produces time-frequency maps which are scanned for clusters of pixels with excess energy, which are denoted as events. Each event is ranked according to an assigned detection statistic based on energy and then subject to coherent consistency tests which discards events associated with noise. The event with the largest ranking statistics which survives vetoes is the best candidate for being a GW signal.

The significance of the candidate GW signal is evaluated similarly as in the modeled analysis, but using 660 s off-source trials taken from at least ∼ 1.5 hr of coincident data from at least two detectors around the GRB trigger time in order to create many samples of background data.

The sensitivity of the search is quantified through injections of simulated signals into the off-source data, analogously to how it is done in the modeled analysis. The injected waveforms are divided into three different sets, namely BNS and NSBH binary inspiral signals, circular sine-Gaussian signals (CSG), representing GW emission from stellar collapse, and accretion disk instability (ADI) signals. During this phase an autogating procedure, implemented since the O3b analysis, smoothly zeroes the data corresponding to recognized glitches, in order to avoid the overlap between short-duration wide-frequency glitches and long-duration (∼ 10 s) signals. These two can overlap and create a single cluster in time-frequency maps that can eventually be recognized as a noise transient and subsequently vetoed.

A visual example containing most of the features of the unmodeled GW followup analysis of a GRB is shown in Fig. 3.4. For this GRB, namely GRB 200101861, there has not been found any interesting on-source event, with the loudest one having a false alarm probability value of 0.57.

The upper panel shows the "circnullinc vs circnullenergy" plane, where the "circnullinc" and the "circnullenergy" both are the energies computed for each event subtracting the energy of the best fitting circularly polarized GW, but considering the cross-correlation terms equal to zero in the for the former. The on-source events are represented in the plane by the crosses, while the boxes represent the BNS injections. The pink dashed line delimits the part of the plane below which the events are vetoed and above which events are considered Upper panel: representation in the circnullinc vs circnullenergy plane of the onsource events, indicated by crosses, and of the injections, indicated by squares. The pink dashed line indicates where the coherent cut applies. The loudest onsource event is marked by a star. Lower panel: GW BNS detection efficiency curve as function of the GW strain amplitude. The black curve and blue curve differ for applying and not applying, respectively, data quality vetoes. The 50% and 90% upper limits on the amplitude of a possible BNS GW signal are marked by a yellow and a red square.

as possible GW candidates. A big part of the recognised background events is rejected and the most loud event surviving the vetoes is represented in the plot by a star. On the other hand, the simulated signals have a higher percentage of events surviving the rejection criteria compared to the background ones. The squares that fall on the diagonal of the plane correspond to injections overlapping with a relatively loud glitch, which form a common cluster in the time frequency map and are rejected by the coherent cut.

The lower panel represents the BNS detection efficiency as function of the strain amplitude of the GW signal. Two different curves are displayed, one black curve and one blue, differing for respectively taking and not taking into account data quality veto checks for the injections. The curves are interpolated between each amplitude value of the injections and the 50% and 90% upper limits on the amplitude of a possible undetected BNS GW signal are marked respectively with a yellow and a red square. A slight dip in the efficiency curve for higher strain amplitudes corresponds to the injections which overlap with glitches and are rejected by coherent cuts as shown on the left panel. Those injections are subsequently vetoed and not recovered by the pipeline, thus causing the efficiency curve to never reach the maximum value of 1.

The distributions of the loudest background events for each off-source trial as functions of the statistical significance are shown in Fig. 3.5. The distribution of the events drops significantly after the coherent consistency cuts are applied and it has a crucial role in determining the p-value of the loudest on-source event.

O3 Results

Both O3a and O3b searches have been performed as followups of the GRB events detected by Fermi/GBM and Swift/BAT, for a total of 105 (32) GRB followups carried through X-Pipeline (PyGRB) during O3a and 86 [START_REF] Abbott | GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of the Third Observing Run[END_REF] during O3b. No gravitational wave signal associated with one or more GRBs, statistically incompatible with background alone have been found.

The cumulative D 90 distribution curves for the modeled search, corresponding to BNS and NSBH injections with generic spin, are represented in Fig. 3.6. In both cases, the lowest exclusion distance values have been retrieved when only Virgo data were available and with a sky localization which reduced the detector sensitivity by ∼ 30%. The median values found for the BNS D 90 are 119 Mpc and 149 Mpc, for O3a and O3b respectively (see Sec. 1.3.2, Fig. 1.6 for a comparison with O3 BNS ranges of the detectors), while for the NSBH with generic spin the median values are, respectively, 160 Mpc and 207 Mpc. The larger median values reported from the O3b search when compared to the O3a search, are due to a larger fraction of GRBs in O3b that happened to have a sky position corresponding to better antenna factors for the GW interferometers.

The D 90 values estimated through X-Pipeline provide a 90% confidence level lower limit on the distance for each GRB analyzed with the generic transient search. The cumulative distributions of the D 90 for ADI model A and CSG with 150 Hz of central frequency, estimated through the O3a and O3b analysis Figure 3.5: Distributions of the loudest background events as functions of the statistical significance for the X-pipeline analysis of GRB 200101861. Each curve represents the events after a different cut is applied. The blue curve represents all the events, the green one the ones after the window cut, i.e. the trimming down of the triggers to the [-600, + 60] s time window, the red one after the data quality vetoes and the black one after the coherent consistency cuts. are reported in Fig. 3.7. The O3b values from the O3b search are on average ∼ 50% greater than those reported for the O3a search. One main explanation could be the implementation of the autogating procedure in O3b that increased the number of injections recovered from the pipeline. In fact, the increase in the exclusion distance is higher for the injected waveforms with longer duration, which are the ones that are most impacted by glitches.

Improvements in the performance of the detectors, such as reduction of scattered light noise in LIGO or improvement of the sensitivity in Virgo are other valuable explanations for the increases in the 90% exclusion distances in both the modeled and unmodeled searches. The observation of GW170817 and GRB 170817A and its consequences On the 17th August of 2017, a BNS gravitational wave signal was observed by the LIGO and the Virgo detectors. This was the first time that a coalescence of a binary neutron star system was observed through gravitational waves and it has been possible to determine with precision the portion of the sky where the event came from thanks to the network of three interferometers being observing at the same time.

Around two seconds after the binary neutron star system merged, a short GRB has been independently observed by Fermi/GBM and the SPI-ACS instrument on the INTEGRAL spacecraft [START_REF] Winkler | The INTEGRAL mission[END_REF], coming from the same sky region as the BNS gravitational wave signal. The peculiar features of this sGRB, such as its incredibly low measured luminosity, started clearing the fog around some GRB emission models and jet structure. Subsequent followup of this event and the observations of the GRB afterglow and of a kilonova, confirmed that binary neutron stars can be progenitors for short GRBs.

This joint GW-GRB observation has been a cornerstone for multi-messenger astronomy, i.e. the study of astronomical sources through the observation of different carriers of signal, in our case electromagnetic radiation and gravitational waves. The goal of this chapter is to give a brief description of the aforementioned GW and GRB events, respectively named GW170817 (Sec. 4.1, based on [START_REF] Abbott | Observation of Gravitational Waves from a Binary Neutron Star Inspiral[END_REF]) and GRB 170817A (Sec. 4.2, based on [START_REF] Goldstein | An Ordinary Short Gamma-Ray Burst with Extraordinary Implications: Fermi-GBM Detection of GRB 170817A[END_REF] and [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF]), the afterglow emission of GRB 170817A (Sec. 4.2.2) and the associated kilonova transient (Sec. 4.2.3). We also present some of the conclusions drawn from the multimessenger observation of this renowned BNS merger (Sec. 4.3). 

GW170817

The first gravitational wave signal compatible with a binary neutron star merger source was initially detected by a low-latency pipeline through the LIGO-Hanford detector. A close inspection of the data in the two LIGO detectors revealed the presence of a long CBC signal, although the low-latency trigger for the LIGO-Livingston detector did not occur due to the presence of a loud glitch. The lack of a clear signal coming from the Virgo detector was related to a poor antenna pattern of the detector due to the sky position of the source and a lower sensitivity with respect to the LIGO interferometers. A rapid re-analysis after suppressing the glitch in the Livingston detector and taking into account Virgo's antenna pattern, confirmed the presence of a clear signal in both LIGO detectors coming from a source localized in a 90% confidence region of 31 deg 2 (see Fig. 4.2) and with a total estimated SNR of 32.41 . The time and the sky position of the GW event were found compatible with the ones of GRB 170817A (see Sec. 4.2), whose prompt emission was observed to have occurred ∼ 1.74 s after the merger of the BNS system, representing the first observation of gravitational waves and electromagnetic radiation from the same event. Offline targeted CBC searches analyzed 5.9 days of LIGO data, identifying GW170817 as the most significant event within this data window, with a FAR of less than one in 8.0 × 10 4 yr.

The properties of the binary system have been inferred through a Bayesian analysis of the signal data in the 30-2048 Hz frequency range by matching the data with compatible waveforms. The analysis included the 1σ uncertainties on the detector signal calibration. In order to estimate the impact of the glitch removal from the data of LIGO-Livingston, BNS waveforms with known parameters have been injected to data cointaining glitches similar to the on-source one. The impact on the recovered parameters has been found to be little, mostly due to the short time of the glitch compared to the full length of the waveforms. By combining the informations from all three detectors, the source has been localized within a region of the sky of 28 deg 2 and a volume of 380 Mpc 3 . The luminosity distance has been estimated to be D L = 40 +8 -14 Mpc, making the GW170817 binary the closest one observed through gravitational waves. The measured luminosity distance, however, is degenerate with the angle of inclination of the binary with respect to the line of sight, defined as cos θ JN = Ĵ • N , with Ĵ the unit vector in the direction of the total angular momentum of the system and N the direction of the line of sight from the source towards the observer. The estimated distance and position have been found compatible with the galaxy NGC 4993 and this association has been further consolidated by electromagnetic followup observations (see Sec. 4.2). Considering the cosmology inferred in [START_REF] Ade | Planck 2015 results. XIII. Cosmological parameters[END_REF], the source redshift was z = 0.008 +0.002 -0.003 , consistent with that of NGC 4993, i.e. z NGC 4993 = 0.009783 [START_REF] Levan | The environment of the binary neutron star merger GW170817[END_REF]. The association to this host galaxy allows to perform more precise measurements. Broken the degeneracy with distance, the inclination angle of the source has been found to be θ JN > 152 • . Considering the host galaxy redshift and an inferred chirp mass in the observer frame of M obs = 1.1977 +0.0008 -0.0003 M ⊙ , the chirp mass in the source frame was M = 1.188 +0.004 -0.002 M ⊙ . Because of the degeneracy between the mass ratio and the spin values alligned with the orbital angular momentum of the compact objects in the binary, the estimates of the component masses depend on the assumptions on the upper limits on the spin values that the compact objects could have. Two upper limits have been considered for the spin values that a neutron star could assume: a safer limit of |χ| ≤ 0.89, basing on available waveforms and which is referred as the "high-spin" case, and a more strict limit of |χ| ≤ 0.05, basing on the highest oberved spin of a pulsar in a binary that could merge within a Hubble time and which is referred as the "low-spin" case. In both cases, an isotropic prior on the spin direction is assumed. With the high-spin prior it have been inferred limits of 0.4 < q < 1.0 for the mass ratio, -0.01 < χ eff < 0.17 for the effective inspiral spin, and values of 1.36 M ⊙ < m 1 < 2.26 M ⊙ and 0.86 M ⊙ < m 2 < 1.36 M ⊙ for the component masses. In the low-spin scenario, on the other hand, the limits have been found to be 0.7 < q < 1.0, -0.01 < χ eff < 0.02, 1.36 M ⊙ < m 1 < 1.60 M ⊙ and 1.17

M ⊙ < m 2 < 1.36 M ⊙ .
The analysis of the post-merger signal has been performed to search for neutron star remnant signatures at up to 4 kHz. The search for the ringdown signal of a black hole at this mass scale would mean to search for frequencies around 6 kHz, which is extremely challenging given the low response of the interferometers at high frequency. The analysis, however, didn't show any evidence for a post-merger signal.

GRB 170817A and other EM transients

The detection of this short GRB occurred ∼ 1.74 ± 0.05 s after the merger of GW170817A. The signal was detected in three of the NaI(Tl) detectors of the Fermi/GBM instrument by one of the GBM flight softwares, which searches for photons between 50 and 300 keV, 2.4 after the end of the data interval and a rapid alert process transmitted a GCN notice 14 s later2 . The GRB was localized within a 50% (90%) probability region of ∼ 500 deg 2 (∼ 1800 deg 2 ) and the sky region was found compatible with the one of GW170817.

The same GRB was detected by the Integral/SPI-ACS instrument and the time difference between the two detectors allowed to draw a "position circle band" in the sky map, compatible with both the sky positions estimated by GBM and by the IGWN.

The localization area estimated by GBM is quite large compared to the one provided by GW observations, due both to the weak nature of the observed GRB (see Sec. 4.2.1) and the strong background, as the Fermi spacecraft was approaching the South Atlantic Anomaly (SAA). A more precise localization was provided by a coherent targeted search performed by a pipeline, originally aimed at hunting for subthreshold signals, over all the GBM detectors, both NaI(Tl) and BGO, finding a 50% (90%) credible region of ∼ 350 deg 2 (∼ 1100 deg 2 ).

The T 90 has been computed in the 50-300 keV range as the time between which the signal reaches the 5% and the 95% of the cumulative observed fluence. For this purpose a power-law spectrum with a high-energy exponential cutoff is fit to the background-subtracted data surrounding a large portion of time around the trigger time of the burst, divided into 64 ms time bins. The value found was T 90 = 2.0±0.5 s starting at T GBM 0 -0.192 s, where T GBM 0 is the time of the end of the burst trigger, with a peak photon flux measured on the 64 ms time scale of P 64 = 3.7 ± 0.9 ph s -1 cm -2 and a fluence of (2.8 ± 0.2) × 10 -7 erg cm -2 over the whole T 90 interval. 3). Credits: [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF].

The spectral analysis has been performed over 256 ms of data, i.e. between T GBM 0 -0.192 s and T GBM 0 +0.064 s, and the spectrum has been fitted to a power law with an exponential cutoff, finding a peak energy of E peak = 215 ± 54 keV and a power-law index of α = 0.14±0.59. A further spectral analysis highlighted the possible presence of two distinct spectral components, a main one fitting to a power law with an exponential cutoff and a softer tail emission fitting to a blackbody spectrum.

GRB 170817A energetics

Given the spectral information and the luminosity distance to NGC 4993, the measured values for the isotropic equivalents of the energy radiated and of the peak luminosity are respectively E iso = (3.1 ± 0.7) × 10 46 erg s -1 and L iso = (1.6 ± 0.6) × 10 47 erg s -1 , considering the gamma-rays emitted in the 1 keV -10 MeV energy band. The energetics here reported are determined through the standard procedure used for the GBM catalog, allowing a comparison with the other GRBs detected by Fermi/GBM having a measured redshift 4.4. GRB 170817A was 2 orders of magnitude closer and 2 to 6 orders of magnitude fainter when compared to the distribution of other GBM GRBs.

There are several possible scenarios that could explain a GRB with such low luminosity. A simple explanation is that of an uniform sharp edged tophat jet seen off-axis, i.e. with a viewing angle greater than the jet opening angle. This explanation, however, seems to be disfavored as considerations over the relativistic Doppler factor would require a fine tuning of the line of sight.

A more accounted hypotesis is the one of the structured jet scenario, which produces a low luminosity emission over a wider range of angles outside the main core of the jet emission. Several structured jet profiles could at least in part explain the observed GRB energetics distribution, expanding over several orders of magnitude, and some models would imply the presence of a quasiuniversal jet structure (see Ch. 2 or [START_REF] Salafia | Structure of Gamma-Ray Burst jets: intrinsic versus apparent properties[END_REF]). The hypothesis of alternative mechanisms producing intrinsically dim short GRBs have also been taken into account, given the relative proximity of this event, although the main component of the burst emission has the features of a typical short GRB. The tail component of the burst though, could be explained by a thermal gamma-ray emission from the cocoon surrounding the jet. This component could not have been detected at larger distances and it could be a common feature of short GRBs, missed from other events that happened further away.

Another scenario would be the one in which GRB 170817A has been seen within the collimation angle of a wider top-hat jet, intrinsically orders of magnitude fainter than other observed GRBs. This eventuality is unlikely under the hypothesis of neutron star binaries being the main sGRB progenitor, since it would require top-hat jets to have an intrinsic luminosity distribution over at least 6 orders of magnitude while neutron stars have a very narrow mass distribution. A broader intrinsic luminosity distribution, however, could be explained by neutron star-black hole binaries or by a largely varying intensity of magnetic fields in neutron stars. Moreover, afterglow observations (see Sec. 4.2.2) seem to favor the hypothesis that GRB 170817A has been observed off-axis.

GRB 170817A afterglow

The afterglow emission was observed most clearly in the X-ray and radio bands, since the UV, optical and near-infrared (NIR) parts of the elecromagnetic radiation were dominated by the kilonova emission [START_REF] Guidorzi | Improved Constraints on H 0 from a Combined Analysis of Gravitational-wave and Electromagnetic Emission from GW170817[END_REF] (see Sec. 4.2.3).

The early follow-up observations in the X-ray band, performed through the Swift/XRT 0.6-11.5 d after the GRB trigger and by the Chandra X-ray Observatory (CXO, [START_REF] Weisskopf | Chandra x-ray observatory (cxo):overview[END_REF]) starting at t ≈ 2.3 d from the GW event did not reveal any afterglow emission, with an upper constraint of L x ≲ 3.2 × 10 38 erg s -1 on the isotropic equivalent of the X-ray luminosity [START_REF] Margutti | The Electromagnetic Counterpart of the Binary Neutron Star Merger LIGO/VIRGO GW170817. V. Rising X-ray Emission from an Off-Axis Jet[END_REF] 3 . Around 15.1 d post-merger, CXO revealed the presence of an X-ray source with L x ≈ 9×10 38 erg s -1 , which was progressively brightening with time.

Theoretical and phenomenological considerations on the jet expanding in the circum-burst medium did not provide likely explanations for a delayed afterglow arising from a jet observed on-axis. On the other hand, the delayed X-ray observations with a rising luminosity could be well explained in the scenario of a propagating jet seen off-axis: considering a simple model with an observer at an angle θ obs from the jet axis and a jet propagating with a Lorenz factor Γ and having its peak luminosity within a relativistic beaming angle of θ j ∼ 1/Γ, the peak in the observed light curve would be spotted when Γ(t peak ) ∼ 1/θ obs . Furthermore, the heavy nuclei generated through r-process in the ejecta material (see Sec. 4.2.3) were extremely opaque to X-ray and therefore the hypothesis of an X-ray emission from the central engine is extremely unlikely 4 .

The delayed on-set detection of the afterglow also in the radio band [START_REF] Alexander | The Electromagnetic Counterpart of the Binary Neutron Star Merger LIGO/VIRGO GW170817. VI. Radio Constraints on a Relativistic Jet and Predictions for Late-Time Emission from the Kilonova Ejecta[END_REF] and the apparent superluminal motion of the radio source [START_REF] Ghirlanda | Compact radio emission indicates a structured jet was produced by a binary neutron star merger[END_REF] were pointing as well towards the off-axis jet observation hypotesis. If we observe the afterglow data in the radio, optical and X-ray bands between 0.5 and 940 days post-merger, a light curve uniform in flux density can be fitted to a broken power law rising proportionally to t 0.86±0.04 and declining proportionally to t -1.92±0.12 , with a flux peak at t peak = 155 ± 4 d [START_REF] Makhathini | The Panchromatic Afterglow of GW170817: The Full Uniform Data Set, Modeling, Comparison with Previous Results, and Implications[END_REF]. The time evolution of the light curve at different wavelengths, rescaled to a common frequency of 3 GHz and assuming a power-law spectrum F ν ∝ ν -0.584 where the power index has been found through a best-fit, is shown in Fig. 4.5. The power law rising and declining behavior of the light curve is consistent with the expectations for an afterglow from a structured jet observed off axis. The viewing angle from these observations has be inferred to be θ obs ≃ 15 • -30 • .

The Kilonova AT 2017gfo

The neutron-rich ejecta from BNS and NSBH is subjected to a process of rapid neutron capture nucleosynthesis called r-process. This process creates heavy elements, a great part of which is unstable and their radioactive decay heats up the ejecta, powering an approximately isotropic thermal transient, known as kilonova [76]. There are two main components expected for a kilonova to have place, a red kilonova in which the lanthanide-rich ejecta heated by radioactivity produces a week-long NIR transient and a blue kilonova, a ∼day-long emission in the UV and optical bands from the lanthanide-free component of the ejecta.

Around 12 hr after the GBM and IGWN alerts, an optical transient was ob-served, having location and distance consistent with the ones reported from GW observations [START_REF] Goldstein | An Ordinary Short Gamma-Ray Burst with Extraordinary Implications: Fermi-GBM Detection of GRB 170817A[END_REF], localized in the outskirts of the galaxy NGC 4993 [START_REF] Margutti | The Electromagnetic Counterpart of the Binary Neutron Star Merger LIGO/VIRGO GW170817. V. Rising X-ray Emission from an Off-Axis Jet[END_REF]. The source was monitored in the UV, optical and NIR bands and the time evolution of the detected transients were closely compatible with the ones theoretically expected from a kilonova. The transient, named AT 2017gfo, started as a blue kilonova, with a thermal spectrum peaking at UV frequencies, rapidly evolving in a few days to a red kilonova with a spectral peak in the NIR5 .

A multimessenger detection of a binary merger

The association of GW170817 and GRB 170817A provided the evidence of the connection between short GRBs and BNS mergers. The "unambiguousity" of this joint detection can be quantified through the probability for these two events of having a spatial and temporal coincidence while being generated in two independent astrophysical events [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF]. The probability of temporal coincidence has been computed by considering short GRBs and GW as independent Poissonian processes and calculating the p-value of observing a sGRB 1.74 s after a GW signal, finding P temporal ≃ 5.0 × 10 -6 , corresponding to a 4.4σ significance in Gaussian statistics. The probability of a spatial coincidence on the sky map has been computed from the posterior probabilities on the sky areas estimated by the IGWN and Fermi/GBM, finding a p-value of P spatial ≃ 0.01. Since the spatial and temporal p-values are independent quantities, the total probability of random spatial and temporal coincidence of two independent events is given by their product, i.e. P ind = P spatial × P temporal ≃ 5.0 × 10 -8 which corresponds to a Gaussian significance of 5.3σ and confirms the unambiguous association of GW170817 and GRB 170817A. The measurement of the luminosity distance to NGC 4993 has been inferred in a more precise way through electromagnetic observations, rather than through GW 170817, reducing the degeneracy between the distance and the inclination of the binary [START_REF] Abbott | Properties of the binary neutron star merger GW170817[END_REF]. Considering a prior on distance as a normal distribution with mean 40.7 Mpc and standard deviation 2.36 Mpc [START_REF] Cantiello | A Precise Distance to the Host Galaxy of the Binary Neutron Star Merger GW170817 Using Surface Brightness Fluctuations[END_REF] and the priors on spin which in Sec. 4.1 are referred to as "low-spin" and "high-spin" priors, the inclination angle of the binary has been constrained respectively to θ JN = 151 +15 -11 deg and θ JN = 153 +15 -11 deg [START_REF] Abbott | Properties of the binary neutron star merger GW170817[END_REF], both measurements consistent with the inclination angle inferred from afterglow observations (see Sec. 4.2.2).

Speed of gravity

The difference between the arrival time of the GW merger and the GRB signals can provide a constrain on the relative difference in speed between photons and gravitational waves [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF]. Under the assumption of a small difference between the speed of gravity and the speed of light, their relative difference can be computed as ∆v/v EM ≈ v EM ∆t/D L , where ∆v = v GWv EM , v GW and v EM are respectively the speed of gravity and of light and ∆t is the difference of travel time between photons and gravitational waves. The luminosity distance has been safely assumed to be ∼ 26 Mpc, i.e. the lower bound of the 90% credible interval on the luminosity distance inferred from GW170817. This conservative assumption has been made since the measure of the speed difference is less constraint when considering a small distance.

If it's assumed that the peak of the GW signal and the beginning of the gamma-ray burst happened at the same time, the difference in time between the arrival of the two signals ∆t = +1.74 ± 0.05 s is due to a faster speed of the photons with respect to the gravitational waves. A more conservative scenario is envisioned through the assumption that the sGRB has been emitted within 10 s from the merger of the BNS system, providing the following constraint on the relative speed difference between the two "messengers"

-3 × 10 -15 ≤ ∆v v EM ≤ +7 × 10 -16 , (4.1) 
assuming a negligible impact of the intergalactic medium dispersion on the gamma-ray photon speed [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF].

A GW measurement of the Hubble constant

As forementioned in Ch. 1, once measured the luminosity distance of a gravitational wave signal an independent measurement of the redshift would allow to measure the Hubble constant through the Hubble law. A measurement of the Hubble constant was indeed possible from the joint detection of GW170817 and GRB 170817A [START_REF] Abbott | A gravitational-wave standard siren measurement of the Hubble constant[END_REF]. Due to the proximity of the source, the Hubble flow velocity of NGC 4993 has been corrected to local peculiar motions like the relative motion between galaxies, whose velocity has been estimated to be ∼ 10% of the recessional velocity.

A Bayesian analysis has inferred the posterior distribution for H 0 , finding a value of H 0 = 70.0 +12.0 -8.0 km s -1 Mpc -1 , within a 68.3% credible interval. This measure is independent of any other measured values of H 0 and is compatible with both the values determined from measurements on the Cosmic Microwave Background (CMB) H Planck 0 = 67.8 ± 0.9 km s -1 Mpc -1 [START_REF] Ade | Planck 2015 results. XIII. Cosmological parameters[END_REF] and from Type Ia supernova measurements H SN 0 = 73.2 ± 1.7 km s -1 Mpc -1 [START_REF] Riess | A 2.4% Determination of the Local Value of the Hubble Constant[END_REF].

A model for the mid-high luminosity GRB population

This section briefly describes the work done by D.Wanderman and T.Piran (WP15, [START_REF] Wanderman | The rate, luminosity function and time delay of non-Collapsar short GRBs[END_REF]) on the population of non-collapsar GRBs, using a phenomenological approach to fit the luminosity probability distribution to the observed GRB data. The sample of GRBs used for the WP15 study contained short GRBs with a measured peak photon flux, detected by BATSE and Fermi/GBM, and with a measured redshift, detected by Swift. The Swift peak flux has not been included as it was considerably smaller than the BATSE and Fermi/GBM ones.

The BATSE flux sample included short GRBs from the BATSE catalogue [85] having T 90 < 2 s and with a 64 ms peak photon flux P 64 > 1.5 ph cm -2 s -1 in the 50-300 keV band, for a total sample of 341 bursts.

The sGRB sample from Fermi/GBM consisted of bursts from the second Fermi/GBM catalog [START_REF] Paciesas | The Fermi GBM Gamma-Ray Burst Catalog: The First Two Years[END_REF][START_REF] Paciesas | VizieR Online Data Catalog: The Fermi GBM catalog[END_REF], which contains the first two years of data collected by the detector. The selected GRBs are, as for BATSE, the bursts with T 90 < 2 s in the 50-300 keV band, but with an higher 64 ms peak photon flux of P 64 > 2.37 ph cm -2 s -1 . The Swift redshift sample followed an initial similar selection criterion, including bursts with T 90 < 2 s in the 15-150 keV band, but not including the short GRBs with an extended emission after T 90 = 2 s. Since the value of the T 90 dividing the long and short GRB populations depends on the detector's energy band, the sample has gone through a non-collapsar selection using a method described in [START_REF] Bromberg | Short versus Long and Collapsars versus Noncollapsars: A Quantitative Classification of Gamma-Ray Bursts[END_REF] which computes the probability for a GRB to have a non-collapsar origin basing on emission models, T 90 and spectral hardness. From this sample it has been extracted a subgroup of 12 events having a probability of being non-collapsars greater than 60%, expecting to have only one intruder collapsar GRB among them. The peak flux threshold has been roughly estimated to be P 64 > 2.5 ph s -1 cm -2 . The sample, however, does not contain non-collapsar GRBs above z = 1.2, resulting in an observational bias for higher redshifts.

Models for the analysis

The short GRB population in WP15 has been characterized by its isotropic equivalent of the peak luminosity L iso , which is a quantity commonly used to describe the population of short GRBs.

The logarithmic luminosity probability function, more simply "luminosity function", is defined as the fraction of short GRBs within a logarithmic interval d ln(L iso ) and has been modeled as a broken power law

ϕ WP15 0 (L iso ) ≡ dP d ln(L iso ) ∝      Liso L * -α L , L iso ≤ L * , Liso L * -β L , L iso > L * , (5.1) 
where L iso is the isotropic equivalent of the peak luminosity and with α L , β L and L * as free parameters 1 . This model provides a better fit to the L iso distribution compared to a single power law, therefore is preferred to this latter one to describe the sGRB population.

The relation between the 64-ms peak flux P 64 and the isotropic equivalent peak luminosity L iso can be defined as

L iso (z, P 64 ) = 4π D 2 L (z) (1 + z) k(z)C det P 64 , (5.2) 
where D L (z) is the luminosity distance at redshift z,

C det = 10MeV 1keV
EN (E)dE

E d max E d min N (E)dE (5.3)
is a factor taking into account the ratio between the energy of γ-rays emitted in terms of photons and the number of photons detected by the detector in its detection energy window [E d min , E d max ], considering a given photon spectrum N (E) and

k(z) = E d max E d min N (E)dE (1+z)E d max (1+z)E d min N (E)dE (5.4)
is the correction for the photon spectrum at a given redshift. The photon spectrum N (E) has been assumed to be described by a Band function with parameters α B = -0.5, β B = -2.25 and E peak = 800 keV and a gamma-ray emission in the 1 keV -10 MeV band.

Picturing binary neutron star mergers as a possible main source for noncollapsar bursts, the GRB rate function depending on redshift has been built by considering an inspiral time delay with respect to the global star formation rate (SFR). Even though this model recalls the merger of binaries, the eventuality of the time delay being zero is not ruled out a priori. The short GRB rate function is then defined as a convolution of a time-delayed SFR with a time delay probability distribution

R sGRB (z) ∝ ∞ z SF R(z ′ )(f (t(z) -t(z ′ )) dt dz ′ dz ′ . (5.5) 
There are two models that have been considered for the time delay distribution: a power-law time delay f PL (τ ) ∝ τ -αt with τ > 20 Myr and a log-normal

distribution f LN (τ ) = exp[-(ln τ -ln t d ) 2 2σ 2 t ]/( √ 2πσ t )
, where t d is the average time delay and σ t is the width of the time delay distribution.

There are also two different SFR models that have been used in the analysis. The first one, hereafter named SFR1, has been built combining the low-redshift part of [START_REF] Cucciati | The star formation rate density and dust attenuation evolution over 12 Gyr with the VVDS surveys[END_REF] and the high-redshift parts of [START_REF] Bouwens | Lower-luminosity Galaxies Could Reionize the Universe: Very Steep Faint-end Slopes to the UV Luminosity Functions at z ≥ 5-8 from the HUDF09 WFC3/IR Observations[END_REF][START_REF] Oesch | Probing the Dawn of Galaxies at z ˜9-12: New Constraints from HUDF12/XDF and CANDELS data[END_REF], and the other one, hereafter called SFR2, based on cosmic infrared background measurements [START_REF] Ade | Planck 2013 results. XXX. Cosmic infrared background measurements and implications for star formation[END_REF]. result into a sGRB, could be a further hint that there is an underlying part of the sGRB population at low luminosities that is not considered in the WP15 work.

A multimessenger GW-GRB study of the sGRB population

The observation of an event like GRB 170817A is a main clue that there is a lowluminosity part of the sGRB population, lying undetected at the usual measured sGRB distances (see Ch. 4, Sec. 4.2). This work aims at characterizing the sGRB population via the L iso probability distribution, described as an extension of the WP15 model, and exploiting the results from the GW followup analysis of short GRBs and the BNS local rate distribution to constrain the new "low-luminosity parameters".

Characterizing the sGRB population

The short GRB population is modeled as an extension of the broken power law presented in Eq. (5.1), to which we add a low-luminosity branch

ϕ 0 (L iso ) ≡ dP d ln(L iso ) ∝            Liso L * * -γ L L * * L * -α L , L 0 ≤ L iso ≤ L * * Liso L * -α L , L * * < L iso ≤ L * , Liso L * -β L , L iso > L * (5.9)
where γ L and L 0 are free parameters [START_REF] Abbott | Search for gravitational-wave signals associated with gamma-ray bursts during the second observing run of Advanced LIGO and Advanced Virgo[END_REF]. The values for α L , β L and L * are fixed, assuming the value found through the SFR1 model and the log-normal time delay distribution in WP15, i.e. α L = 0.94, β L = 2 and L * = 2 × 10 52 erg s -1 , while L * * = 5 × 10 49 erg s -1 is the low-luminosity cutoff of the original distribution.

The new low-luminosity cutoff L 0 and the low-luminosity power index γ L are constrained through a joint GW-GRB Bayesian analysis. We hereafter refer to the luminosity function as ϕ 0 (L iso ) ≡ ϕ 0 (L iso , γ L , L 0 ), in order to make the dependence on those parameters clearer.

The photon spectrum for our population is described as a Band function (see Ch. 2, Sec. 2.1.1) with parameters α B = -0.5, β B = -2.25, E 0 = E peak αB+2 and E peak = 800 keV.

Since the detectability of both GRBs and GW signals strongly depend on the distance to the source, we need to describe the dependence of the observed rate on the redshift. Given the rate density redshift distribution found in WP15 (Eq. (5.8)), we can compute the differential probability of detecting a sGRB as a function of redshift

dP GRB obs dz ∝ (1 -Φ(L th (z), γ L , L 0 )) ρ sGRB (z) (1 + z) dV dz , (5.10) 
where

Φ(L, γ L , L 0 ) = L L0 ϕ 0 (L ′ , γ L , L 0 )dL ′ ∞ L0 ϕ 0 (L ′ , γ L , L 0 )dL ′ (5.11)
is the normalized luminosity cumulative distribution function (CDF),

dV dz = 4πc H 0 d 2 L E(z)(1 + z) 2 (5.12)
is the differential comoving volume, with E(z) = Ω m (1 + z) 3 + Ω Λ and L th (z) is the luminosity threshold value for a detector, given its 64 ms peak photon flux threshold, using the relation described in Eq. (5.2) 2 . We use the same threshold used in WP15 for the Fermi/GBM detector, i.e. P th 64 = 2.37 ph cm -2 s -1 in the 50 -300 keV energy band. The factor 1 -Φ(L th (z), γ L , L 0 ) contains all the detection part of the distribution.

The cumulative observed rate distribution can be therefore computed as

C obs R (z, γ L , L 0 ) = z 0 dP GRB obs dz ′ dz ′ .
(5.13)

Bayesian analysis

The parameters γ L and L 0 are constrained by putting 90% credible intervals on a posterior probability distribution function (PDF) found through the Bayes theorem in the following form

P (γ L , L 0 |x) = L(x|γ L , L 0 )Π(γ L , L 0 ) γ max L γ min L L max 0 L min 0 L(x|γ L , L 0 )Π(γ L , L 0 )dγ L dL 0 , (5.14) 
where Π(γ L , L 0 ) and L(x|γ L , L 0 ) are, respectively, the prior PDF and the likelihood.

2 The integral at the numerator of Eq. (5.11)

A ϕ (L, γ L , L 0 ) = L L 0 ϕ 0 (L ′ , γ L , L 0 )d ln(L ′ ) for L < L * * gives A ϕ (L, γ L , L 0 ) := L L 0 L ′ L * * -γ L L * * L * -α L d ln(L ′ ) = 1 γ L L * * L * -α L L 0 L * * -γ L - L L * * -γ L
and taking the limit for γ L → 0 it brings to an indeterminate form of the 0 0 kind. We can however apply L'Hôpital's rule to solve the limit:

lim γ L →0 A ϕ (L, γ L , L 0 ) = = L * * L * -α L lim γ L →0 ∂ ∂γ L [( L 0 L * * ) -γ L -( L L * * ) -γ L ] ∂ ∂γ L γ L = = L * * L * -α L ln L L 0 .
In the same way we can solve the same limit for the normalization integral

N ϕ = ∞ L 0 ϕ 0 (L ′ , γ L , L 0 )d ln(L ′ ).

Prior PDF

The prior PDF is defined within a parameter space where -5 < γ L < 5 and 10 43 erg s -1 < L 0 < 10 48 erg s -1 are the bounds for our parameters to constrain. The prior PDF is built starting by assuming that the probability distribution of the logarithm of the local (z ≪ 1) observed short GRB rate R obs (γ L , L 0 ) is constant over γ L and that the same probability distribution is constant over ln(L 0 ) P (ln(R obs (γ L , L 0 )), ln(L 0 )) = const. := A .

(5.15)

In order to perform a change of variables to (γ L , ln(L 0 )), we define u(γ L , L 0 ) = ln(R obs (γ L , L 0 )), so that

P (γ L , L 0 ) = det J(γ L , L 0 ) P (u(γ L , L 0 ), ln(L 0 )) , (5.16) 
where det J(γ L , L 0 ) is the determinant of the Jacobian matrix of the coordinate transformation. Assuming the variables γ L and L 0 independent, we get

det J(γ L , L 0 ) = ∂u(γ L , L 0 ) ∂γ L = ∂R obs (γ L , L 0 ) ∂γ L 1 R obs (γ L , L 0 ) . (5.17) 
Since we are considering local rates, the cumulative observed rate can be written as

C obs R (γ L , L 0 ) = 4π 3 R obs (γ L , L 0 )χ 3 (z) = 4π 3 R obs (γ L , L 0 ) cz H 0 3 , (5.18) 
where in the last passage we used the Hubble law cz = H 0 χ(z), χ(z) being the comoving distance at redshift z. The determinant of the Jacobian of this transformation computed in the local universe is therefore

det J(γ L , L 0 ) = ∂C obs (γ L , L 0 ) ∂γ L 1 C obs (γ L , L 0 ) , (5.19) 
and the obtained uninformative prior is

Π u (γ L , L 0 ) ∝ det J(γ L , L 0 ) . (5.20) 
If we compare the logarithm of the constant local rate density curves with the contour plot of the obtained uninformative prior, respectively left and right panel of Fig. 5.1, the latter has higher values where the density of constant rate curves is higher. This behaviour comes from the derivative of the rate density over γ L in the determinant of the Jacobian.

For our analysis we assume that BNS mergers are the only progenitors for short GRBs. As anticipated in Ch. 2, neutron star-black hole (NSBH) mergers can also produce gamma-ray bursts under certain conditions [START_REF] Narayan | Gamma-ray bursts as the death throes of massive binary stars[END_REF] and a small fraction of short GRBs can be generated as magnetar giant flares (MGFs) [START_REF] Burns | Identification of a Local Sample of Gamma-Ray Bursts Consistent with a Magnetar Giant Flare Origin[END_REF]. Given, however, the tight conditions under which a NSBH would result into a sGRB [START_REF] Pannarale | Prospects for joint gravitational-wave and electromagnetic observations of neutron-star-black-hole coalescing binaries[END_REF] and the very limited number of MGFs detected, we consider the The quantity f(γ L , L 0 ) acts as a parameter space delimiter for the uninformative prior, so the prior PDF is finally

Π(γ L , ln(L 0 )) = Ã 1 -f(γ L , L 0 ) ∂C obs (γ L , L 0 ) ∂γ L 1 C obs (γ L , L 0 ) , (5.25) 
where à is the normalizing constant for the prior.

A contour plot of the final informative prior is shown in Fig. 5.2. The probability distribution for is visibly narrower and peaking towards lower values of γ L , compared to the uninformative prior.

Likelihood

The likelihood function L(x|γ L , L 0 ), where x indicates our set of data, is defined as the probability of detecting one single GW transient associated to one among the short and ambiguous GRBs detected during one of the IGWN observing runs. The joint detection is furthermore imposed to have occurred at the redshift measured of the galaxy NGC 4993, i.e. z ≡ z NGC 4993 = 0.009783 [START_REF] Levan | The environment of the binary neutron star merger GW170817[END_REF], and the corresponding GRB to have the measured L iso value of GRB 170817A, i.e. L = 1.6 ± 0.6 erg s -1 [START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF].

This probability is computed using the set of GW efficiency curves obtained from the modeled GW followup analysis of the GRBs detected during the first three observing runs of the IGWN [START_REF] Abbott | Search for Gravitational Waves Associated with Gamma-Ray Bursts During the First Advanced LIGO Observing Run and Implications for the Origin of GRB 150906[END_REF][START_REF] Abbott | Search for gravitational-wave signals associated with gamma-ray bursts during the second observing run of Advanced LIGO and Advanced Virgo[END_REF][START_REF] Abbott | Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and Swift During the LIGO-Virgo Run O3a[END_REF][START_REF] Abbott | Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and Swift during the LIGO-Virgo Run O3b[END_REF] (see Ch. 3, Sec. 3.4)3 . For any analyzed GRB i, the probability of having a joint detection with the same luminosity and redshift parameters as GRB 170817A/GW170817 is

P det i (γ L , L 0 ) = ∞ 0 ϕ 0 (L, γ L , L 0 )N L(L)d ln L ∞ 0 η i (z) dP GRB obs dz δ(z -z)dz , (5.26 
) where η i (z) is the efficiency curve corresponding to the given GRB and dP GRB obs /dz is the differential probability of detecting a short GRB defined in Eq. (5.10). We choose N L to be a log-normal distribution centered in L with, standard deviation equal to the uncertainty on the value of L and to use a Dirac delta distribution δ(zz), as our analysis is not sensitive to small changes in redshift. The probability of not having a joint GW detection associated to an analyzed GRB event is computed in an analogous way

P ¬det i (γ L , L 0 ) = 1 - ∞ 0 η i (z)
dP GRB obs dz dz .

(5.27)

Once found the probability of detection and non-detection for each GRB i, the likelihood is given by the probability of Likelihood + Luminosity Information where N GRB is the total number of GRBs analyzed by PyGRB during the first three IGWN observing runs. Fig. 5.3 represent the likelihood with, right panel, and without, left panel, the information on the luminosity of GRB 170817A. Although the use of the luminosity value of this event has a big impact on the likelihood, making it spiking around L 0 ∼ L, we don't have further information to use for events with such low luminosity measured values.

L(γ L , L 0 ) = NGRB i P det i (γ L , L 0 ) j̸ =i P ¬det j (γ L , L 0 ) , (5.28 

Posterior PDF

The posterior is obtained as mentioned before through Eq. (5.14) and is shown as a function of γ L and L 0 in Fig. 5.4. The 50% and 90% credible regions of the parameter space, show that the values of the lower luminosity cutoff L 0 are compatible with the L iso measured for GRB 170817A, as the bulk of the L 0 posterior distribution is lower than the GRB 170817A measured luminosity. Moreover, the contours of the credible regions follow the shape of the prior and therefore of the constant rate curves.

The 90% credible region contour does not close for the lowest values considered for L 0 in the analysis: we have no information about possible events down to those measured luminosities and therefore there is no reason to push the analysis down to even lower values.

By marginalizing the posterior PDF over L 0 , we have that within a 90% confidence interval γ L = 0.28 ± 0.45. The curve we find in our work is represented by the blue solid line, with the shaded areas representing its 50% and 90% credible intervals. Other analogous curves from [START_REF] Salafia | Gamma-ray burst jet propagation, development of angular structure, and the luminosity function[END_REF], in orange, [START_REF] Tan | The jet structure and the intrinsic luminosity function of short gamma-ray bursts[END_REF], in yellow, and [START_REF] Ghirlanda | Short gamma-ray bursts at the dawn of the gravitational wave era[END_REF], in green, are displayed for a direct comparison. The value of L iso measured for GRB 170817A with its uncertainty is represented in magenta as a reference value. 

where N O3 GRB = 49 is the number of GRBs analyzed by PyGRB during O3. The N O3 GRB efficiency curves from O3 have been computed with different interferometers network combinations, which is representative of the impact of the duty cycle of each detector on the network.

The fraction of time during which none of the three interferometers was in science mode during O3 has been taken into account by using the ratio between the number of short GRBs analyzed by PyGRB and the number of short GRBs detected during the period of this observing run ζ 0 ∼ 0.95. This number is compatible with the fraction of observing time of the network during O3 with at least one interferometer in observing mode [START_REF] Abbott | GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the First Half of the Third Observing Run[END_REF][START_REF] Abbott | GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of the Third Observing Run[END_REF].

The O3 network efficiency curve is therefore

η GW O3 (d L ) = ζ 0 ηGW O3 (d L ) , (6.4) 
and the result is shown in the left panel of Fig. 6.3 (black curve) along with the efficiency curves from the O3 PyGRB analysis (colored curves), all curves shown as functions of the redshift.

In order to finally get the estimated network sensitivity for O4, we take into account the BNS ranges estimated for the single interferometers r i (see Ch. 1, Sec. 1.3.2) and combine them with the ones measured for O3 in the following way

Υ = i r 2 O4,i j r 2 O3,j , (6.5) 
and the estimated network efficiency curve for the O4 run is therefore

η GW O4 (d L ) = η GW O3 (d L Υ -1 ) . (6.6) 
The same method has been used to obtain the O5 network efficiency curves. The network efficiency curves estimated for O3, O4 and O5 are represented in the right panel of Fig. 6.3. The joint detection rate is obtained by evaluating a cumulative joint GW-GRB detection rate curve as a function of redshift for each of the sampled couples (γ L,j , L 0,j )

R GW-GRB (< z) = R GBM 0 z 0 dPGRB dz ′ η GW O4 (d L (z ′ ))dz ′ zmax 0 dPGRB dz ′ dz ′ , (6.7) 
where R GBM 0 = 39.5 yr -1 is the Fermi/GBM sGRB detection rate during its first 10 years of activity [START_REF] Von Kienlin | The Fourth Fermi-GBM Gamma-Ray Burst Catalog: A Decade of Data[END_REF].

The interferometer network we consider comprehends Virgo and the two LIGO detectors. We choose to not include Kagra in the network, since the The obtained cumulative joint GW-GRB detection rate curves as functions of redshift are shown in Fig. 6.42 . The uncertainty on the joint detection rate decreases as the redshift increases: the main reason is because the probability of detecting a low luminosity sGRB is lower for higher distances and the effect of the uncertainty on γ L and L 0 over the joint detection rate decreases. At high redshifts, the cumulative joint detection rate curves reach an asymptotic value of R O4 GW-GRB (z max ) = 1.02 +0.26 -0.28 yr -1 for O4 and R O5 GW-GRB (z max ) = 2.31 +0.36 -0.82 yr -1 for O5. The value found for O3 R O3 GW-GRB (z max ) = 0.50 +0.20 -0.09 yr -1 is consistent with the lack of joint GW-GRB detections during O3. Assuming a Poisson distribution for the events, we expect to detect, with a 90% confidence, between 0 and 2 joint GW-GRB detections per year during O4 and between 0 and 4 joint detections per year during O5.

The same estimates for the joint detection rates for O4 and O5 have also been computed without considering the low-luminosity part of the population, i.e. considering only short GRBs with L iso > L * * = 5 × 10 49 erg s -1 . The values found for the total joint detection rate are 0.63 ± 0.13 yr -1 for O4 and 1.63 ± 0.45 yr -1 for O5, which are sensibly lower than the estimates calculated considering the full sGRB population.

Dependence of the results on the CBC component mass distribution

As mentioned in the previous chapter, the BNS local rate density distribution used to build the prior has been obtained from the population analysis of GWTC-2. We repeat the Bayesian analysis using three different probability distributions on the BNS local rate density inferred from the population analysis of GWTC-3 starting from different models for the compact objects mass distribution in CBCs, namely Powerlaw+Dip+Break (PDB), MultiSource (MS) and Binned Gaussian Process (BGP) (see Ch. 3, Sec. 3.3). The values for the astrophysical sGRB local rate density obtained this way are strongly dependent on the NS mass distribution model, as we assume the BNS local rate density as an upper limit. The estimated sGRB local rate density values are therefore increasing for NS mass distribution models with a larger values for the BNS local rate density, as shown on Fig. 6.5. In an analogous way, the values found for γ L are lower for models with a lower BNS rate, as shown in Table 6.1 and in Fig. 6.6. This has not a strong impact, however, on the total joint GW-GRB detection rate (see Table 6.1), which still slightly varies as lower BNS rate NS distributions correspond to larger NS masses, which can be detected in GWs to larger distances. 

α L β L L * [erg s -1 ] γ L R tot 0 [Gpc -3 yr -1 ] R O4 GW-GRB [yr -1 ] R O5 GW-GRB [

Conclusions

We studied the short GRB population under a multimessenger perspective in order to shed light on its previously hidden low-luminosity part. In this population study we have modeled the short GRB population by using a broken power law whose high-luminosity parameters were fixed from high-luminosity short GRB observations, to which we added a branch extending it to lower luminosities. The parameters of the low-luminosity extension have been constrained by a Bayesian poplation study where we exploited the results of the modeled GW followup search of short GRBs and we used the assumption that BNS are the main progenitors of short GRBs. This last assumption was made to put a prior upper-limit on the sGRB rate and has been based on the BNS rate inferred from GW observations. The results on the posterior PDF allowed us to outline the luminosity probability distribution for the short GRB population and to compare it with other distributions estimated through different types of analyses. The same luminosity function allowed us to estimate the overall astrophysical rate of short GRBs, obtaining a value of R tot 0 = 124 +433 -101 Gpc -3 yr -1 . We also evaluated how the GW-GRB joint detection rate depends on the low-luminosity part of the sGRB population, estimating a rate of R O4 GW-GRB (z max ) = 1.02 +0.26 -0.27 yr -1 for O4 and R O5 GW-GRB (z max ) = 2.42 ± 0.26 yr -1 for O5.

We then studied the dependence of our analysis on the CBC component mass distribution, finding consistently that higher neutron star masses yield a higher sGRB local rate density. Finally, we studied the dependence of the results on the high luminosity parameters of our distribution, which seem to not have a large impact on the analysis.

A further development for the analysis would be to add more free parameters. The most natural inclusion would be to treat α L , β L , L * and L * * as free parameters, expanding the analysis to include short GRB data at high luminosities. The same extension could include also parameters of the photon spectrum, such as the spectral peak energy assuming a dependence on L iso .

A similar multimessenger approach could be also useful to study the dependence of L iso on the viewing angle, assuming for example a Gaussian shaped angular distribution.

The observation of further joint GW-GRB detection during the next IGWN observing runs would provide precious data to study the short GRB population with more accuracy. This multimessenger approach is one of the possible ways to probe the low-luminosity part of the short GRB population providing a further tool to explore a concealed fraction of those events happening in our universe.
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 12 Figure 1.2: Time evolution of the gravitational wave waveform from a coalescing compact binary system. Credits: M. Favata/SXS/K. Thorne.
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 13 Figure 1.3: Schematic representation of the sky position angles θ and ϕ and of the polarization angle ψ, relatively to the two reference frames of the interfer-ometer (x, y, z) and of the plane wave (x ′ , y ′ ). Credits:[START_REF] Abadie | Calibration of the LIGO Gravitational Wave Detectors in the Fifth Science Run[END_REF] 
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 14 Figure 1.4: 3D representation of the antenna pattern averaged over polarizations. Credits: [99]
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 15 Figure 1.5: Strain noise PSD as function of the frequency for the LIGO, left panel, and the Virgo, right panel, interferometers. Both panels show in different colors the average noise curves for each past observing run and the estimated noise curves for the following two observing runs [10].
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 16 Figure 1.6: BNS ranges of the interferometers of the IGWN corresponding to the first three observing runs and projections for the next two ones. The different colors correspond to different observing runs. Credits: https://observing.docs.ligo.org/plan/
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 17 Figure 1.7: Basic scheme of the Virgo interferometer [23].
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 21 Figure 2.1: GRB light curves observed by the BATSE instrument (see Sec. 2.3) of both long and short GRBs [94].

Figure 2 . 2 :

 22 Figure 2.2: Histogram of T 90 of the GRBs observed during the first 10 years of activity of the Fermi/GBM detector. The continuous line represents the curve fitted to the histogram and the dashed and dashdotted line correspond, respectvely, to the fitted T 90 distributions for the sGRB and LGRB population.Credits:[START_REF] Von Kienlin | The Fourth Fermi-GBM Gamma-Ray Burst Catalog: A Decade of Data[END_REF] 
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 23 Figure 2.3: Schematic drawing of the theoretical lifespan of a GRB jet. Both the long and short GRB scenarios are represented, respectively on the left and on the right side of the picture [97].
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 24 Figure 2.4: Fermi spacecraft under construction. On the top of it is located the Large Area Telescope, while some of the NaI(Tl) detectors of the Gamma-Ray Burst Monitor are visible on its side with different orientations. Credits: https://gammaray.nsstc.nasa.gov/.
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 31 Figure 3.1: Cumulative number of CBC detection candidates versus the effective BNS time-volume, indicated by the black solid line. The different color areas indicate the different observing runs. The dark blue line and the blue and light blue bands represent, respectively, the median, 50% and 90% confidence intervals of a Poisson distribution fitting to the total number of detection candidates. Credits: [17].

  5 +5.7 -3.0 M ⊙ and m 2 = 25.3 +2.8 -4.2 M ⊙ , for a final black hole mass m merg = 53.2 +3.2 -2.5 M ⊙ , and the source has been located at a luminosity distance D L = 540 +130 -210 Mpc, corresponding to a redshift z = 0.11 +0.03 -0.04 .
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 33 Figure 3.3: Neutron star mass probability distributions. For both the Power and Peak models, represented in blue and orange respectively, the solid line represents the median distribution while the shaded areas delimit the 90% credible intervals. The dashdotted curve represents the neutron star mass distribution of Galactic BNSs [84] and the solid black line represents the mass distribution of all Galactic NSs [49]. The box in the top right corner shows the posterior distributions inferred for the maximum NS mass [21].
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 34 Figure 3.4: Plots from the GW unmodeled followup analysis of GRB 200101861.Upper panel: representation in the circnullinc vs circnullenergy plane of the onsource events, indicated by crosses, and of the injections, indicated by squares. The pink dashed line indicates where the coherent cut applies. The loudest onsource event is marked by a star. Lower panel: GW BNS detection efficiency curve as function of the GW strain amplitude. The black curve and blue curve differ for applying and not applying, respectively, data quality vetoes. The 50% and 90% upper limits on the amplitude of a possible BNS GW signal are marked by a yellow and a red square.
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 36 Figure 3.6: Cumulative distributions of the 90% exclusion distances for the modeled GW followup search of GRBs performed during O3a and O3b, respectively left and right panel. The 90% exclusion distances associated to BNS simulated signals are represented by blue curves and the values associated to NSBH simulated signals with generic spins are represented in orange. Credits: [20, 22].
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 37 Figure 3.7: Cumulative distributions of the 90% exclusion distances for generic GW followup search of GRBs performed during O3a, left panel, and O3b, right panel. The 90% exclusion distances associated to the ADI model A injected signals are shown in orange while the ones the injected CSG signals with 150 Hz central frequency are shown in green. Credits:[START_REF] Abbott | Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and Swift During the LIGO-Virgo Run O3a[END_REF][START_REF] Abbott | Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and Swift during the LIGO-Virgo Run O3b[END_REF] 
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 41 Figure 4.1: Time evolution of the GRB 170817 light curves as detected from Fermi/GBM in the 10-50 keV and 50-300 keV energy bands, respectively first and second panel from the top, and from INTEGRAL/SPI-ACS, third panel from the top, compared to the time frequency map of GW170817, bottom panel, obtained by coherently combining the data from the two LIGO detectors. The red continuous line for each of the the GRB light curves is the estimated average number of background photon counts. The black solid vertical line is the merger time from GW170817, used as a reference time for the horizontal axis, and the vertical solid grey line is the time of the GRB trigger. Credits: [6].

Figure 4 . 2 :

 42 Figure 4.2: Sky localization areas for GW170817, as inferred through lowlatency pipelines from Hanford and Livingston data (∼ 190 deg 2 , in light blue) and from Virgo, Hanford and Livingston data (31 deg 2 , in dark blue), along with the area from an higher latency analysis of the data from the three detectors (28 deg 2 , in light green). Inside the zoomed area in the top-right panel, the "scope" indicates the position of the galaxy NGC 4993. In the bottom-right corner the posterior distributions on the luminosity distance follow the same color code as the sky map, while the vertical solid black line represents the luminosity distance of NGC 4993. Credits: [8].

Figure 4 . 3 :

 43 Figure 4.3: Sky probability areas of the binary system inferred through multiple observations. The green area shows the 90% credible area from the analysis of the IGWN data. The purple area denotes the 90% credible sky localization map as inferred from the GBM coherent targeted search. The grey area shows the 90% credible area estimated from the time difference among the detection by Fermi/GBM and INTEGRAL/SPI-ACS. The zoomed panel shows with a yellow star the position of the kilonova optical transient detected ∼ 12 hr after the GW and GRB alerts (see Sec. 4.2.3). Credits: [6].
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 44 Figure 4.4: Isotropic equivalent of the peak luminosity in the 1 keV -10 Mev emission energy band, measured for the short and long GRBs with known redshift, respectively in orange and blue, detected by Fermi/GBM. Short and long GRBs are separated by T 90 = 2 s as reference value.GRBs whose spectrum is best modeled by a power law are marked with the downward arrow, stating that the value indicated by the dot is an upper limit. GRB 170817A, lying in the bottom left corner of the plot, is represented by the pink star. The green dashed curve represents the approximate GBM detection threshold as a function of redshift. Credits:[START_REF] Abbott | Gravitational Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A[END_REF].
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 45 Figure 4.5: Light curves of the afterglow at different wavelengths, represented by different color codes, rescaled to a common frequency of 3 GHz and assuming a power-law spectrum using the best-fit spectral index. The broken power-law fit is represented by the black solid line. Credits: [72].
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 53 Figure 5.3: Likelihood computed using the probability for a GRB to have the measured luminosity of GRB 170817A, right panel, and without using it, left panel.
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 54 Figure 5.4: Posterior PDF as a function of γ L (horizontal axis) and of log 10 L 0 (vertical axis) with marginalized posterior curves (in green). The contours in red and blue correspond, respectively, to the 50% and 90% credible regions in the parameter space for the posterior. The measured isotropic peak luminosity of GRB 170817A (yellow dashed line with shaded area) is reported as a reference value.
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 61 Figure 6.1: Differential local rate density curves as functions of the logarithm of the luminosity. The curve we find in our work is represented by the blue solid line, with the shaded areas representing its 50% and 90% credible intervals. Other analogous curves from[START_REF] Salafia | Gamma-ray burst jet propagation, development of angular structure, and the luminosity function[END_REF], in orange,[START_REF] Tan | The jet structure and the intrinsic luminosity function of short gamma-ray bursts[END_REF], in yellow, and[START_REF] Ghirlanda | Short gamma-ray bursts at the dawn of the gravitational wave era[END_REF], in green, are displayed for a direct comparison. The value of L iso measured for GRB 170817A with its uncertainty is represented in magenta as a reference value.

Figure 6 . 2 :

 62 Figure 6.2: Inverse cumulative local rate density a function of luminosity. The median curve is represented by the brown solid line, while the 50% and 90% credible intervals are respectively delimited by the red and the yellow dashed lines. The black continuous line shows the median of the BNS local rate density from the population analysis of the GWTC-2 [19], with the grey shaded areas representing the 90% credible intervals.
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 6364 Figure 6.3: Efficiency curves for the GW detector network computed by Py-GRB in the O3a and the O3b followup modeled analysis of GRBs (left panel) and estimated network GW efficiency curves (right panel), all curves as functions of redshift z. In the left panel the curves from the PyGRB analysis are represented in various colors and the corresponding averaged interferometer network efficiency curve is represented by the black curve. In the right panel, the estimates of the network efficiency curves for O3, O4 and O5 are represented respectively by the blue, orange and green lines. There are two different estimated curves for each of the two next observing runs, corresponding to the highest and lowest BNS ranges expected for all the interferometers.
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 65 Figure 6.5: Astrophysical sGRB local rate densities obtained for different NS mass distributions compared to the corresponding BNS local rate densities. The different colors correspond to estimates performed using different CBC mass distributions: uniform mass distribution in blue, PDB (ind) in yellow, MS in green and BGP in brown.
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 66 Figure 6.6: Differential local rate density curves as functions of the logarithm to base 10 of the luminosity. The different colors of the curves correspond to estimates given different BNS local rate densities: uniform mass distribution in blue, PDB (ind) in yellow, MS in green and BGP in brown. The median estimates are represented by the solid curves and the 90% credible intervals by the dashed curves. The luminosity measured for GRB 170817A is shown in purple as a reference value.
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Christoffel's symbols can be also called connection coefficients or affine connections, although these notations can be referred to more general differential geometry coefficients.

The same equations have been derived independently by Hilbert using a variational approach

Eq.(1.15) is easily obtained by taking the trace of Eq. (1.10) multiplied by gµν and adding the terms to Eq. (1.10) itself.

Thermal-like emission has been identified only in a few cases, mainly in the early phases of the prompt emission.

See https://www.ligo.caltech.edu/news/ligo20200326 for an official statement about the suspension of O3 for LIGO and Virgo.

The time of detection is generally omitted when there is no more than one event during one day.

The five GRBs for which I ran the unmodeled analysis areGRB 191221802, GRB 191225309, GRB 191225735, GRB 200101861 and GRB 200120962 

The two chosen inclinations correspond, respectively, to a left handed and a right handed circular polarization

The SNR values for the single detectors data were 18.8,

26.4 and 2.0 respectively for LIGO-Hanford, LIGO-Livingston and Virgo

GCN: General Coordinates Network, formerly Gamma-ray Coordinates Network, a system distributing coordinates of observed astrophysical transients and reporting the follow-up observations (https://gcn.gsfc.nasa.gov).

[START_REF] Abbott | GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by LIGO and Virgo during the First and Second Observing Runs[END_REF].5 days after the GRB trigger the sky position of the source was not possible to observe because it entered into Sun constraint.

Considering the bound-free opacity of neutral or single ionized heavy r-process nuclei.

The acronym "AT" in AT 2017gfo stands for "Astronomical Transient".

The linear luminosity function is obtained simply by incrementing α L and β L by 1.

There have been respectively 20,

[START_REF] Costa | Discovery of an X-ray afterglow associated with the gammaray burst of 28 February 1997[END_REF][START_REF] Belczynski | The Effect of Pair-Instability Mass Loss on Black Hole Mergers[END_REF] and 17 events analyzed during the observing runs. There should be actually 42 efficiency curves available from the O2 modeled analysis, but the one corresponding to GRB 170817A has not been properly computed since the pipeline considered the GW170817 event as background.

The O3 estimate has been performed in order to check the consistency of the analysis with the observations

We choose to use this distribution for since it is the most "agnostic" one compared to the ones retrieved from the population analysis of GWTC-3.
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Chapter 5

Population study of short GRBs

The unusually low luminosity measured for GRB 170817A raised a lot of questions on the reason behind its dimness. Attempts have been made to explain this through a structured jet emission seen off-axis or through other alternative emission mechanisms. Whatever the atypical scenario could have taken place for this unconventional observation, another question is whether there is an underluminous population of short GRBs, lying undetected at the usual luminosity distances measured for the known bursts population. In fact, GRB 170817A could have triggered the on-board software of Fermi/GBM only up to a luminosity distance of ∼ 50 Mpc. In optimal conditions, i.e. low background and good detector geometry, it could have been detected up to ∼ 80 Mpc. The lack of other GRBs observed at those orders of magnitude urged to find alternative methods for the characterization of the sGRB population at low luminosities.

This chapter presents my work to model the sGRB population, exploiting the results of the GW modeled followup analysis of GRBs, performed during the first three runs of the IGWN, to characterize the luminosity probability distribution of those bursts at low luminosities.

The model for the short GRB population that we use as a starting point has been derived in a work by D.Wanderman and T.Piran published in 2015 [START_REF] Wanderman | The rate, luminosity function and time delay of non-Collapsar short GRBs[END_REF], hereafter referred to with the acronym WP15 (see Sec. 5.1). Here, the luminosity function and the rate of non-collapsar short GRBs have been estimated from a sample of short GRBs from the catalogs of BATSE, Fermi/GBM and Swift/BAT, using the measured peak fluxes and redshifts.

My work extends at lower luminosities the luminosity probability distribution found in WP15, performing a Bayesian analysis relying on the likelihood of seeing what has been observed during the gravitational wave network activity under a multi-messenger GW-GRB profile (see Sec. 5.2.2).

All the computations described in this chapter, both for WP15 and my work, adopt a standard ΛCDM cosmology with h 0 = 0.7, Ω Λ = 0.7 and Ω m = 0.3.

Defining and maximizing the likelihood

The parameters for the aforementioned models have been constrained by estimating the likelihood for obtaining the data observed from BATSE, Fermi and Swift. The likelihood has been therefore built as follows

where the observable number density for a peak flux P is given by

(L iso (z, P ))dz .

(5.7)

The likelihood has then been maximized over the parameter space to find the best-fitting parameters for the different models. The uncertainty has been estimated through the likelihood ratio, having considered 1σ of uncertainty where the ratio corresponded to a value of e -0.5 . The local rate density ρ 0 of short GRBs has been found based on the expected total number of events from the maximum likelihood model, compared with the total number of short GRBs observed by BATSE and Fermi and corrected for the estimated fraction of non-collapsar bursts having T 90 > 2 s, following the same criterion as for the Swift sample.

Results

The logarithmic luminosity function parameters have been fitted to values around α L ≃ 1, β ≃ 2 and L * ≃ 2 × 10 52 erg s -1 , for both SFR models and both time delay distributions.

The rate distribution found with the log-normal time delay model leads to a rising and declining exponential function considering either SFR model. More in detail, the rate found for SFR1, is proportional to ρ sGRB (z) ∝ e z-0.9 0.39 , z ≤ 0.9 e -z-0.9 0.26 , z > 0.9

with the peak rate at z = 0.9 which is ∼ 10 times the local rate. The estimate of the local sGRB rate strongly depends on the lower cutoff of the luminosity function. This measure has then been calibrated to the burst detected by BATSE with the lowest luminosity, as this detector is more sensitive to short GRBs than Swift/BAT. Taking a value of 5 × 10 49 erg s -1 , the astrophysical local rate density has been estimated to a value of

If we assume that the main sGRB progenitors are BNS mergers, the sGRB local rate density is orders of magnitude lower when compared to the BNS one inferred from GW observation. This, assuming that most of the BNS mergers rates of those two possible GRB sources as negligible compared to those from a BNS origin.

This assumption allows us to put the BNS rate as an upper limit to the sGRB rate, limiting also the parameter space of γ L and L 0 . Using the posterior on the BNS local rate density inferred from the second gravitational waves transients catalog P BNS (ρ BNS 0 ) (GWTC-2) [START_REF] Abbott | GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the First Half of the Third Observing Run[END_REF][START_REF] Abbott | Population Properties of Compact Objects from the Second LIGO-Virgo Gravitational-Wave Transient Catalog[END_REF] (see Ch. 6, Sec. 6.3 for results using the BNS population properties inferred from GWTC-3), we define

where ρ sGRB 0 is the short GRB rate computed assuming that the part of the population with L iso > L * * has local rate density equal to the one estimated in WP15. In formulas

where

and The BNS local rate density distribution inferred from the GWTC-2 population analysis [START_REF] Abbott | GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the First Half of the Third Observing Run[END_REF][START_REF] Abbott | Population Properties of Compact Objects from the Second LIGO-Virgo Gravitational-Wave Transient Catalog[END_REF] has been used to put an upper limit on the sGRB rate, assuming BNS mergers as the main progenitors for short GRBs.

Chapter 6

Results of the population study

The results from the Bayesian analysis on the luminosity probability distribution ϕ 0 (L iso , γ L , L 0 ) can be shown in terms of relation between sGRB local rate density and isotropic equivalent of the peak luminosity (see Sec. 6.1).

The same modeled population allows us also to give an estimate on the joint GW-GRB detection rate for the next observing runs of the IGWN, namely O4 and O5 (see Sec. 6.2). This estimate highlights the role of the low-luminosity part of the sGRB population on the probability of having joint GW-GRB detections.

Both the aforementioned estimates rely on a sampling of (γ L,j , L 0,j ) couples drawn from the posterior PDF.

We study also the dependence of our analysis on different CBC mass distributions (see Sec. 6.3), which bring to different BNS local rate densities, and the dependence on the mid and high luminosity parameters that have been constrained in WP15 (see Sec. 6.4).

Local rate and isotropic luminosity

For each sampled couple of (γ L,j , L 0,j ), we compute a differential local rate density curve is the local rate density estimated in WP15 (see Ch. 5) 1 . Eq. ( 6.1) shows that the differential rate density is proportional to the luminosity function ϕ 0 (L iso , γ L , L 0 ).

From the sampled curves, we compute the median dR 0 /d log 10 (L iso ) curve and the 50% and the 90% credible intervals of the distribution, which are shown in Fig. 6.1, along with other estimations of the differential local rate density from [START_REF] Ghirlanda | Short gamma-ray bursts at the dawn of the gravitational wave era[END_REF][START_REF] Salafia | Gamma-ray burst jet propagation, development of angular structure, and the luminosity function[END_REF][START_REF] Tan | The jet structure and the intrinsic luminosity function of short gamma-ray bursts[END_REF].

The sGRB luminosity function in our model peaks around the L iso value measured for GRB 170817A, which is expected given that this is the only sGRB event observed with an L iso at such a low order of magnitude. The differential local rate density we found, though, is consistent with other distributions derived after the observation of GRB 170817A.

Starting from the obtained differential local rate density curves, we compute also the inverse cumulative sGRB rate density

and we compute the median curve, 50% and 90% credible intervals, represented in Fig. 6.2. This rate is compatible with the BNS rate estimated from the GWTC-2 (R GWTC-2 BNS = 320 +490 -240 Gpc -3 yr -1 , [START_REF] Abbott | Population Properties of Compact Objects from the Second LIGO-Virgo Gravitational-Wave Transient Catalog[END_REF]), but on average it is lower in value. This is expected since edge-on mergers do not produce short GRBs in the direction of the observer.

The total astrophysical sGRB rate is therefore estimated to be R tot 0 = 124 +433 -101 Gpc -3 yr -1 . This estimate is between one and two orders of magnitudes larger than the one from WP15 (ρ WP15 0 = 4.1 +2. 3 -1.9 Gpc -3 yr -1 , [START_REF] Wanderman | The rate, luminosity function and time delay of non-Collapsar short GRBs[END_REF]), which indicates that a very large fraction of the short GRB population is probably undetected.

Joint GW-GRB detection rate for next observing runs

In order to estimate the joint GW-GRB detection rate, we consider only the onboard triggers for short GRBs detected during the period of the third IGWN observing run.

We build an O4 network BNS efficiency curve, based on the BNS efficiency curves η GW i (d L ) retrieved from the O3 PyGRB analysis (see Ch. 3, Sec. 3.4). 1 The multiplicative factor ln 10 is for passing from a d/d ln to a d/d log 10 distribution.

Dependence of the results on mid-high luminosity parameters

The dependence of the results on the parameters α L , β L and L * , has been studied by performing the analysis using the BNS local rate density distribution from the GWTC-2 population analysis 3 . The analysis has been run for different combinations of the parameters α L , β L and L * , all within the limits of 1σ of uncertainty for the values found in WP15. Table 6.2 shows the results obtained, all using ρ WP15 0 = 4.1 Gpc -3 yr -1 as the value for the local rate density of short GRBs from the high-luminosity part of the population, i.e. the part of the population with L iso > L * * .

We find that our overall sGRB rate estimate does not drastically depend on the high-luminosity part of the sGRB population. The total estimate of the joint GW-GRB detection rates, on the other hand, has a stronger dependence on α L , β L and L * , given that the probability of a joint detection at higher redshift is higher for GRBs with higher luminosity. Moreover, as the high-luminosity part of the luminosity distribution becomes steeper, i.e. as α L and β L assume higher values, the joint detection rate becomes higher if we consider always the same value for ρ WP15 0 . This can be explained considering that with a steeper highluminosity distribution and maintaining the same local rate density for that part of the distribution, it is more likely to have events with L iso closer to L * * . Therefore fixing a Fermi/GBM detection rate of R GBM 0 = 39.5 yr -1 and being those detected GRBs on average fainter with a steeper distribution, it is more likely that they have been detecter at closer distances, increasing the chance of detecting a GW BNS counterpart.

If we vary the local rate density estimated in WP15 for the high-luminosity part of the population, fixing α L = 0.94 and β L = 2.0, the parameter γ L takes lower values as the local rate density for the high luminosity part of the population becomes higher, bringing to higher overall local rate density values. We choose to not run the analysis using the WP15 uncertainties on the luminosity function and the local rate density. This is mainly due to the fact that we don't have the statistical correlation between α L , β L , L * and ρ WP15 0 , and assuming the variables as uncorrelated would not allow to perform a proper analysis.